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Abstract

:

Waste brick materials were applied as removal materials of basic blue 41 (BB-41) from artificially contaminated water. They were characterized by different techniques prior their use. A series of removal tests were carried out at different conditions, such as a dosage effect, pH value, initial concentrations, and chemical treatment. The removal results indicated that the two untreated waste bricks had limited removal capacities of basic blue 41, ranging from 19 to 30 mg/g. However, these values were improved upon treatment with NaOH solution or by increasing the removal temperature. Waste brick collected from the Medina area (Med-WB) exhibited higher removal capacity compared to the one collected from the Jeddah area (Jed-WB), with a maximum removal capacity of 60 mg/g at 60 °C. The pH of the BB-41 solution also played an important factor, as it improved the removal amounts from 25 mg/g to 45 mg/g at initial concentration of 200 mg/L. The regenerative process was studied using oxidative reaction of the removed basic blue 41 with a solution of oxone and cobalt nitrate. The efficiency was maintained after 5 runs for Med-WB, with a slight variation of 25%, while it felt to 50% for Jed-WB material after three runs. These data indicate that the waste brick materials present as potential candidates for the dye removal and their origin has to be identified.
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1. Introduction


The water demand doubles globally every two decades, due to the rapid increase of populations, industrial activities, and the decrease of rainfall [1]. The exploration of safe water sources to overcome the scarcity of water has been a global challenge for many countries [2]. Waste water reclamation and recycling were proposed as an alternative way to reduce the water demand in irrigation, industries, and domestic uses [3]. The textile industry presented an important share in total water consumption, as during dyeing processes about 20–40% of these dyes remain in the effluents [4] The presence of dyes in effluents causes a lot of pollution in water. Many dyes are carcinogenic and affect the life of aquatic organisms [5,6].



Many physical and chemical processes for color removal have been applied, including coagulation and flocculation, biosorption, photo-decomposition and ultrafiltration, oxidizing agents, membrane, and electrochemical. The advantages and disadvantages of each technique have been extensively reviewed [7]. The adsorption process is an efficient and economic process for removing dyes, pigments, and other colorants, particularly for its initial low cost, simplicity, ease of operation, and insensitivity towards toxic substances [8,9]. Many types of adsorbents are effective in removing color from aqueous effluents, with activated carbon as the most commonly used one in industrial wastewater treatment systems, mainly because of its large specific surface area [10,11]. However, its major drawback is its relatively high cost. This has encouraged many researchers to search for cheaper substitutes, such as coal, fly ash, silica gel, wool wastes, agricultural wastes, oak leaves, wood wastes, sewage sludge, and clay materials [9,10,11,12]. Clays, such as sepiolite, bentonite, montmorillonite, and smectite are being considered as alternative low-cost adsorbents with high chemical and mechanical stability, small particle sizes, lamellar structures, and negatively charged surfaces. This makes them good cation adsorbents with large specific surface areas for ion exchange or electrostatic attraction. The chemical nature and pore structure usually determine the sorption ability of clays [13,14,15].



To enhance their removal properties, the modification of clay minerals could be achieved by different physical or chemical methods. The type of modification affects the removal properties of the obtained materials. For instance, the acid activation process, based on chemical alteration of the starting clay minerals, led either to an improvement or reduction of the removal properties for basic dyes [15,16,17,18]. Modification of clay minerals was done by insertion of an alkyl-ammonium cation or cationic surfactant into the interlamellar spacing. These are called as organoclays. These organoclays have a lower thermal stability due to the decomposition of organic molecules in the range of 200 to 400 °C and were used for the removal of acidic dyes [19]. The pillaring process was proposed to modify the chemical composition and enhance the thermal stability of the starting clay minerals. It consisted of maintaining the clay sheets, separated apart after introducing the polyoxocation metal cations, and was followed by calcination of the obtained materials. This process would introduce additional adsorption sites between the clay sheets and make them accessible to the dye cations [20]. The calcination of raw clay was proposed as an alternative way to modify its adsorption properties [21,22]. In addition, this method was used to regenerate spent clays after the removal process [23]. The calcination temperature was in the range of 200 to 500 °C. Above this temperature, the layered structure was collapsed and the clay mineral was transformed to an amorphous silica phase that exhibited low adsorption capacity [22]. Thus, further calcination of clay minerals at higher temperatures between 800 to 1000 °C was not undertaken. The brick industry is based on a higher temperature treatment, between 800 to 1000 °C, to transform the ingredient mixture (mainly clay minerals and sand) into a stable material [23]. The production process of bricks generates amounts of solid wastes and were used in different applications, such as a substitution for clinker [24,25,26].



