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Abstract

:

In this study, the facile removal of the chromium-complex-based reactive azo dye C. I. Reactive Black 8 (RB8) from model wastewaters by the co-action of alternative sorbents—biochar (BC) and bentonite (BT)—with ionic liquids such as benzalkonium chloride (BAC) or Aliquat 336 (A336) was studied. The experiments using model RB8-containing wastewater proved that the co-action of BAC with BC is the most promising method of RB8 separation from wastewater containing 1 g L−1 of RB8 dye. The application of 2 g L−1 BC in co-action with 1.5 g L−1 BAC or 1 g L−1 BT in co-action with 2 g L−1 BAC enables the removal of more than 98% of contaminant RB8 after 30 min of action. Similar removal efficiency (RE) was achieved using 40 g L−1 of powdered activated carbon (PAC) after 180 min of action. To reach the same RE using real RB8-containing wastewater, a four times higher dose of BC and a four times higher dose of BAC per gram of removed RB8 were required. The proposed mechanism of RB8 removal by the co-action of alternative sorbents with BAC comprises a parallel effect of (i) sorption, (ii) the formation of less polar ion pairs accompanied by their sorption on an alternative sorbent and (iii) the separation of used alternative sorbents covered with ion pairs. The removal efficiency of organic contaminant(s) from both model and real wastewater was evaluated by VIS spectroscopy applying the Lambert–Beer law and by the determination of chemical oxidation demand (COD) and/or adsorbable organically bound halogen (AOX) parameters.
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1. Introduction


Synthetic azo dyes are used in a wide range of industrial applications, such as the textile industry, food colorants, cosmetics, paper printing, etc. [1]. A particular subgroup of azo dyes consists of reactive azo dyes, which includes, among others, chromium-complex-based azo dye Reactive Black 8 (RB8) utilized namely for chemical drawing (see Figure 1) [2,3]. In 2020, about 7 × 107 tons of synthetic dyes were produced worldwide [4]. However, during dye production, usually about 5–10% of produced dyes are discharged in effluent [4]. Therefore, dyes have been found frequently in industrial wastewaters [1].



The wastewaters derived from dye production are highly variable in composition and contain many different compounds such as raw materials, intermediate products and even the dye itself [5]. This type of wastewater is also characterized by a high chemical oxygen demand (COD) as well as a high colorant content [3]. A concentration of dyes in this type of wastewater can reach up to tens of grams per liter [6].



The release of partially treated or untreated wastewater containing such dye into the environment could pose serious health and/or environmental risks. For example, in humans, it has been documented that some dyes can induce various ailments [7]. In addition, with respect to plants, the presence of dyes has become a major challenge, causing, for example, the inhibition of growth and a reduction in the pigment and protein content of microalgae [7]. Thus, even textile dyes can be classified as significant aqueous contaminants [6,7].



Therefore, these negative effects associated with dye-loaded wastewater increase the need for effective removal prior to industrial discharge. As discharge regulations become more stringent, the mechanical-biological treatment processes seem to be unable to comply with COD and color removal requirements [3].



Advanced treatment techniques are therefore urgently required [5]. Several biological treatment methods and various microorganisms such as bacteria, algae, fungi or yeast are available for dye bio-degradation (for detailed information, see [8] and refs. therein). Jha et al. [9] found that the biological degradation of RB8 dye occurred in a low concentration in wastewater using hairy roots of Physalis minima L. The above-mentioned biological methods are generally inexpensive, easy to apply and are currently used to remove organics and colors from wastewater. On the other hand, biological treatments often do not reach the required dye removal efficiency due to the recalcitrant nature of some dyes [5]. Other conventional wastewater treatment methods include coagulation/flocculation [5], advanced oxidation processes such as the Fenton reaction [10] or electrooxidation [11], etc. There are also innovative reductive methods based even on the hydrodehalogenation of halogenated dyes, their by-products and unreacted starting materials using aluminum-based alloys [12,13,14].



Several authors presented methods for the removal of the RB8 dye [8,15,16,17,18,19]. These methods comprise biological treatment [8], Fenton oxidation [15], sonification [17], electro-oxidation [17] or photocatalytic oxidation [16]. Zhang et al. [18] and Khoshhesab et al. [19] also published the possibilities of RB8 dye adsorption on nano ZnO or Fe powder, respectively.



The previously mentioned adsorption of dyes (including RB8 dye) using different types of adsorbents is a widely used method for the treatment of contaminated aqueous streams [20]. The typical example of the most widely applied carbonaceous adsorbent is activated carbon (AC) [20]. Despite the high adsorption efficiency of the dyes on this sorbent, activated carbon is quite expensive [21], and the disposal of saturated active carbon can be problematic and costly, too [21].



