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Abstract

:

This study aimed to synthesize magnesium oxide (MgO) using a colloidal starch method for two primary purposes: the removal of chromium (III) ions from synthetic wastewater and the subsequent use of the chromium-containing material as synthetic inorganic pigments (SIPs) in commercial paints. The synthesis used to obtain the oxide (St-MgO) is a promising method for using plants, such as cassava, as green fuels due to their abundance, low cost, and non-toxicity. With this, the oxide showed greater porosity and alkalinity, compared to commercial magnesium oxide (Cm-MgO). The MgO samples were subjected to structural characterization using XRD and FTIR, surface area and pore volume study by B.E.T. and SEM, and chemical composition by ICP-OES and thermogravimetric analysis (TGA). The crystalline periclase phase was identified for both samples, but the brucite phase was shown to be a secondary phase for the commercial sample. After the removal of chromium ions, the brucite crystalline phase became the majority phase for the samples, regardless of the concentration of ions removed. The pigments were characterized by color measurements and discussed in terms of colorimetric parameters using the CIELab method and electron spectroscopy (VIS-NIR). This study also evaluated the colorimetric stability of green pigments in aggressive environments (acidic and alkaline) over a 240 h exposure period, demonstrating minimal color difference. This study aims to develop materials for the decontamination of wastewater containing chromium and its reuse as a synthetic inorganic pigment, using an innovative and sustainable synthesis method.
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1. Introduction


Water is one of the most valuable resources, vital for the survival of humans, animals, and plants, and essential for industrial use, energy generation, transportation, agriculture, and livestock development activities such as aquaculture [1]. Only 0.29% of the world’s water is available to be enjoyed, present in rivers, lakes, ponds, dams, and streams [1]. As the populace expands, so does water consumption in various areas (IBGE, 2020). The contamination of aquatic zones by wastewater has been a huge problem to tackle, as the lack of sanitation and treatment has contributed to a great deal of environmental and public health damage. Effluents can contain solid or dissolved waste, including sanitary sewage, oils, grease, and industrial substances that can pose health risks when in the environment [2]. Disposal can be carried out legally if it follows the rules established by CONAMA (National Environmental Council), which determine physicochemical standards such as determination of temperature, color, turbidity, odors, settleable solids, hardness, and determination of dissolved oxygen.



The characteristics of each industrial effluent depend on the process used in the industry, usually consisting of organic compounds and metals that are often bio-accumulative [3]. Among the various elements used industrially, chromium is a toxic element found in nature in two different forms, trivalent (Cr3+) and hexavalent (Cr6+), each of which has different physicochemical characteristics, including mobility, toxicity, and bioavailability [4,5]. In its hexavalent form, it is considered more toxic and carcinogenic and can cause damage to the environment and living beings [4,6,7]. Trivalent chromium is more stable, a nutrient found in some foods, which contributes to glucose metabolism, but in concentrations above 1.0 mg L−1, it becomes harmful to health, and when left free in the environment, it can oxidize to Cr6+ [4,6,7,8]. For this reason, several studies related to the remediation of Cr3+ disposal and contamination are being carried out. Techniques such as ion exchange, membrane filtration, electrocoagulation, filtration, percolation, phytoremediation, reverse osmosis, and removal by precipitation using alkaline oxides are used to treat wastewater contaminated with Cr 3+ [7,9,10].



This work aimed to synthesize magnesium oxide (MgO), a single solid with a high ionic character and a crystalline phase known as periclase, stoichiometry, and crystalline structure of a face-centered cubic type and high thermal resistance [11]. The synthesis was carried out using the colloidal method in a reaction medium with starch extracted from cassava (Manihot esculenta), a tuber native to Brazil with a high energy value, which can be used as a precursor for synthesis [12]. Starch is a biodegradable polysaccharide consisting of amylose and amylopectin molecules made up of D-glucose units [13]. Natural polysaccharides act as low-cost, non-toxic alternative additives produced from plants, acting as complexing agents for central metal ions, and can adapt to the growth of MgO [14]. Several other studies have shown the advantages of opting for biosynthesis and green fabrication using natural fuels, e.g., Naveed et al. 2023 [15] in their studies using aqueous extract of Nigella sativa seeds in the synthesis of zero-valent iron nanoparticles (ZVI-NPs) and evaluation of their heavy metal remediation capabilities. Thus, a synthesized oxide and commercial oxide were used as a comparison for the removal of Cr3+ ions from synthetic wastewater. The removal of chromium by MgO occurs through the coordination of contaminant ions on the surface of the magnesium oxide, resulting in an interaction between the active sites of the oxide and the chromium ions [16,17]. After removing the contaminant, the materials obtained a color characteristic of the Cr3+ ion. They were then characterized and applied as pigments for colorless real estate paint, showing stability of color and structure. The steps involving the methodology for preparing and applying magnesium oxide (MgO) are shown in Scheme 1.