In environmental applications, the waste bricks were used in the removal of different pollutants, such as mercury, fluorine, ammonia, and phosphorous, in addition to the colorant dyes, such methylene blue, basic blue, and pharmaceutical pollutants, such as diclofenac [27,28,29,30,31,32]. The pre-treatment of the waste brick by acid solution or basic solution has improved its removal properties of copper cations and basic blue dye [33,34]. The coating of the waste brick by iron or titanium oxide has also enhanced its photo-degradation of methylene blue dye [35,36].



In a previous study, the ability to use the brick waste as removal agent for the basic blue 41(BB-41) was investigated [33]. For this purpose, the waste was collected from a local brick manufacturer. The waste was treated with different solutions of sodium hydroxide or sulfuric acid. The treatment of waste brick with sodium hydroxide solution improved the removal properties of the waste brick towards basic blue 41 [33] due to the increase of hydroxide anions, in other words, to the increase of the negative charges on the surfaces. The origin of clay minerals affected its chemical properties and its resulting derived materials [37,38,39,40]. The resulting bricks varied in chemical and textural compositions from one place to another, depending on their geological origin and the presence of organic and inorganic impurities [41,42,43]. This study was carried out to test the hypothesis that the waste bricks obtained from different areas, using different clays, could affect their physiochemical properties and if the resulting waste materials would be effective in the removal of BB-41 in various conditions. The testing of regenerative capacity after the first BB-41 removal was investigated, using a friendly method to the environment [19]. The materials were characterized by different techniques before their use and to correlate these properties to the removal efficiency.




2. Experimental Part


2.1. Materials


The waste bricks were collected from two different regions. One waste brick was collected from a manufacture situated in the Medina region, identified as Med-BW, and the second one was collected about 400 km North of Medina, close to Jeddah area, and assigned as Jed-WB. Both regions are located in Saudi Arabia. The waste bricks were broken into pieces using a hammer. The powdered brick wastes were then stored in containers and screened through different sized sieves [33]. The basic blue 41 dye was provided by Acros Organics and used as received.



The modification of WB was performed using a NaOH solution (4M) as reported in a previous study [33]. One gram of WB, with diameter less than 0.6 mm, was stirred in a specific volume of NaOH solution, then filtered and washed extensively with distilled water. The samples will be assigned as B-Jed-BW and B-Med-BW.




2.2. Basic Blue-41 Removal Experiments


The removal process for basic blue 41 was performed as reported in previous studies [19,33]. A stock solution of 1000 mg/L was prepared by dissolving 1 gram of BB-41 solid dye into 1 liter of distilled water. The stock solution was further diluted to the desired concentrations. Batch experiments were conducted by shaking 0.1g of waste brick with 10 mL of aqueous dye solution of each concentration (varying from 50 ppm to 1000 ppm) overnight, in an electric shaker water bath, at a temperature of 25 °C. The effective contact time for the removal experiments was 6 hours [33], however, a prolonged period of time was adopted to ensure that the equilibrium was attained. After equilibrium, the solution was recovered by centrifugation and analyzed by a UV-visible spectrophotometer. Blank experiments were also conducted by using dye solutions without adsorbents to ensure that no dye was adsorbed into the glass tubes. All removal experiments were performed in triplicate and the mean values were used in data analysis. The errors percentages were about 5%.




2.3. Regeneration Tests


The regeneration process followed the method reported in a previous study [33]. It consists of treating fresh spent waste brick in 10 ml of a Cobalt nitrate solution of (10 mM) and 12 mg of oxone (2KHSO5 × KHSO4 × K2SO4, Alfa Aesar, 4.7% active oxygen) after the removal run. The oxone was added into the mixture to degrade the removed BB-41. The reaction was stirred for 30 min. The solid was separated by centrifugation and add to 20 mL of a fresh solution of BB-41, with a concentration of 200 mg/L, overnight and the same procedure was repeated. The concentration at equilibrium (Ce) was measured as described above.