In the last decade, the emphasis has been placed on the application of cheap alternative carbonaceous sorbents, such as biochar (BC) produced from waste biomass [22]. BC has recently gained an interest for its potential application in agriculture due to great carbon sequestration [23,24]. The physical and chemical properties of BC are dictated by the feedstock and production processes [23,24,25]. As Yargicoglu et al. [25] reported, a wide range of fixed carbon (0–47.8%), volatile matter (28–74.1%) and ash contents (1.5–65.7%) were observed among tested samples of BC. A high variability in the surface area (0.1–155.1 g m2) and PAH and heavy metal contents of the solid phase was also detected (0.7–83 mg kg−1) [25]. Detailed characterizations and descriptions of BC are presented in several research works [23,24,25]; for a graphical representation of the BC structure, see ref. [26].



Due to relatively high cation exchange capacities and low cost, the utilization of a clay sorbent, such as bentonite (BT) or montmorillonite (MTM), is also one of the alternative sorption techniques applicable for the removal of organic pollutants from wastewater [27,28,29]. BT/MTM consists chiefly of crystalline clay minerals belonging to the smectite group, which are hydrated aluminum silicates containing iron and magnesium. Two types of BT—sodium or calcium—are recognized, and the uses of each depend on specific physical properties [28,29]. The main constituents of BT clay, SiO2, Al2O3, K2O, Fe2O3, MgO, Na2O and TiO2, reach approx. 50%, 15%, 0.3%, 12%, 3%, 3% and 0.269%, respectively, with the rest of the impurities [30,31]. The further descriptions, physical and chemical characteristics and structures of BT clay are detailed in refs. [28,30,31]. These clay materials find many applications, e.g., in the construction industry or as cat litter [28].



Despite several different applications of BC and BT (in agriculture, construction industry, etc.), many authors have previously published options for the adsorption of different types of dyes on BC [32,33,34,35] as well as on BT [27,29,36,37,38]. However, BC and BT provided lower adsorption capacities and removal efficiencies (in comparison with AC action) [32,33,34,35,36,37].



The applicable improvement of removal efficiencies serves the co-action of BC or BT together with appropriate ionic liquids (ILs) [32,38]. ILs are usually defined as compounds completely composed of ions with melting points below 100 °C [39]. Some authors reported the application of ILs in the separation of acid dyes from aqueous solutions. Vijayaraghavan et al. [39], for the first time in 2006, reported on the effective extraction of selected acid azo dyes from wastewater using ILs. Since 2006, other authors [40,41,42,43] introduced efficient methods applicable for acid dye separation using ILs.



As we previously published, anionic drugs [44] or anionic azo dyes [45] can be effectively separated from aqueous solutions using ILs based on quaternary ammonium salts (R4NX). This method consists in the addition of commercially available and inexpensive ILs, which is accompanied by the ion exchange of inorganic anions X− of R4NX with anions of acid dyes (according to Equation (1)), producing low-polar ion pairs (dye–SO3NR4) insoluble in aqueous solution and separable by sedimentation and/or filtration.


dye–SO3− + Na+ + R4N+ + X− → dye–SO3NR4 ↓ + Na+ + X−



(1)







In this paper, the removal of the chromium complex of reactive azo dye RB8 using alternative sorbents such as BC or BT alone or in the co-action of IL benzalkonium chloride (BAC) or Aliquat 336 (A336) (for chemical drawings, see Figure 2) and the action of sole BAC or A336 was studied in model and real wastewater produced in the dye manufacturing process.




2. Materials and Methods


2.1. Chemicals


RB8 dye was purchased from a local supplier (Synthesia Co., Pardubice, Czech Republic) with defined HPLC purity higher than 98%. The content of inorganic species in RB8 is documented by EDXRF Figure S1 in the Supplementary Materials. Model wastewater was prepared with an initial concentration of RB8 c0 = 1 g L−1. The real wastewater produced by manufacturing RB8 (aqueous filtrate produced within separation of dye; the specifications: concentration of RB8 c0 = 7 g L−1, COD = 10.6 g L−1, AOX = 215 mg L−1; for the absorption spectrum, see Figure S2 in the Supplementary Materials) was also obtained from the local dye and pigment producer. Ionic liquids—Aliquat 336 (A336) in purity 98%+ and 50% aq. benzalkonium chloride (BAC)—were purchased from Merck (Prague, Czech Republic). Other chemicals and solvents in p.a. quality were obtained from Lach-Ner Co., Neratovice, Czech Republic.




2.2. Sorbents


Powdered activated carbon (PAC, granulation < 45 µm) Silcarbon CW20 was purchased from Brenntag Co. (Prague, Czech Republic). Montmorillonite (powder “K10”) was obtained from Sigma-Aldrich (Prague, Czech Republic). The powdered bentonite (BT) material was purchased from the local supplier (Keramost Co., Most, Czech Republic, the waste product from the processing of bentonite clays). Biochar (BC) was a material from the Institute of Chemical Process Fundamentals of the Czech Academy of Sciences [46], produced in a twin-fire gasifier at 700 °C using a four-stage pyrolysis of waste wood biomass. For a detailed description of the BC sample, see our previous work in ref. [32]. The brief specification of sorption materials is given in Table 1. The detailed characteristics and specifications of tested BC sample are available in refs. [23,24].