2. Materials and Methods


2.1. MgO Synthesis and Chromium Removal Tests


The reagents used were of analytical grade: magnesium nitrate (Mg(NO3)2∙6H2O), 98%, Dinâmica); chromium chloride (III) (CrCl3∙6H2O, 97%, Sigma Aldrich, Barueri, São Paulo, Brazil); commercial magnesium oxide (MgO, P.A., Synth, Diadema, São Paulo, Brazil). The starch used was extracted directly from the cassava plant (Manihot esculenta) and used naturally without any chemical treatment. The cassava used was from the region of Palmital City, Paraná. The MgO preparation method involves 3 steps (Scheme 1):



Step I: The extraction of cassava starch was the initial stage and began by sanitizing the cassava with water and a sponge, followed by extracting all the cassava’s external (brown) peel. The white peel and the inner part of the tuber were then processed in a blender (Britânia brand, model B1000, 1200W power), with a 1:2 proportion of cassava and water (w/w). Following processing, the fiber separated from the juice that was rich in starch. The juice that contained starch was allowed to stand for 24 h, after which the starch was separated from the washing water. Then, using an evaporation dish, the starch was dried in an oven at 60 °C for 30 min, sieved, and stored under refrigeration (−7 °C).



Step II: The methodology for preparing the white matrix was adapted from Primo et al. (2019) [18]. The preparation of MgO entails the use of 200 g of dry starch and about 800 g of Milli-Q water, obtaining a 1:4 proportion of dry starch and water (m/m). While stirring constantly, 210.9 g of magnesium nitrate was added to the mass of colloidal starch/water emulsion. Following mechanical stirring (600 rpm, 20 min.) at ambient temperature, the suspension was calcined in a muffle furnace at a temperature of 750 °C (for 60 min) and with a heating ramp of 10 °C min−1. The solid obtained was pulverized and sieved (60 mesh). The synthesized oxide was named St-MgO, while the commercial magnesium oxide used as a comparison was named Cm-MgO.



Step III: The removal tests were carried out simply, using 40 mL of a chromium chloride solution (0.05 g L−1, pH = 3). The whole process was achieved by adding MgO as a sorbent material and regulating the control conditions (stirring time and centrifugation). The masses of samples used were 500 and 1000 mg. The reaction occurred quickly and had a contact time of 15 min, resulting in constant stirring on a magnetic stirrer. After the contact time had elapsed, the materials were centrifuged, filtered, washed, and dried in an oven at 60 °C for 24 h to obtain the green pigments. The pigments were pulverized in an agate mortar and pestle and sieved (60 mesh) for characterization, and the nomenclature established according to the amount of MgO used is shown in Table 1.




2.2. Characterizations


The samples were characterized by X-ray diffractometry (XRD) obtained on a Bruker X-ray diffractometer, model D2Phaser, with a copper cathode (λ = 1.5418 Å), potential of 30 kV, current of 10 mA, range between 10° and 80° (2θ), and increment of 0.2°/s. MATCH® software version 3.16 Build 283 (free-of-charge demo version), with access to the COD-Inorg® 2020 database was used to index the patterns. Using Bruker’s EVA® software version 1.1, it was possible to estimate the crystallinity of the samples from the XRD, and the determination of the average crystal size was given by the Scherrer equation (Equation (1)) [19], where the proportionality constant K was measured from the width of the peak with the greatest intensity at half height, so the minimum value of K = 0.9 and the maximum value K = 1.3 were used.


D = κλ/βcosθ



(1)







The elements magnesium and chromium were quantified in an inductively coupled plasma optical emission spectrometer, Thermo Scientific ICP-OES, model iCAP 6500, with iTeVa software, version 1.2.0.30. Samples were dissolved in a solution containing 1.0% of HNO3 (v/v) in Milli-Q water and data were collected in triplicate. The analyzed spectral lines were 279.5 nm and 267.7 nm for magnesium and chromium, respectively. Images of the samples were taken on a TESCAN VEGA3 scanning electron microscope (SEM) at a voltage of 10 kV. The micrographs of the pigments were taken on a FEI Scios dual-beam scanning electron microscope at a voltage of 10 kV.



The nitrogen adsorption–desorption isotherms were obtained using the Quantachrome gas sorption analyzer, model NOVA 2000e, with NovaWin software 11.3. The samples were subjected to vacuum degassing at 200 °C or 250 °C for 2 h and 30 min and the analyses were carried out at liquid nitrogen temperature (−196.15 °C). The specific surface areas of the samples were calculated using the Brunauer–Emmet–Teller (BET) multi-point method. The pore volume and average pore radius were calculated by analyzing the desorption curve using the Barrett–Joyner–Halenda (BJH) model. The samples were characterized using a thermogravimetric analyzer (STA 6000 Perkin Elmer® thermal analyzer), with a temperature sweep from 30 to 1000 °C using a heating rate of 10 °C.min−1, in compressed air (20 mL.min−1), in an alumina crucible. The characterization by FTIR was performed using a Bruker Vertex 70 spectrophotometer using KBr pellets containing around 1% (w/w) of the samples, which were gently mixed and pressed at 10 tons. The spectra were collected in transmission mode by accumulating 32 scans in the region of 400–4000 cm−1, using a resolution of 2 cm−1. Electronic spectra were obtained using Ocean Optics USB-2000 equipment for solid samples, with a tungsten lamp, in the 400–900 nm region, in absorbance mode.