2.4. Characterization


The XRD technique was used to identify the mineralogical phases in the WB materials. The patterns were collected by a Brucker Advance 8 equipped with a Cu tube corresponding to a wavelength of 1.5412 Å. The chemical composition, in term of w% of metal oxides, was estimated using Brucker x-ray fluorescence (XRF) equipment (S4 Explorer model). The FTIR spectra were collected with a FTIR spectrometer model from Shimadzu, using the KBr technique. The thermal gravimetric analysis studies were performed using a TA Instruments calorimeter, model SDT2960, in the range of 25 °C to 800 °C, at heating rate of 10 °C, and under air atmosphere. The morphology of the materials was examined by a scanning electron microscope (SEM) from JEOL, model JSM-6700F. The specific surface area, the total pore volume, and the average pore diameter values were estimated from the nitrogen adsorption isotherms. The isotherms were obtained using a micromeritics device, model ASAP 2020. The BET (Brunauer, Emmett and Teller) equation was used to estimate the values of the specific surface area (SBET) and the total pore volume was measured at a relative pressure value of 0.95.



The Ce (concentration at equilibrium) was estimated from the calibration curve of the BB-41 solution using the Lambert law. The absorbance was measured by a Varian UV-visible spectrophotometer, Cary 100C model, at a wavelength (λmax) value of 610 nm.





3. Results and Discussion


3.1. Characterization of the Used WB.


From the XRF, chemical analysis of the raw WBs and those modified with NaOH are presented in Table 1. It was found that Med-WB and Jed-WB contained considerable amounts of SiO2, varying between 50% and 59%, with a general tendency that more SiO2, Al2O3, and Fe2O3 oxides were present in Jed-BW, compared to Med-WB. However, Med-BW contained more K2O, CaO, and Na2O percentages. This variation could be related to different starting clays used to prepare the bricks. The silica content was close to that reported for other brick materials from different origins. [33,34,41].



Generally, the basic treatment of non-calcined clays results in the dissolution of the amorphous silica phase [43,44]. After treatment with the NaOH solution, the amount of SiO2 was slightly decreased in both WB, indicating that SiO2 content in the WB was mainly present in crystalline phase or the silica phase was strongly attached to the brick grains [33]. The slight decrease of SiO2 percentage affected the other metal oxide percentages in similar manner.



The XRD patterns of Med-WB and Jed-WB are presented in Figure 1. It exhibited crystalline peaks consisting mainly of quartz (silica) peaks around 4.25 Å, 3.34Å, and 2.45 Å [33]. The Med-WB showed a similar XRD pattern, with a lower intensity of the reflections, indicating lower crystallinity degree of later material, compared to Jed-WB (Figure 1).



The presence of quartz is due to the use of some sand particles as an additive material in brick manufacturing [43,45] or as impurities in the starting mixtures. The treatment of waste bricks with base solution did not alter the general feature of the XRD patterns and the reflections related to quartz are still mainly present. The PXRD patterns of the starting mixtures before the preparation of the bricks are presented in Figure 2. The mixture of the Medina brick was mainly composed of silica phase in addition to other phases, while the mixture of the Jed brick contained smectite and kaolinite phases, in addition to silica. This difference could be the origin of the chemical analysis data.



The FTIR spectra of both waste bricks are presented in Figure 2. The results indicated that silica phase (SiO2) was the prominent compound in the Med-WB and Jed-WB materials. The FTIR spectrum of Jed-WB exhibited an intense band, 1084 cm−1. This band was assigned to Si-O asymmetric stretching vibrations. The bands observed at 800 cm−1 and 700 cm-1 could be due to Si-O vibrations of the SiO2 phase. The band at 473 cm−1 could be assigned to the Si-O-Si bending vibration [46,47]. The FTIR spectrum of Med-WB revealed bands at 1044 cm−1 and 779 cm−1, which were allocated to the asymmetric and symmetric stretching vibration of the Si-O bonds, respectively [46,47]. The presence of the band at 1084 cm−1 could indicate that the used mixture contained kaolinite clay [48]. The FTIR spectra of the two cake mixtures, before calcination, indicated that that Jed-Brick cake exhibited a different spectrum compared to Med Brick, due to the different clays in their mixtures. Indeed, the Jed Brick exhibited strong bands related to kaolinite clay mineral at 3700and 3612 cm−1 [48], in addition to the bands of silica phase. While, the Med-Brick mixture contains mainly silica with characteristic band of 1029 cm−1 and other weak bands in the ranges of 3300 to 2800 cm−1 and from 1500 to 500 cm−1 [49]. The band at 1424 cm−1 was related to carbonate materials [50]. This band was not observed in the mixture of the Jed-Brick. The hydroxyl bands at 3300 to 2800 cm−1 vanished due to the dehydroxylation during the calcination process of the mixtures and the shape of the Si-O bands changed to one broad brand, due to the formation of silica phase and other amorphous phases. The WB materials are red, which indicated the presence of iron oxide. The characteristic bands of iron oxide are reported in the range of 526 and 436–459 cm−1 [51], however, in our case, it was difficult to detect these bands, which could indicate that the iron oxide was dissolved into the silica phase, as reported in previous studies.