2.3. Separation of Reactive Dye from Model and Real Wastewater


Comparative experiments were carried out in 250 mL round-bottom flasks at 25 °C equipped with magnetic stirring bars on Starfish equipment (Radleys Discovery Technologies, Saffron Walden, UK) installed on a Heidolph Heistandard magnetic stirrer for parallel reactions. A tube filled with granulated charcoal was fitted to the neck of the flasks. The appropriate quantity of sorbents and/or ILs was added to 100 mL of model (1 g L−1) or real (7 g L−1) wastewater containing RB8 dye. After a sufficient time of vigorous stirring (at 400 rpm), the suspensions were immediately filtered. Then, the concentration of RB8 in the aqueous filtrate was analyzed spectrophotometrically. The experimental scope of RB8 separation cycle layout using alternative sorbents with presence/absence of benzalkonium chloride is illustrated and presented in Scheme S1 and Figure S3 in the Supplementary Materials.




2.4. Determination of Partition Coefficient Octan-1-ol/Water


An aqueous solution containing 0.1 mmol of RB8 or 0.1 mmol of ion pair (R4N)4-RB8 was introduced into the round-bottom flask, the total volume of the aqueous phase was adjusted to 100 mL with demineralized water, and the mixture was filled with 100 mL of octan-1-ol. The prepared two-phase mixture was agitated at 400 rpm overnight, the immiscible phases were separated using a separatory funnel, and the concentration of dissolved dye was analyzed using VIS spectroscopy. The partition coefficient (Pow) was calculated according to Equation (2). Each experiment was performed three times; the presented values of log Pow are calculated as mean value. The error bars in the figures dealing with the octan-1-ol/water partition coefficients presented the standard deviation of the log Pow value.


  l o g     P   O W   =     c   o c t a n o l       c   w a t e r      



(2)








2.5. Chemical Analysis


A Hach DR2800 VIS spectrophotometer was employed within the absorbance measurements using 1 cm glass cuvettes. The concentrations of dye in aqueous solutions were determined by measuring at a wavelength of 587 nm; see Figure S2 in the Supplementary Materials. The AOXs (adsorbable organically bound halogens) were analyzed using Multi X 2500 analyzer (Analytic Jena Co., Jena, Germany). COD analyses were carried out according to the ISO EN 9562 standard, and in aqueous solutions, it was determined using the Hach Lange cuvette test using the Hach DR2800 (Vienna, Austria) VIS spectrometer. Due to the high chloride concentrations, the COD Hach Lange test LCK1014 was used due to the ability to mask the chloride content up to 4 g Cl− L−1 [51]. The contents of BAC or A336 in the reaction mixtures were determined using cationic surfactants, the Hach Lange cuvette test and the Hach DR2800 (Austria) VIS spectrometer.



ED XRF measurements of RB8 and saturated biochar were performed using the ED XRF spectrometer ElvaX (Elvatech, Kyiv, Ukraine). X-ray tube with Pd anode was operated at a current of 50 μA and voltage of 10 kV for the light element spectral region (Na–Ti) and 45 kV for the heavy element spectral region (V–U). Helium micro-flushing of the sample chamber was used for measurements in light element spectral region to suppress the intensity of the Ar signal and increase the sensitivity for measured elements. The acquisition time of 90 s was used for both spectral regions. Samples of BC were simply poured into a sample cup covered with Mylar foil without any kind of other sample preparation step.



The decolorization efficiencies were calculated according to Equation (3):


  D E =   1 −   A     A   0       × 100  



(3)




where DE is the decolorization efficiency of the aqueous dye solution (%), A is the absorbance measured after the removal process, and A0 is the initial absorbance of the dye solution. All the error bars in the figures are calculated as the relative standard deviation (RSD) of the decolorization efficiency. In all cases, the RSDs were less than 6%.



The removal efficiency (%) of AOXs or COD from the wastewater was evaluated with respect to Equation (4):


  R E =   1 −   c     c   0       × 100  



(4)




where RE is the removal efficiency of AOXs or COD (%), c is the concentration of AOXs or COD in solution after the removal process (mg L−1), and c0 is the initial concentration of AOXs or COD in the dye solution before removal process (mg L−1).





3. Results and Discussion


3.1. Removal of RB8 from Model Wastewater by Sorption


In preliminary experiments, we optimized the sorption of RB8 dye on BC and BT alternative sorbents. The aqueous solution of RB8 with an initial concentration of c0 = 1 g L−1 simulated the real industrial wastewater from dye manufacturing [3,5,6]. As Figure 3A illustrates, BC doses higher than 40 g L−1 provided decolorization efficiency DE > 70% and COD removal above 60%. Lower doses of BC led to unsatisfactory removal of RB8 from aqueous solutions (“blank” means DE caused by filtration using filter paper). The fact that lower doses of BC than 40 g L−1 are not able to satisfactorily remove tested dye RB8 from model aqueous solutions can be caused, for example, by the specific surface area of applied BC (see Table 1) or lower affinity of RB8 dye to the surface of BC. On the other hand, BC is a better sorbent for the removal of RB8 than BT. As can be seen in Figure 3B, 25 g L−1 BT shows no effect on COD value and causes only 10% DE. Increasing the amount of used BT (40 g L−1) enabled only 19% decolorization and an 11% decrease in COD from the aqueous solutions of RB8. It could be explained by the lower specific surface area of BT [27,29,36] compared with BC and no effect of ion exchange (BT serves as cation exchanger).