The samples were applied as pigments for commercial residential paint in the incorporation into colorless enamel-type paint, and the ratio of paint to water was 1:2 (w/w). The percentage of pigment for incorporation into the paint was 10% for the application of two coats on each plaster block. The colorimetric properties of the pigments in powder and dispersed in the paint were assessed according to the Commission Internationale de I’Eclairage (CIE) using the coordinates L*a*b*C* [20]. In this system, L* is the degree of clarity or darkness of the color, ranging from white (L* = 100) to black (L* = 0). Positive a* values correspond to the color red, while negative values correspond to green [20]. Finally, positive b* values correspond to yellow, while negative values correspond to blue. C* values are associated with chroma, which indicates the saturation of the material, and ∆E, which corresponds to color variation (Equation (2)).


  ∆   E   *   =  ( ∆ L   )   2    + ( ∆ a   )   2   + ( ∆ b   )   2    



(2)








2.3. Color Stability Test


The materials were applied as pigments in colorless paints, using Anjo water-based acrylic resin, at a proportion of 10%, and the paint was applied in two coats on square plaster blocks measuring 5 cm on each side. The blocks were exposed to three environments, namely acidic and alkaline, and evaluated by colorimetric analysis at predetermined times. For acid and alkaline media, open Petri dishes containing 50 mL of a solution of hydrochloric acid or sodium hydroxide 3 mol L−1 were placed in the lower part of a desiccator, and the blocks were added to the upper part, exposed to the vapor of the acid or base. The stability test was adapted from Horsth et al. [21].





3. Results and Discussions


3.1. Crystallographic Phase by X-ray Diffractometry (XRD) before Cr Removal


The X-ray diffractograms of the synthesized and commercial magnesium oxide samples are shown in Figure 1. The main crystalline phase identified for both samples was periclase (MgO), according to the crystallographic chart (ICSD: 9863). The diffractogram shows a few peaks, the most intense and narrow with 2θ at around 42.89° in the (200) plane, which shows no apparent difference in intensity and broadening between the St-MgO (Figure 1a) and Cm-MgO (Figure 1b) samples. The other peaks with values of 36.7° (111); 62.2° (220); 74.5° (311); and 78.4° (222).



In the Cm-MgO (Figure 1b) diffractogram, a secondary phase was identified at 18.28° (001); 37.66° (101); 50.76° (102); and 58.50° (110) planes, associated with the brucite phase (Mg(OH)2) (ICSD: 34401), a hexagonal phase in the cubic structure of MgO, possibly generated by the hydration of the oxide by the humidity in the environment [22].



The crystallinity data showed no significant difference between the two samples (Table 2). However, for the Cm-MgO sample (89.7%), a larger average crystallite size (18.11 nm) was obtained, around 26.5% larger than that of the St-MgO sample, which shows the formation of larger particles, due to the possible use of higher temperatures in the formation of the commercial oxide, favoring the sintering of the particles [23].




3.2. Morphology by Scanning Electron Microscopy (SEM) before Cr Removal


Based on SEM images (Figure 2) of the Cm-MgO sample, the formation of overlapping irregular blade-type particles is observed, which indicates a certain tendency towards aggregation, agglomeration, and a rough surface of the particles (Figure 2a,b), a morphology that resembles that of the brucite phase [24], corroborating the XRD data.



The SEM images of the synthesized St-MgO oxide (Figure 2c,d) show rounded particles with undefined pseudo-spheres. The morphology of St-MgO is due to the gelatinization method of the colloidal starch suspension, which acts as a fuel and requires a lower calcination temperature compared to other traditional syntheses, influencing the porosity and agglomeration of the particles [18,25].




3.3. Surface Area Properties by B.E.T. Method


Figure 3 shows the nitrogen adsorption and desorption isotherms of the MgO samples. Both samples have type A isotherms, while the isotherm of the St-MgO sample has a characteristic type IVb shape which, according to the IUPAC classification, is related to reversible isotherms associated with micropores and smaller mesoporous particles (<40 Å) with conical shapes and closed cylinders at the ends of the pores [26].