The FTIR spectra of the base treated samples (not shown) were similar to the raw waste bricks, indicating that the base treatment did not alter the structure of the waste bricks and the silica phase was stable during the base treatment.



The TGA curves of the starting cakes before calcinations are presented in Figure 3. The Medina cake exhibited a mass loss from room temperature (RT) to 200 °C, related to the water molecules physisorbed, and a second one starting from 450 to 700 °C, associated with the dehydroxylation of the used mixture and the release of carbonate materials, mainly calcium carbonate (as indicated by FTIR) [52]. The total mass loss was about 25%. The Jed- brick cake exhibited similar steps, however, with a shift to low temperatures at the second mass loss. Indeed, the DTG curve exhibited a maximum temperature loss at 450 °C, with a total of 15% mass loss. This difference could be related to the composition and the types of clays in both mixtures. However, the waste bricks exhibited different features and only a negligible mass loss of 2% was detected in the ranges of 100–600 °C and 600–900 °C, indicating that the raw materials of bricks were fired at temperatures higher than the temperature of dehydroxylation and they were completely dehydroxylated.



The TGA of the base treated waste brick (not shown) features exhibited similar ones to the pristine materials, indicating that there was no effect of the base treatment on the structure of these materials.



The SEM micrographs, presented in Figure 4, reveal that the two WB have different morphologies, The Med-WB exhibited a compact appearance, which was free of pores and had plate-shaped grains [33]. The Jed-WB also had a compact appearance, with a different aggregation of the particles. After the treatment with the NaOH solution, no alterations of the particle shapes were observed for both WB materials.



The nitrogen adsorption isotherms exhibited a type II for both materials, characteristic of non-porous materials, the high adsorbed nitrogen volume was related to the capillary condensation of nitrogen gas at a higher relative pressure. The specific surface values were 1.00 m2/g and 2.76 m2/g. These values are close to those reported for some waste bricks. [41,53]. The average pore size was about 7.90 nm, confirming the non-porous character of these materials. When these WB were treated with the NaOH solution, a slight variation of SBET was observed, indicating that the later treatment did not effectively affect these materials, consistent with the XRF data and with the data reported for natural clays (Table 2). However, an increase of the pore volume and the average pore diameter were observed for the resulting Jed-WB.




3.2. Removal of Basic Blue Properties


The particle size was reported to be a major factor in the removal properties of the used materials [33,54,55] and the optimum size was in the range of 0.220 mm ± 0.125 mm in diameter, according to the study carried out on the Med-WB material [33]. So, this size range was selected in this part for both WB materials.



3.2.1. Effect of Initial Concentration


The initial dye concentration provides an important driving force to overcome all mass transfer resistances of dye between the aqueous and solid phases [56,57].



The initial concentrations were varied in the range of 25 mg/L to 1000 mg/L and 0.1 g of WB was used at natural pH in this study. The removal percentage showed a decreasing trend as the initial dye concentration of the dye is increased. At lower concentrations, all basic blue 41 ions present in the medium could interact with the binding sites, resulting in higher dye removal (%). At higher concentrations, the dye removal (%) shows a decreasing behavior because of the saturation of the adsorption sites. The highest percentage of 100% was obtained for Ci values between 25 mg/L to 150 mg/L. It reached a value of 48% at higher Ci values of 1000 mg/L. However, the removal capacity of the WB materials for BB-41 dye increased gradually as the initial concentration (Ci) of BB-41 dye increased from 25 mg/L to 1000 mg/L (Figure 5).



The Jed-WB had different removal properties than the Med-WB material (Figure 5) and it exhibited a lower removal capacity and percentage value. The maximum removal percentage, of 85%, was achieved only at the Ci of 25 mg/L. This difference could be related to the specific surface area. However, this fact did not explain the reason behind such behavior. Indeed, the Jed-WB exhibited a higher specific surface area, compared to Med-WB, but it has a lower removal capacity. Similar studies indicated that the removal capacity was not related directly to the specific surface area values [33,58], however, it was related to the available removal sites on the surface of these materials.