Afterward, the virgin and commercially available adsorbents—PAC and MTM—were compared with the above tested alternatives BC and BT, respectively. For a relevant comparison, the uniform dosages of all tested sorbents were set at 40 g L−1. Figure 4 shows the rates of RB8 dye sorption on PAC, BC, MTM and BT. The decolorization efficiencies of RB8 on tested sorbents increased in the following order: BT (19%) < MTM (48%) < BC (71%) < PAC (98%). A comparison of the decolorization and COD removal efficiencies of each sorbent is presented in Figure S4 in the Supplementary Materials. The sufficient removal of COD from the RB8 dye solutions provided only PAC (87%) and BC (61%).



As can be seen, BC enables even better removal efficiency of RB8 than commercial MTM. Again, it can be caused by the much higher specific surface area of BC compared with clay-based sorbents BT or MTM [27,29,32,36,46]. Despite the efficient adsorption of RB8 on PAC, an alternative and cheaper sorbent BC is a good compromise for expensive PAC [21].



For the results of EDXRF analysis of an alternative BC sorbent saturated with RB8 dye, see Figure S5 in the Supplementary Materials Section. It is obvious that the elevated concentration of chromium determined in saturated BC corresponds to the adsorbed chromium complex RB8.




3.2. Separation of RB8 Based on Ion Exchange Using ILs


Our previous works [32,44,45] reported that the addition of appropriate amounts of quaternary ammonium compounds (R4NX, ILs) to the aqueous solutions of acidic halogenated compounds (substituted with -COO− or -SO3− groups), including dyes or drugs, results in ion exchange and the formation of respective insoluble ion pairs (see Equation (1) above and Scheme 1 below) that can be separated from aqueous solutions by simple filtration. The formation of the mentioned ion pairs has been earlier proven by NMR analysis; see refs. [32,44,45].



Therefore, the subsequent experiments were focused on the separation of RB8 dye using two ILs—BAC [52] and A336 [53] (for chemical drawings, see Figure 2 above). We established that 2 g L−1 of BAC (50% aq. solution) enables the decolorization of the RB8 solutions up to 99% and the elimination of COD up to 88%; see Figure 5A. Furthermore, we also observed rapid precipitation of the tested dye using BAC within 30 min of action; see Figure 5A. On the other hand, A336 provided a comparable efficiency (DE = 99%) of the RB8 dye after 30 min using 6 g L−1. Furthermore, the COD removal efficiency reached only 39% using the mentioned dosage of A336; see Figure 5B. The hydrophobic A336 is extremely viscous, and thus its precise application is troublesome [53]. The low solubility in water, along with high viscosity, can cause problems with the application of A336 in practice.



The better separation of RB8 using BAC can be caused by the better solubility of BAC in water and thus a better contact of BAC and RB8 dissolved in water. Based on these findings, BAC combines both sufficient aqueous solubility and the removal efficiency of acid halogenated pollutants such as RB8 dye; for more information, see our previous studies [32,44,45].



The better solubility of BAC in water than A336 can be supported with the octan-1-ol/water partition coefficient Pow determined for the ion pair of RB8 with BAC with A336; see Figure S6 in the Supplementary Materials. The octan-1-ol/water partition coefficient for (BAC)4RB8 is lower than the octan-1-ol/water partition coefficient for (A336)4RB8; see Figure S6 in the Supplementary Materials.



The formation of ion pairs can also be supported by the content of BAC or A336 after RB8 dye separation using these ILs. According to the cationic surfactant tests, the content of BAC or A336 after the formation of respective ion pairs within the separation of the RB8 decreased almost by 80% or by 69%, respectively. It is in good agreement with the separation efficiency of the RB8 dye using BAC and A336 (see Figure 5) and the octan-1-ol/water partition coefficient for the relevant ion pairs (see Figure S6 in the Supplementary Materials).



In addition, the mentioned cationic surfactant tests proved that the content of R4NX after the separation of RB8 dye using BAC (in optimized dosages) does not reach the limits of surfactant contents in sewage waters nor the levels of no-observed-adverse-effect concentration (NOAEC) for aquatic organisms [54], and it is under concentrations that can cause acute or chronic toxicity problems for aquatic organisms [55]. The removal of the cationic surfactant also corresponds with the great removal of COD (see Figure 5) after the mentioned treatment (in the second case, the remaining BAC in treated water would increase the content of COD). Therefore, most of the BAC applied for the separation of dyes does not remain in the aqueous solution, and these treated aqueous streams can be discharged into the biological WWTP.




3.3. Co-Action of ILs and Alternative Sorbents for RB8 Separation


Subsequently, our next research was focused on the application of BAC or A336 to enhance BC or BT sorption capacity. Several authors tested the impregnation of BC [33] or BT [27,29,36] using quaternary ammonium compounds such as cetyltrimethylammonium bromide/chloride. These conventional impregnation methods are usually based on the intensive stirring of the adsorbent with impregnation agents such as quaternary ammonium compounds. After the mentioned impregnation, the modified sorbents are applied for the separation of dyes [27,29,33,36]. The authors [27,33,36] reported an improvement in the sorption capacity of these sorbents via impregnation prior to adsorption.