For the St-MgO sample (Figure 3a), a hysteresis loop of the H4 type was observed by isotherm analysis, typical of materials with narrow spaces between particles, with N2 gas thus filling the pores [26,27]. For the commercial magnesium oxide (Figure 3b), the hysteresis loop is interpreted as type H3 for aggregates of overlapping particles forming plates, corroborating the SEM micrographs [28]. The curves show that the volume of gas adsorbed (Vmax) by the St-MgO sample was 3.72× greater than that for the Cm-MgO sample. This may be associated with the lower calcination temperature and the influence of the starch, resulting in a more porous material with a larger surface area.



The surface area data for both oxides, with St-MgO (43.93 m2/g) having the largest recorded area, are shown in Table 3. The synthesized oxide also had around four times more pore volume and a larger radius than the Cm-MgO sample. However, its classification is microporous, due to the pore radius being at the limit of the mesoporous classification between 20–500 Å [29].




3.4. Thermogravimetric Analysis (TGA/dTG)


The events and mass losses related to each MgO sample can be found in Table 4. The TGA/dTG curves for St-MgO (Figure 4a) and Cm-MgO (Figure 4b) demonstrate that a small loss of mass occurred for both at approximately 30 to 200 °C, corresponding to the elimination of adsorbed water, with a loss of 2.41% for St-MgO and 2.11% for Cm-MgO. For the St-MgO sample (Figure 4a), a second event occurred at approximately 326 °C, with a loss of 7.83% of the mass, which is related to the stabilization of the anhydrous MgO molecule [30].



The Cm-MgO sample (Figure 4b) indicated the greatest mass loss between 200–500 °C, being 13.05%, resulting from the decomposition of the small fraction of Mg(OH)2 present in the sample, corroborating with the XRD data, characterizing the decomposition of the brucite phase to the periclase phase. Finally, an event occurred between 500–700 °C due to the formation of the anhydrous phase of MgO, with a mass loss of 2.66%. Almost no mass loss can be observed above 800 °C, suggesting that the formation of crystalline MgO has been completed [30].




3.5. Chemical Composition by ICP-OES


The results of the magnesium and chromium contents obtained for the samples before and after chromium adsorption are presented in Table 5. It is possible to observe that the initial samples did not present chromium in the composition, but after adsorption, chromium is present. The St05 and Cm05 samples presented a higher chromium content than the St1 and Cm1 samples because the adsorption was carried out maintaining the volume of the solution containing chromium and varying the amount of added material and the St05 and Cm05 samples correspond to the lowest fraction of added material. However, it was observed that the commercial samples Cm05 and Cm1 had a higher chromium content than when the synthesized sample (St-MgO) was applied. The higher chromium content removed by the Cm-MgO sample may have influenced the crystallinity of the sample (Figure 5), the peaks in XRD are wider and less intense, compared to the sample used in adsorption. Furthermore, there was an incidence of new signals in the region of 20 to 35° of 2θ in the diffractogram, indicating that they could be phases related to chromium.



The values obtained for chromium removal can be compared to studies reported in the literature with materials typically used for Cr3+ and Cr6+ removal, as shown in Table 6. In addition, the adsorption capacity of Cr3+ by MgO can be highlighted by the ion exchange process that occurs when MgO is added to different concentrations of Cr3+ ion solutions [14].



In Cr(VI) removal studies by Alvares et al. [31], zeolites were used in a discontinuous system for tannery effluent, opting for 0.0057 mg/g in the removal tests, with considerably low values. Li et al. [32] used mixed aluminum–magnesium hydroxide (AMH) nanoparticles with various molar ratios of Mg/Al prepared by coprecipitation to remove hexavalent Cr, obtaining values of 105.3 to 112.0 mg/g. The studies by Selimin et al. [33] using natural hydroxyapatite (HAp) from black tilapia scales investigated its efficiency as an adsorbent for removing Cr(VI), reaching a capacity of 1.382 mg/g. Seif et al. [16] obtained an excellent removal performance of Cr(III) ions from aqueous solutions of magnesium oxide (MgO) and montmorillonite nanoparticles (NPs) in different proportions, in which the highest amount of montmorillonite obtained a value of 1033.8 mg/g. Recently, Alghamdi et al. [34] used layered double hydroxides with biochar derived from date palm waste (Mg/Fe-LDH-BC) and evaluated their efficiency in removing Cr(VI), obtaining the highest value of 45.05 mg/g.



According to Balaba et al. [14], the metal removal mechanism by MgO involves at least three steps, shown in Equations (3)–(5).


MgO(s) + H2O → Mg(OH)2(s)



(3)






3MgO(s) + 2Cr+3Cl3(aq) → xCr2O3(s) + 3Mg(1−x)O(s) + 6Cl−



(4)






2Mg(OH)2 + Cr+3Cl3(aq) → xCr(OH)2 + 2Mg(1−x)(OH)2 + 6Cl−



(5)







Equation (3) shows the auto-hydrolysis of periclase (MgO) forming the brucite phase (Mg(OH)2). Equation (4) shows Cr3+ ions in aqueous media interacting with the periclase phase to form chromium(III) oxide. Equation (5) shows the formation of chromium(III) hydroxide. According to Pearson’s Hard and Soft Acid–Base concepts [35], the chromium(III) ion is hard acidic enough to react with the hard base hydroxide ion, rather than the soft base chloride ion.