3.2.2. Effect of WB Mass


The dosage variation (used solid mass) provides an idea of the effectiveness of an adsorbent and the ability of a dye to be removed with a minimum dosage, so as to identify the ability of a dye from an economical point of view [58]. The effect of the WB mass on the removal of BB-41 was carried at 25 °C with 200 mg/L of BB-41 solution. The WB dosage ranged from 0.010 g to 1 g. Figure 6 presents the effect of the WB dosage on the removal efficiency of BB-41 dye. The removal percentage (%) of BB-41 by the WB material was improved drastically, from 16% to 87%, when the amount of Med-WB added increased from 0.25 g to 0.5 g. Furthermore, the increase of used solid waste improved up to 0.7 g led to a maximum removal percentage of 99%. This increase could be related to the increase in the removal sites, which make the removal of BB-41 easy until equilibrium. Removal of BB-41 cations remained constant for further increases of WB amounts above 0.7 g. Similar behavior was observed using the Jed-WB, however, by adding higher amounts of Jed-WB, to 1 g, the maximum of removal percentage was achieved and it was still lower than those obtained for Med-WB. These data confirmed that the aggregation or the overlapping of the removal sites could occur [59,60].




3.2.3. Effect of Removal Temperatures


The removal process of BB-41, by different solids, was found to be an endothermic process or an exothermic process and the removal efficiency values depended on the temperature values [33,61,62]. The effect of the temperature has to be examined case by case. In this study, the amount of removed BB-41 was improved by increasing the temperature values for the Med-WB and Jed-WB. A maximum of 60 mg/g was reached for Med-WB, while, a lesser value of 35 mg/g were achieved in the case of the Jed-WB at the same temperature of 60 °C. These findings confirmed that the removal process was an endothermic process and the temperature effect was noticed clearly for Med-WB rather than for Jed-WB.



The thermodynamic parameters, such as standard Gibbs energy change (ΔG°), enthalpy change (ΔH°), and entropy change (ΔS°) are summarized in Table 3 and were determined as reported in a previous work [19]. These parameters provide further details on the spontaneity, feasibility, and sorbate-sorbent interactions during the of BB-41 removal process.



The negative vales of ∆G° increased as temperature increased from 303 to 333 K, suggesting an improved feasibility and spontaneity of the BB-41-waste brick system at elevated temperatures. The increase of ΔG° for Med-WB was more important compared to the BB-41-Jed-W. This difference could be related to the distribution of the removal sites on the waste surfaces. The positive value of ∆S° showed that the removal process of BB-41 onto waste bricks was enhanced due to an increase in the degree of disorderliness at the sorbate-sorbent interface [63]. The values of ∆S° were higher in the case of Med-W compared to the Jed-W, due to the higher amount of BB-41 accompanied with the higher mobility of the removed molecules on the surface [64]. The positive value of the heat of adsorption, ∆H°, indicated that the process of adsorption was endothermic in nature, hence the amount of BB-41 removed by the waste bricks in the aqueous solution was favored at a higher temperature. This is in agreement with the results listed in Table 3. The value of ∆H° indicates the mechanism of adsorption to be either physisorption, when ∆H° is between 2.1 to 20.9 kJ mol−1, or chemisorption, when ∆H° is between 80 to 200 kJ mol−1 [65,66]. From Table 3, the estimated value of ∆H° lies between 51 to 135 kJ mol−1, suggesting that the mechanism of interaction between BB-41 and waste bricks in water is mainly governed by the ion exchange process and the chemisorption process [67].




3.2.4. Effect of the pH of the Basic Blue-41 Solution


The pH value plays an important factor during the removal process. It does not alter the adsorbent site dissociation, however, it alters the chemistry and the structure of the dye. The latter could be achieved by adding HCl or NaOH solutions to the dye solution [67,68].