However, we have earlier [32,44] discovered the simple and technologically undemanding method of the co-action of carbonaceous sorbents with ILs for the effective separation of halogenated organic acids from aqueous solutions. The RB8 separation cycle layout using the co-action of alternative sorbents with benzalkonium chloride is illustrated and presented in Scheme S1 and Figure S3 in the Supplementary Materials. The comparison and description of impregnation methods and the co-action of sorbents with ILs are also detailed in our previous works; see refs. [32,44].



Based on these previous observations, we optimized the co-action of BC as well as BT using A336 or BAC. Figure 6 compares the sorption of RB8 on BT or BC, the separation of this dye using A336 alone and the co-action of A336 with BT or BC. The addition of A336 (3 g L−1) to 15 g L−1 of BC or BT does not lead to an increase in the decolorization efficiency compared to the action of A336 alone (3 g L−1). Moreover, not even two times higher doses of A336 (6 g L−1) and the respective sorbent (30 g L−1) per the same amount of RB8 in an aqueous solution did not result in a significant increase in the dye removal efficiency; see Figure 6.



However, the co-action of BAC with the examined alternative sorbents proved very satisfactory results; see Figure 7. For example, the co-action of 1.5 g L−1 of BAC with 2 g L−1 of BC provides 99% decolorization of the RB8 dye solution, an almost 95% COD decrease and 98% removal of AOXs (for AOX results, see Figure S7 in the Supplementary Materials). The action of 1.5 g L−1 of BAC or 2 g L−1 of BC alone does not reach these high removal efficiencies of RB8; see Figure 7. Even 50 g L−1 of sole BC does not allow the described separation capacity compared with the co-action of BC (2 g L−1) and BAC (1.5 g L−1).



For similar efficiencies of decolorization and COD decrease, BAC can also be co-acted with BT. The application of BT (1 g L−1) in co-action with BAC (2 g L−1) required only the slightly higher doses of this IL than the application of BC with BAC (1.5 g L−1); for a comparison of the co-action of BAC with BC or BT, see Figure 7.



On the basis of the obtained results, the most promising method of RB8 dye removal is the direct co-action of BAC with the tested alternative sorbent (BC or BT) in verified optimized dosages. However, BT is an easily available material on many markets, and this alternative sorbent is also cheaper than BC [21,56].



Furthermore, Figure 8 presents the comparison of the sorption rates of the RB8 dye sorption on PAC, MTM, BC and BT alone or BC/BT in co-action with BAC. As can be seen, only the co-action of BC or BT with BAC and PAC alone provided an almost 100% removal efficiency of RB8 from the aqueous solution (1 g L−1). The removal efficiencies of RB8 dye increase in the following order: BT < BC < MTM < PAC ≤ BT + BAC ≤ BC + BAC. As we mentioned above (Section 3.1), BT and BC reached the lowest removal efficiencies due to the low specific surface area (see Table 1 above). The satisfactory removal of RB8 from aqueous solutions was achieved using commercial PAC with a high specific surface area. The highest separation capacity was provided by the co-action of alternative sorbents and BAC. It can be caused by the parallel effect of several separation mechanisms detailed in the section below.



In addition, the equilibrium of RB8 sorption on BC or BT sorbents in co-action with BAC is established after 30 min. In comparison, the state of equilibrium of RB8 adsorption on other sorbents alone (PAC, MTM, BC and BT) is attained from 3 to 5 h. The co-action of BC or BT with BAC is not only efficient and consumes significantly lower amounts of reagents, but it is also very rapid. Moreover, it provides an improved technological implementation (agitation of reaction mixture, filtration after the separation process, etc.) compared to the action of sole ILs.



The time dependencies of the sorption capacity of RB8 are shown in Figure S8 in the Supplementary Materials. Clearly, the equilibrium sorption capacities (qe in mg g−1; derived from the experimental data) decrease in the following order: BC + BAC ≥ BT + BAC ≥ PAC > BC > MTM > BT. It corresponds well with the above-mentioned removal efficiency sequence.



For example, virgin PAC provides the equilibrium sorption capacity of around 24.5 mg g−1 for the RB8 dye. On the other hand, BC enables this parameter to be only approximately 17.8 mg g−1. However, the qe for the BC in co-action with BAC reaches a value over 495.8 mg g−1. Analogically, the qe for the BT in co-action with BAC achieved a comparable value (489.8 mg g−1), such as the BC + BAC system. It can be noted that MTM alone provided the equilibrium adsorption capacities of only ca. 12 mg g−1. The great sorption capacities of alternative sorbents co-acted with BAC are caused by the high separation efficiency of RB8 dye using only 2 g L−1 of BC or 1 g L−1 of BT in co-action with BAC (1.5–2 g L−1).