3.6. Crystallographic Phase by X-ray Diffractometry (XRD) after Cr Removal


The X-ray diffractograms of the samples before and after the removal of the chromium ions, for comparison, show changes in the structure due to the incorporation of chromium (Figure 5). For all materials, there was a transformation from the periclase phase of magnesium oxide to the majority hexagonal brucite phase (Mg(OH)2) according to the crystallographic chart (ICSD: 34401); cation exchange occurred (Mg2+ by Cr3+) as well as the formation of a layered compound (Figure 5c). Evidence of the insertion of chromium into the oxide structure through ion exchange is the proximity of the ionic radii of Mg2+ (0.65 Å) and Cr3+ (0.62 Å), corroborating with the ICP-OES data; as the concentration of Cr increases, there is a decrease in Mg ions.



All samples presented a layered structure, characterized by the presence of diffraction peaks (peak 001) referring to the basal reflection planes relative to the stacking of the layers [36]; from the position of the diffraction peaks, it was possible to calculate the basal distance of the layers (Table 7). Starch samples have higher peak intensity, which indicates greater crystallinity and a greater sequence of stacking of the layers than commercial samples, and the low intensity indicates a decrease in crystallinity (Table 7). The broadening of the peaks indicates disordered stacking of the layers [23], or imperfections in the crystalline lattice, which can, thus, cause micro-deformations resulting in changes in the lattice parameters [37].



The crystallinity of the materials obtained was determined by Bruker’s EVA® software version 1.1 (Table 7); the calculation of the average size of the crystals was given by the Scherrer equation, using the minimum value of K (0.9 and 1.3) for calculations of average crystallite size from the width of the highest intensity peak (peak 101) at half height. We can observe that as there is variation in chromium in the structure of Cm1 and Cm05 samples; both showed and maintained a decrease in crystallinity. However, for the St1 and St05 samples, with the greater amount of chromium in the structure, an increase in the degree of crystallinity and crystallite size was evident, which indicates greater stability in the crystalline structure [38].



Basal distances can also be obtained from X-ray diffractometry data through Bragg’s law equation (using the 001 plane). No major changes were observed in the basal distance (in nm) between the samples and the values obtained coincide with the basal distance values of brucite and compounds originating from brucite (0.48 nm) [39].




3.7. Vibrational Spectroscopy by FTIR


The IR spectra of MgO samples before and after adsorption are shown in Figure 6. The samples showed many similarities, such as the broadband at 3420 cm−1 which is attributed to the stretching of the O–H bond of water molecules physiosorbed in the samples. In the Cm-MgO sample and the samples after chromium adsorption, a signal at 3649 cm−1 and a narrow and intense signal at 3699 cm−1 are observed, which are attributed to the stretching of the O–H bond of the brucite structure [40,41], corroborating the XRD data (Figure 5) that shows a mixture of brucite and periclase phases in Cm-MgO.



The St-MgO sample, which only presented the periclase phase, did not present the bands referring to the brucite O–H bond (Figure 6a). However, after chromium adsorption, in which the periclase phase changes to brucite, bands at 3649 cm−1 and 3699 cm−1 are observed. The samples also showed deformation bands of the O–H bond at 1650 cm−1 and 1484 cm−1 and bands of CO32− adsorbed on the surface of the material when exposed to the environment, located at 2373 cm−1, 1423 cm−1, and 855 cm−1 [42,43,44]. In the region below 1000 cm−1, bands attributed to Mg–O bonds are observed [42,45,46].




3.8. Morphology by Scanning Electron Microscopy (SEM) after Cr Removal


Figure 7 shows the SEM images of the MgO samples. The St1 (Figure 7a) and Cm1 samples (Figure 7b), after the insertion of chromium ions, showed nano-leaf morphologies, due to the change in structure from periclase to brucite [47]. For the sample St05 (Figure 7c), in addition to the lamellae, there is also the aggregation of the particles and the formation of a rough, irregular surface. For sample Cm05 (Figure 7d), no significant change in morphology was observed.



The difference in morphology before and after the insertion of trivalent ions into the structure is due to the phase transformation to magnesium hydroxide with a lamellar structure, which proves the formation of nano-leaf layers [48].




3.9. Application as Pigments


3.9.1. VIS-NIR Spectroscopy—Green Pigments


Chromium is a paramagnetic ion, as it coexists in different oxidation states (Cr3+, Cr4+, Cr5+, Cr6+); the most stable states are found in the form of Cr6+ and Cr3+ [48]. Two of the three spin-quartet bands allowed in the ligand field spectra (Figure 8) for chromium could be identified [48,49].