Figure 7 indicates that the removal efficiency of Med-WB was improved when the pH of the solution was increased from 2 to 3.05. Further increase of pH did not significantly change the removal percentage and it was about 99%. In the case of Jed-WB material, the pH of the BB-41 solution modified the removal percentage, however, in a certain extent, it was raised from 13% to 37% at a pH value of 9.3. When the pH value was greater than 10, the BB-41 was unstable and, hence, no further investigation was conducted [33,68]. The high percentage obtained at higher pH values indicated the increase of the negative charge density of the waste brick, and thus, the electrostatic interaction between these charges and the positively charged dyes (see paragraph 3.2.5.). Another explanation could be associated with the dimerization of basic blue at higher concentrations [69] or to the reaction of BB-41with the NaOH solution. To confirm that, a solution of NaOH was added to a solution of BB-41 at a pH higher than 9, without adding waste brick. The color of the solution was monitored over time and showed a change in its intensity over time until it became clear after two days. Similar observations were reported for the methylene blue dye solution [39]. The lower removal efficiency at acidic values could be associated with the excess of proton ions in the solution and, as a consequence, could compete with the basic dye cations on the removal sites of waste brick materials [30]. This assumption seemed to be valid in the case of Jed-WB. However, in the case of Med-WB, the highest removal of BB-41 was achieved at a pH value of 3, indicating other effects could contribute to this behavior.




3.2.5. Effect of WB Modification


As reported in previous paragraph, the higher uptake of BB-41 was achieved at higher pH values of the BB-41 solution. In this part, the WB materials were treated with a NaOH solution prior to the removal tests and the BB-41 solution was used at its natural value (without adjustment). The removal of the WB improved after the NaOH treatment, especially for Jed-WB, with a maximum of 16 mg/g. However, it was still lower than the Med-WB (38 mg/g) (Figure 8). The improvement could be related to the improvement of the SBET values, however, there was slight variation of these values after the NaOH treatment, as presented in Table 2.



The increase of removal efficiency was related to the surface properties. At a lower pH the surface of the silica becomes positively charged, whilst at a higher pH it becomes negatively charged [70]. In our case, the increase of the number of negatively charged sites on the WB materials when treated with NaOH solution enhanced the electrostatic attraction between the BB-41 cations (positively charged) and the negatively charged surface of the WB materials [71].



At a lower pH, the adsorption of the cationic dye should be less because of the lower dissociation of the dye molecules, as well as the positively-charged surface [70]. At a higher pH, both the dye and the surface will be dissociated, which results in a higher adsorption through increased cation exchange capabilities.





3.3. Langmuir Isotherm and Maximum Removal Capacity


The performance of an adsorbent can be studied by adsorption isotherm data. Modeling the adsorption isotherm data is an essential way for predicting and comparing the adsorption performance, which is critical for optimization of the adsorption mechanism pathways, expression of the adsorbents capacities, effective design, and applicable practice of the adsorption systems [72]. The Langmuir isotherm model was used to evaluate the maximum removal capacity of the different materials such as waste bricks [33], organoclays [58], and zeolite materials [73]. The linear equation of the Langmuir model is presented in the following Equation (1) [74]:


Ceqe=1qmax.KL+Ceqmax.



(1)







A straight line with a slope of 1/qm and an intercept of 1/qmKL is obtained when Ce/qe is plotted against Ce. Table 4 summarizes the values of these parameters. The regression coefficients are in order of 0.994 to 0.997, indicating the feasibility of the model to determine the maximum removal capacities of different materials, and confirming the monolayer coverage of dye onto WB particles.



The Med-WB exhibited higher removal capacities at different conditions compared to the Jed-WB. By increasing the removal temperatures, the efficiency of the waste bricks was further improved and a maximum of 120 mg/g was achieved for the Med WB, at 60 °C. However, the Jed WB material exhibited a removal of 42 mg/g even at 60 °C. The treatment of the waste brick by NaOH also modified the removal properties and an increase of 35% to 50% was achieved.



The Langmuir constant (KL) indicates the extent of the interaction between the adsorbate and the surface. If the value of KL is relatively larger it indicates that there is a strong interaction between adsorbate and adsorbent, while a smaller value implies a weak interaction. In our case, the values were quite low and reflected the weak affinity of the BB-41 dye to the surface of the WB materials (Table 4).



The investigated waste bricks materials have a good efficiency for this dye, compared to other silicate materials (Table 5). The local clays exhibited the highest removal amount because they were not calcined at high temperatures and were used as received.