The high sorption capacities of the tested alternative sorbents in the co-action of BAC can be explained by the parallel effect of the proposed mechanisms (a–c):




	(a)

	
A sorption-based mechanism: The sorption of dyes on different types of biochar or bentonite is a well-known separation process [22,57]. However, (ad)sorption is also a multistage process, and sorption models are not able to describe these complex mechanisms and distinguish between physical and chemical sorption [58].




	(b)

	
The rapid formation of less polar ion pairs: The formation of water-insoluble ion pairs was discussed in Section 3.2. Separation of RB8 using ILs above and was also proved in our previous studies [44,45] using analytical techniques such as NMR.




	(c)

	
(i) In the case of BC application, the better affinity of formed ion pairs to the BC surface: As Gray et al. [59] suggested, the biochar-based sorbents show rather the non-polar nature of its surface. Therefore, the less soluble ion pairs can be well adsorbed on the described BC surface. We also suggested this mechanism in our earlier publications [32,44]. Furthermore, BAC alone can be well adsorbed on BC. We observed 81.3% removal of cationic surfactants from an aqueous solution of BAC within this IL sorption on BC. It is also in good agreement with several researchers [60].



(ii) In the case of BT application, the entrapment of formed ion pairs using BT: It has been previously reported [38] that BT has a good entrapment capability for cationic surfactants using a cationic exchanging process. Furthermore, we verified that BT provided relatively good separation of BAC (almost 79% removal of cationic surfactants from an aqueous solution of BAC within this IL sorption on BT). These facts explain the comparable removal efficiency of the co-action of BAC with BT and BC. We suppose that the formed ion pairs can be entrapped using BT, e.g., via cationic exchanges or different forces. Optionally, BT improves the separation of formed ion pairs and plays a role as the supporting material in the removal of ion pairs from aqueous solutions.









Based on the observed rapid ion exchange (see Figure 5 above and also refs. [32,44]) and the non-polar character of formed ion pairs (see Figure S6 in Supplementary Materials and also refs. [32,44]), we suppose that the main separation mechanism is the formation of ion pairs and the sorption/entrapment of these ion pairs using alternative sorbents. However, it is possible that the conventional sorption and/or separation of dye using BAC alone participates simultaneously in the separation of RB8 too. The separation mechanisms are depicted in Scheme S2 in the Supplementary Materials.



The adsorption mechanisms can be also potentially established using several analytical methods, i.e., FTIR or other analytical methods. Therefore, BC samples before and after the adsorption of RB8 were characterized using ED XRF. XRF measurements showed a significantly higher content of chromium in BC samples saturated with RB8 dye. For the results of ED XRF analysis of an alternative BC sorbent saturated with RB8 dye or (BAC)4RB8, see Figures S5 and S9 in the Supplementary Materials.



However, an evident relationship between the sorption/separation mechanisms and the effect of sorbents and the BAC action can be hardly postulated from the available data. Despite this, the further explanation and investigation of detailed separation processes may be the subject of our future work.




3.4. Separation of RB8 from Real Wastewater


Finally, we verified the separation of the RB8 dye from real wastewater (aqueous filtrate obtained from industrial RB8 separation). The initial concentration of RB8 in this wastewater is 7 g L−1; for further specifications, see Section 2.1. Chemicals.



Based on the optimization experiments within the separation of RB8 dye from model wastewater, we tested the most promising methods—the co-action of BC or BT with BAC for real wastewater purification. As Figure 9 depicts, the BC alone in an appropriate dosage of 280 g per one liter of real wastewater proved approx. 20% lower decolorization and 15% lower COD removal than experiments with the separation of the tested dye from model wastewater. The lower efficiencies of RB8 removal may be caused by the complex matrix of real wastewater which contains not only RB8 but even different by-products or unreacted reactants. The increasing of BC dosage above 280 g L−1 would not be economical. On the other hand, the same dose of PAC (280 g L−1) is able to reach 92% decolorization and 74% removal of COD; see Figure 9.



Afterward, the method of the co-action of BC with BAC was investigated for the purpose of enhancing the separation ability of RB8 dye from real wastewater. For model wastewaters containing 1 g L−1 of RB8 dye, the optimal dosage was established at 1.5 g L−1 of BAC and 2 g L−1 of BC. Therefore, we tested seven times higher doses of these reagents for real wastewater containing 7 g L−1 of RB8 dye (seven times higher RB8 content than in model wastewater). However, these previously optimized doses of BC and BAC achieved only 40% decolorization and 22% removal of COD from real wastewater; see Figure 9.



Therefore, increasing BAC and BC doses was examined to enhance the removal of the RB8 dye. BAC (28 g L−1) in co-action with 56 g L−1 of BC is able to achieve almost 99% decolorization and 78% COD removal. In other words, for a comparable removal effectiveness of the RB8 dye from real wastewater, the addition of a 2.7 times higher dose of BAC and 4 times higher dose of BC compared with model wastewater is required; see Figure 9.