Chromium(III) ions are known to preferentially occupy octahedral sites forming the two bands observed (Figure 8a,b), reflecting the greater stabilization at these sites, and the color of pigments and position of the absorption bands depend on the ligand’s field strength [50]. For all the samples, the characteristic absorption bands located at approximately 440 nm and 600 nm were observed for both the starch-based MgO pigments (St1 and St05) represented in Figure 8a and the commercial MgO-based pigments (Cm1 and Cm05) represented in Figure 8b, characteristic of Cr(III) ions attributed to the allowed cubic d–d octahedral spin transitions: 4A2g(F) → 4T1g(F) and 4A2g(F) → 4T2g(F), respectively, present for all samples [51,52].



The Cr3+ ion has the 3d3 electronic configuration of an octahedral system (Oh) for the first lowest energy cubic band at 600 nm, 4T2g (t2g eg) of the 4A2g → 4T2g transition, which is a direct measure of the strength of the 10 Dq crystal field, and for the second highest energy band at 440 nm, also of an octahedral system, 4T1g(t2g eg) for the 4A2g → 4T1g transition [53].




3.9.2. Colorimetry (CIE L*a*b*C*h*)—Green Pigments


The chromatic properties of the pigments obtained were evaluated according to the CIEL* a*b*C*h* color coordinate values and are listed in Table 8. According to the colorimetric data of the powders, a green coloration is observed, as they have negative a* and b* values located in the green/blue quadrant attributed to the insertion of chromium ions; the St05 and Cm05 materials with a higher concentration of dopant ions have more negative a* associated with the blue color variation (negative b*) shown in Table 8. The highest luminosity (L*) was obtained by the St1 pigment, which had the highest hue angle value (h*), while Cm05 had the highest saturation value (C*).



Table 9 shows the colorimetric data of the plaster blocks with the pigments applied in colorless commercial paint (1:5, paint:water ratio). When analyzing the dispersed pigments, all the samples shifted towards the green/yellow quadrant. The most negative a* value was observed for sample Cm05 as well as the highest value of the angle referring to hue (h*), which is closer to green in color. Some samples have a lower luminosity value (L*), i.e., the incorporation of the pigment into the paint made them lighter. There was little variation in saturation (C*) between the samples and there was a decrease in the hue angle (h*) between the powders and the blocks, showing the influence of the paint on the coloring of the pigments. The results of the colorimetric analysis are consistent with the data obtained by ICP-OES, where the St05 and Cm05 samples that presented a higher chromium content presented darker and greener tones than the St1 and Cm1 samples.




3.9.3. Color Stability in an Acidic Environment


The plaster blocks painted with pigmented paint were subjected to color stability evaluation in an acidic environment (HCl) with exposures of 24, 120, and 240 h (Table 10). The clear paint used showed a total color variation (ΔE) within the maximum time of 240 h (comparing before and after acid exposure) of 2.27. The highest color stability observed was for pigment St1, with a total color variation of 0.78. In an acidic environment, brucite (Mg(OH)2) itself is susceptible to dissolution. Hydrogen ions (H+) present in the acid medium can react with hydroxide ions (OH−) in brucite, resulting in water (H2O) and magnesium ions (Mg2+). This reaction has the potential to decompose brucite in an acid medium. However, the presence of chromium ions in smaller quantities within the brucite structure can make it more stable. In an acidic atmosphere, the trivalent chromium ion can undergo reduction to Cr2+, form complexes with OH- ions, and react with H+ ions to form water and Cr2+ ions [54].




3.9.4. Color Stability in an Alkaline Environment


Exposure to an alkaline atmosphere (Table 11) was also conducted, and after 240 h, the clear paint showed a total color difference (ΔE) of 2.19, whereas the smallest difference was observed for sample Cm1. Considering the alkaline atmosphere, the Cr3+ ion can form complexes with hydroxide ions (OH−), resulting in substances such as chromium hydroxide [55]; this could be a justification for the lower stability exhibited by the pigments in this environment.



In general, the pigments showed weak color variations [56], demonstrating that it is possible to apply materials as a pigment after the adsorption of chromium ions, as they are color-stable in aggressive atmospheres.






4. Conclusions


The method used to synthesize magnesium oxide from gelatinization with cassava starch proved to be a simple, efficient, low-cost, and reproducible process for obtaining porous oxides.