3.4. Regeneration Properties


The regeneration process is considered an important step for the feasibility of an adsorbent and it is considered as important issue that needs to be addressed, otherwise, the used materials would create a new round of environmental problems with the disposal issues. A number of regeneration methods were summarized and discussed in recent reviews [23,75]. In this study, a regeneration method was adopted with an efficient, eco-friendly, and easy to operate process, to reuse the spent waste bricks [19,76]. The treatment of fresh spent waste bricks was done after the first removal of basic blue 41 by a solution containing cobalt cations and an oxidant oxone. The Co2+ cations served as the homogeneous catalyst. The oxidant oxone was used to degrade the removed dye [77]. In a previous study, the concentrations initially used affected the removal efficiency during the regeneration process.



In this case, two initial concentrations (50 ppm and 200 ppm) were used to study the regeneration process. The obtained data are presented in Figure 9A,A’, and indicate that the removal efficiency of BB-Med-WB was maintained after four cycles of regeneration, with a small reduction of 10%, compared to the fresh used Med-WB, using a BB-41 Ci of 50 ppm. In the case of BB-Jed-WB, it behaved differently and the removal percentage dropped significantly, with a decrease of 25% in the fourth cycle. After 6 cycles of regeneration, the BB-Med-WB exhibited a removal percentage of 80 % and 30% for Jed-WB. Using a high Ci value of 200 mg/L (Figure 9A’), the used waste bricks lost their efficiency after the third recycle, with a reduction of 15% and 36% for Med-WB and Jed-WB, respectively. Further regeneration led a continuous decrease of the removal efficiency, up to 50% and 80% of their initial values. This reduction could indicate that the adsorption sites lost their activities due to the non-decomposition of the removed BB-41 cations on the surface of the WB materials during the regeneration process.





4. Conclusions


The use of waste bricks was proposed as an efficient removal agent for basic blue 41 dyes from an aqueous solution. These removal properties were mainly affected by the initial concentration, pH value, temperature, and the treatment of the WB by a base solution. The temperature and the base treatment of the WB improved the removal capacities of both waste materials with a maximum of 60 mg/g for Med-WB and 32 mg/g for Jed-WB. For a low initial concentration of 50 ppm, the regeneration experiments indicated the removal efficiency was maintained after four cycles, with reductions of 25% and 50% for Med-WB and Jed-WB, respectively. However, using a high initial concentration of 200 ppm, the regeneration tests indicated that the removal was further decreased and it could be related to the hindering of the removal sites during the removal process. The origin of the waste bricks affected their removal characteristics and this study indicated that the origin of these wastes would be taken into account before their promotion.
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Figure 1. Powder x-ray diffraction (PXRD) patterns of (b) Med-WB and (d) Jed-WB materials. (a) and (c) correspond to Med and Jed cake mixture before firing. (Q: quartz; M: Montmorillonite; K: kaolinite; A: albite phases). 
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Figure 2. FTIR spectra of (b) Med-WB and (d) Jed-WB materials. (a) and (c) correspond to Med and Jed cake mixture before firing. 
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Figure 3. TGA features of (b) Med-WB and (d) Jed-WB materials. (a,a’) and (c,c’) correspond to TGA (solid lines) and DTG (dashed lines) of the Med and Jed cake mixtures before firing. 
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Figure 4. SEM micrographs of (a) Med-WB and (b) Jed-WB materials. (a’) and (b’) correspond to (a) and (b) after treatment with NaOH solution, respectively. 






Figure 4. SEM micrographs of (a) Med-WB and (b) Jed-WB materials. (a’) and (b’) correspond to (a) and (b) after treatment with NaOH solution, respectively.



[image: Applsci 09 01237 g004]







[image: Applsci 09 01237 g005 550]





Figure 5. Effect of the initial concentrations (Ci) of BB-41 on the removal percentage (%) and the removed amount (mg/g) using (a, a’) Med-WB and (b, b’) Jed-WB. 
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Figure 6. Effect of the used WB mass on the removal percentage of BB-41, (a) Med-WB and (b) Jed-WB. 
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Figure 7. Effect of the BB-41 pH solution on the removal percentage of (a) Med-WB and (b) Jed-WB materials. 
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Figure 8. Effect of (a’,b’) base treatment of (a,b) Med-WB and Jed-WB, respectively, on the removed amount of BB-41 dye. 
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Figure 9. Regeneration/reuse of WB materials at different Ci of BB-41: (A) 50 ppm and (A’) 200 ppm. (Blue bars: Med-WB and red bars: Jed-WB). 
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Table 1. Metal oxides (weight %) contents of different