Analogously, we scrutinized the optimized method of direct combination of BAC with the second alternative sorbent BT for the separation of RB8 from real wastewater; see Figure 10. In contrast to BC (see Figure 9), the previously optimized dosages of 14 g L−1 of BAC and 28 g L−1 of BT applied for the treatment of real wastewater containing 7 g L−1 of RB8 dye achieved satisfactory removal efficiency (90.6% decolorization and 84.5% COD removal). The optimal dose of BT + BAC was verified as 20 g L−1 of BAC and 28 g L−1 of BT which offer 96.1% decolorization and 90.7% removal of COD; see Figure 10. Therefore, it is required to use only a 1.4 times higher dose of BAC and a 4 times higher dose of BT than in the case of model wastewater.



Figure 11 illustrates the rates of RB8 sorption on PAC alone and alternative sorbents in co-action with BAC from real wastewater using the above-optimized doses of sorbents. The equilibrium of RB8 sorption on virgin PAC was established after 240 min. On the other hand, upon the action of BC or BT with BAC, the equilibrium state was gained after 90 min or 60 min, respectively.



From the obtained results, it is evident that the most promising method of direct combination of BAC with BT for RB8 dye from real wastewater is rapid and as effective as the more expensive PAC treatment [21].



The economic costs of the respective methods are presented in Table S1 in the Supplementary Materials. Although RB8 separation using BAC alone is the economically acceptable method, the co-action of BAC with BT applied for RB8 removal from model and real wastewater offers the most effective decolorization and COD removal; see Table S1 in the Supplementary Materials. Moreover, the direct combination of BT and BAC enables the cheapest separation of RB8 dye or ion pairs, respectively.



The new approach of the circular economy and the requirements of the price decrease of treatment processes aim at the facile and effective recycling of materials applied, for example, in treating wastewater. Therefore, our previous article [45] proposed new innovative methods of recycling ion pairs formed in dye separation processes. We also designed a process for prolonging the life cycle of spent carbonaceous sorbents using BAC [44]. Based on these findings, it can be assumed that the exhausted sorbents applied in co-action with BAC have great potential for regeneration and recycling too. However, the direct and simultaneous recycling of both materials—BAC and respective alternative sorbents—is a challenge for our future research.



Finally, for a comparison of the above-described results of the separation of RB8 dye from wastewater (calculated per one gram of removed dye for the demonstration of practical application) with the available literature [9,15,16,17,18,19], see Table 2. Only photocatalytic oxidation using a high dosage of a photocatalyst [16] or adsorption on expensive ZnO nanoparticles used in huge excess [19] reaches the removal efficiencies of the RB8 dye comparable with the method developed in this article. The combination of an alternative cheap sorbent such as BT with an available ionic liquid BAC offers effective, rapid and smooth removal of the RB8 dye from the model as well as from real wastewater.





4. Conclusions


This study aimed to optimize the sorption procedure by applying alternative sorbents—biochar and bentonite—in the co-action of ionic liquids such as benzalkonium chloride or Aliquat 336 for the removal of the chromium complex of reactive azo dye Reactive Black 8 from wastewater.



The preliminary tests proved that alternative sorbents biochar (BC) and bentonite (BT) do not achieve the sorption capacities of virgin powdered active carbon (PAC) or montmorillonite (MTM), respectively. On the other hand, we proved that the co-action of BC or BT with ionic liquid BAC is the most promising method of RB8 separation from model wastewater. The amount of 2 g L−1 of BAC in co-action with 1 g L−1 of BT resulted in higher than 98% RB8 removal efficiency after 30 min of action. The comparable removal efficiencies were obtained using as high as 40 g L−1 of virgin PAC after at least 180 min of action.



The equilibrium sorption capacity of the BT in co-action with BAC reaches a value greater than 489 mg g−1. This high sorption capacity can be explained by the parallel effect of several proposed mechanisms: (i) sorption, (ii) the formation of less polar ion pairs and (iii) the separation of formed ion pairs using a BT sorbent.



However, the separation of RB8 (7 g L−1) from real wastewater established slightly worse results due to the complex matrix of the wastewater sample. For comparable removal efficiency of RB8 dye from real wastewater, it is required to apply an only 1.4 times higher dose of BAC and 4 times higher dose of BT than the optimized dosages applied within the RB8 removal from model wastewaters.