The X-ray diffractometry (XRD) results identified the formation of single-phase materials (periclase) and crystallinity equal to that of the commercial oxide used as a reference, even when synthesized at relatively low temperatures. This, together with the method of using starch in the reaction medium, led to the formation of magnesium oxide with greater porosity. The SEM images show how the method used can produce different morphologies, such as pseudo-spheres for the synthesized oxide and irregular plates for the commercial oxide. The use of both oxides for the removal of chromium ions had excellent results, with the transformation of the periclase phase to lamellar hydroxides with a hexagonal brucite phase confirmed by FTIR. The data obtained by ICP-OES showed that the samples had values close to the number of magnesium ions before removal, but as the chromium ions were added to the structure, the amount of magnesium decreased, corroborating the ion exchange in the structure. For the SEM data, the morphology obtained was nano-sheets for the green pigments formed from the commercial oxide and rough surface aggregates for the pigments based on the oxide synthesized with starch. The colorimetric properties of the pigments obtained in powder form and applied to colorless paint were analyzed by colorimetry and it was estimated that sample Cm05 was greener than the other pigments (higher negative a* value), both for the powdered samples and when applied to paint. This can be explained by the fact that sample Cm05 had a higher number of chromium ions in mg/g in the structure. After being applied to paint and plaster blocks, the samples were tested for color stability in acidic and basic media, showing little color variation (∆E) after exposure for 240 h.



In terms of the use of chromium (a contaminating heavy metal) as pigments, in an aqueous medium, this pollutant would be more susceptible to mobility, thus affecting a larger contamination area. Depending on the concentration, it would affect the soil near rivers and lakes. When removed from the aqueous medium by MgO nanoparticles, magnesium is substituted by the contaminating chromium ions, due to the ionic proximity between them. Therefore, by removing the harmful Cr3+ ions and trapping them in the structure, the Mg2+ ions are released, which is favorable to the environment. This concluded that it was feasible to prepare magnesium oxide and use it as a material to remove chromium from water as contaminating metal ions and then apply it as a pigment in commercial paint.



As prospects, the work could still encompass other methods to test the stability of chromium ions in the MgO structure, both in powdered pigment and in color stability and photoaging tests. It could also be explored for application as pigments in other dispersion media, such as in ceramic matrices and epoxy resins.
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Scheme 1. Synthesis scheme of MgO based on cassava starch and its application in the removal of Cr (III) ions and its reuse as a pigment. 
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Figure 1. X-ray diffraction (XRD) of the MgO samples St-MgO (a); Cm-MgO (b); and the identification patterns of the periclase (c) and brucite (d) phases. For sample Cm-MgO (b), the brucite phase represented by “B” was also identified. 
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Figure 2. Scanning electron microscopy images of the Cm-MgO (a,b) and St-MgO (c,d) samples. Magnification: (a,c) ×1600; (b,d) ×3000. 
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Figure 3. The samples were subjected to vacuum degassing at 200 °C or 250 °C for 2 h and 30 min. The analyses were carried out at liquid nitrogen temperature (−196.15 °C), forming the adsorption–desorption isotherms for St-MgO (a) and Cm-MgO (b) samples. 






Figure 3. The samples were subjected to vacuum degassing at 200 °C or 250 °C for 2 h and 30 min. The analyses were carried out at liquid nitrogen temperature (−196.15 °C), forming the adsorption–desorption isotherms for St-MgO (a) and Cm-MgO (b) samples.



[image: Physchem 04 00005 g003]







[image: Physchem 04 00005 g004] 





Figure 4. Thermal analysis curve (TGA/dTG) of the samples St-MgO (a) and Cm-MgO (b). TGA curves of samples were obtained by scanning from 30° to 1000 °C in synthetic air with a flow rate of 20 mL⋅min−1 and a heating rate of 10 °C/min. 






Figure 4. Thermal analysis curve (TGA/dTG) of the samples St-MgO (a) and Cm-MgO (b). TGA curves of samples were obtained by scanning from 30° to 1000 °C in synthetic air with a flow rate of 20 mL⋅min−1 and a heating rate of 10 °C/min.



[image: Physchem 04 00005 g004]







[image: Physchem 04 00005 g005] 





Figure 5. XRD diffractograms of MgO-based samples with cassava starch and commercial samples at different concentrations St1 and Cm1 (a), St05 and Cm05 (b). Also presents the data of MgO before the removal of Cr ions (c) and the identification patterns of the brucite (ICSD: 34401) phase (d). 
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Figure 6. FTIR spectra of St-MgO (a) and Cm-MgO (b) samples before and after Cr3+ removal. 
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Figure 7. SEM images of samples St1 (a), Cm1 (b); St05 (c), and Cm05 (d). All the magnifications: 10.00 KV. 
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Figure 8. The visible absorption spectrum of green pigments with a broad band centered at ∼440 and 600 nm for the samples (a) Starch 1 and 05 and (b) Commercial 1 and 05. 
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Table 1. Nomenclature of pigments obtained after removal of Cr(III) ions.
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Samples

	
Amount MgO (mg)

	
Green Pigment






	
St-MgO (Starch)

	
500

	
St05




	
1000

	
St1




	
Cm-MgO (Commercial)

	
500

	
Cm05




	
1000

	
Cm1











 





Table 2. Crystallite size and crystallinity of the MgO samples.
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Samples

	
Crystallinity (%)

	
Crystallite Size (nm)




	
K = 0.9

	
K = 1.3






	
St-MgO

	
89.5

	
14.31

	
20.68




	
Cm-MgO

	
89.7

	
18.11

	
26.16











 





Table 3. Textural properties of MgO samples (surface area, pore volume, and pore radius).
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	Samples
	Vmax (cc/g)
	Surface Area (m2/g)
	Pore Volume (cm3/g)
	Pore Radius (Å)





	St-MgO
	89.76
	43.93
	0.13
	20.06



	Cm-MgO
	24.10
	12.60
	0.03
	16.34










 





Table 4. Mass loss events of MgO samples based on the thermal analysis curves in Figure 4.
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Samples

	
Initial Mass (mg)

	
Temp. Range (°C)

	
Lost Mass (%)

	
Attribution






	
St-MgO

	
3.322

	
30–200

	
2.41

	
water molecules




	
200–800

	
7.83

	
structural dehydroxylation




	
Cm-MgO

	
3.627

	
30–200

	
2.11

	
water molecules




	
200–500

	
13.05

	
structural dehydroxylation




	
500–700

	
2.66

	
structural dehydroxylation











 





Table 5. Magnesium and chromium contents (mg of element/g of sample) in samples St-MgO and Cm-MgO and after removal of Cr3+.
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	Samples
	Mg (mg/g)
	Cr (mg/g)





	St-MgO
	214.87
	n.d. *



	St-05
	180.21
	46.42



	St-1
	276.66
	30.67



	Cm-MgO
	393.15
	n.d. *



	Cm-05
	207.39
	63.43



	Cm-1
	194.50
	43.56







* n.d.—not detected.













 





Table 6. Comparison of chromium’s removal capacities (mg/g) using other typical materials for removing Cr3+ and Cr6+ as contaminants.
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	Samples
	Removal Capacities (mg/g)
	References





	Zeolites
	0.0057
	[31]



	Aluminum–Magnesium Hydroxide (AMH)
	105.3 to 112.0
	[32]



	Natural hydroxyapatite (HAp)
	1.382
	[33]



	MgO and Montmorillonite
	1033.80
	[34]



	Layered double hydroxides (Mg/Fe-LHD-BC)
	45.05
	[35]










 





Table 7. Crystallite size data and degree of crystallinity of MgO samples.






Table 7. Crystallite size data and degree of crystallinity of MgO samples.





	
Samples

	
Crystallinity (%)

	
Basal Distance

(d001 nm)

	
Crystallite Size (nm)




	
K = 0.9

	
K = 1.3






	
St1

	
79.7

	
0.484

	
11.6

	
16.7




	
St05

	
81.0

	
0.484

	
20.4

	
29.5




	
Cm1

	
74.5

	
0.463

	
6.1

	
8.1




	
Cm05

	
73.5

	
0.474

	
6.9

	
9.9











 





Table 8. Colorimetric analysis of pigments in powder.






Table 8. Colorimetric analysis of pigments in powder.





	Samples
	L
	a*
	b*
	C*
	h*





	St1 [image: Physchem 04 00005 i001]
	46.52
	−2.35
	−0.63
	2.54
	194.29



	Cm1 [image: Physchem 04 00005 i002]
	37.88
	−2.15
	−0.14
	2.16
	183.70



	St05 [image: Physchem 04 00005 i003]
	34.59
	−2.46
	−0.04
	2.35
	180.93



	Cm05 [image: Physchem 04 00005 i004]
	35.81
	−3.12
	−0.61
	3.17
	191.04










 





Table 9. Colorimetric analysis of pigments dispersed in colorless commercial paint.






Table 9. Colorimetric analysis of pigments dispersed in colorless commercial paint.





	Samples
	L
	a*
	b*
	C*
	h





	St1
	48.45
	−0.71
	3.60
	3.67
	101.16



	St05
	44.00
	−1.64
	2.24
	2.78
	126.22



	Cm1
	40.83
	−1.79
	2.24
	2.87
	128.65



	Cm05
	37.33
	−3.12
	0.04
	3.47
	179.29










 





Table 10. Total color variation (ΔE) in the acid environment before exposure and after 24, 120, and 240 h of exposure.






Table 10. Total color variation (ΔE) in the acid environment before exposure and after 24, 120, and 240 h of exposure.





	Samples
	ΔE

(Initial Time)
	ΔE

(after 24 h)
	ΔE

(after 120 h)
	ΔE

(after 240 h)





	Incolor
	-
	0.59
	1.03
	2.27



	St-MgO
	-
	0.40
	0.69
	2.49



	St1
	-
	0.68
	0.81
	0.78



	St05
	-
	0.33
	0.57
	1.96



	Cm-MgO
	-
	0.32
	0.78
	2.2