The application of alternative sorbents BC or BT decreases the costs of the developed separation process for RB8 dye removal from wastewater. Moreover, the addition of BAC to the used alternative sorbent BC or BT decreases the dosage of BC or BT and provides the required removal efficiencies of both the RB8 dye and/or residual BAC from wastewaters. Additionally, sorption with the proposed BC + BAC or BT + BAC systems proceeds smoothly from 30 to 60 min, in contrast with adsorption using conventional PAC (3–4 h is necessary for effective removal of RB8 dye using PAC). The application of BAC + B also saves energy and further reduces economic costs joined with waste treatment (compared with conventional sorption using active carbon). The optimized method of direct combination of BAC with BT for RB8 dye from wastewater is rapid, economically acceptable and almost as effective as that based on expensive PAC application.
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Figure 1. The chemical structure of RB8 dye (dye–SO3Na). 
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Figure 2. Chemical drawings of tested ionic liquids (R4NX)—BAC and A336. 
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Figure 3. Removal of RB8 (1 g L−1 model aq. solution) after 5 h of (A) BC and (B) BT action. 
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Figure 4. Comparison of the sorption rate of RB8 (1 g L−1 model aq. solution) on PAC (40 g L−1) and MTM (40 g L−1) and alternative sorbents BC and BT (40 g L−1). 
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Scheme 1. Formation of insoluble ion pairs (R4N)4RB8. 
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Figure 5. Separation of RB8 (1 g L−1 model aq. solution) using (A) 50% BAC and (B) A336 within 30 min of action. 
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Figure 6. Optimization of the co-action of A336 and BC or BT within the separation of RB8 (1 g L−1 model aq. solution). Action of sorbents alone within 5 h or within 30 min in co-action with ILs, respectively. 
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Figure 7. Optimization of the co-action of BAC (50%) and BC or BT within the separation of RB8 (1 g L−1 model aq. solution). Action of sorbents alone within 5 h or within 30 min in co-action with ILs, respectively. 
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Figure 8. A rate of sorption of RB8 (1 g L−1 model aq. solution) on different types of sorbents (40 g L−1) and co-action of BC (2 g L−1) with BAC (1.5 g L−1) or BT (2 g L−1) with BAC (2 g L−1). 
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Figure 9. Optimization of co-action of BAC (50%) and BC within the separation of RB8 from real wastewater (containing 7 g L−1 of RB8 dye among others) after 5 h of action. (Removal efficiencies of sole PAC are added for comparison of removal robustness of BAC/BC system). 
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Figure 10. Optimization of co-action of BAC (50%) and BT within the separation of RB8 from real wastewater (containing 7 g L−1 of RB8 dye among others) after 5 h of action. 
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Figure 11. Comparison of sorption rate of RB8 (7 g L−1) from real wastewater on PAC (280 g L−1) and BC (42 g L−1) in co-action with BAC (42 g L−1) or BT (28 g L−1) in co-action with BAC (20 g L−1). 
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Table 1. The specifications of the BC, BT and commercial adsorbents according to refs. [47,48,49,50].
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	Characteristics
	BC *
	BT
	PAC
	MTM





	Total surface area, BET-method (m2 g−1)
	444
	50
	1300
	245



	Total pore volume (cm3 g−1)
	0.0293
	n.d.
	1.83
	0.108



	Water content (wt. %)
	1.2
	<8
	<10
	<0.1



	Ash content (wt. %)
	9.6
	n.d.
	8
	n.d.



	Silica, SiO2 (wt. %)
	n.d.
	64.3
	n.d.
	67.6



	Alumina, Al2O3 (wt. %)
	n.d.
	20.7
	n.d.
	14.6







n.d.: not determined. * Note: for detailed characterizations and specifications of the BC, also see [23,24,32,46].













 





Table 2. Comparison of treatment methods applied for wastewater polluted with RB8 dye.
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	Treatment Method
	Quantity of Used

Reagents per Gram of Dye
	Initial

Concentration of Dye
	Decolorization Efficiency
	Removal

Efficiencies of COD
	Ref.





	Biological treatment
	Physalis minima L.
	30 mg L−1 RB8
	75.7%
	–
	[9]



	Fenton reaction
	0.5 g H2O2 + 0.17 g Fe2+
	400 mg L−1 RB8
	81%
	62%
	[15]



	Fenton reaction + sonification
	0.5 g H2O2 + 0.17 g Fe2+
	400 mg L−1 RB8
	85%
	84%
	[15]



	Photocatalytic oxidation
	20 g CoMoO4
	50 mg L−1 RB8
	91.5%
	–
	[16]



	Electrooxidation + sonification
	Ti/Ru2-IrO2 anode + steel cathode
	100 mg L−1 RB8
	62.9%
	32.4%
	[17]



	Adsorption
	106.7 g nano ZnO
	75 mg L−1 RB8
	94%
	–
	[19]



	Adsorption
	20 g Fe powder
	100 mg L−1 RB8
	86%
	–
	[18]



	Ion exchange via IL
	2 g BAC *
	1000 mg L−1 RB8
	99.1%
	88.8%
	this work



	Ion exchange via IL
	6 g A336
	1000 mg L−1 RB8
	98.9%
	39.2%
	this work



	Adsorption
	40 g PAC
	1000 mg L−1 RB8
	97.9%
	87.4%
	this work



	Adsorption
	40 g BC
	1000 mg L−1 RB8
	70.8%
	61.2%
	this work



	Adsorption
	40 g MTM
	1000 mg L−1 RB8
	48.4%
	37.8%
	this work



	Adsorption
	40 g BT
	1000 mg L−1 RB8
	18.9%
	10.7%
	this work



	Co-action of sorbent and IL
	1 g BT + 2 g BAC *
	1000 mg L−1 RB8
	98.2%
	94.6%
	this work



	Co-action of sorbent and IL
	2 g BC + 1.5 g BAC *
	1000 mg L−1 RB8
	99%
	94.6%
	this work







* Note: Doses of 50% aq. BAC.
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