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A B S T R A C T   

The demand for sustainable and low-cost materials for wastewater treatment is increasing 
considerably. In this scenario, geopolymers have gained great interest, due to their good me-
chanical properties, their ability to be produced from industrial waste and their adsorbent or 
catalytic properties. In this study, novel magnetic mining waste based-geopolymers were pro-
duced by incorporating a residue from phosphate waste rocks, which were extensively charac-
terized (XRD, TGA/DTA, SEM, BET, XRF, FTIR, Mössbauer, ss-NMR and XPS). The materials 
produced showed formation of a dense framework, even with 75% incorporation of the residue. 
The iron oxides and their magnetic properties remained unchanged, and their application in 
advanced oxidation reactions were evaluated, in particular, as catalysts in ozonation reactions. 
All of the geopolymers presented catalytic activity in the ozonation reaction, with catalytic ozone 
decomposition values of up to 2.98 min− 1, which is 99 times greater than non-catalyzed reactions. 
Moreover, the reuse (performed in three cycles) and hot filtration-like experiments demonstrated, 
respectively, the regenerability and heterogeneous catalytic properties of the produced materials, 
showcasing the potential of these waste materials for catalytic geopolymer production. demon-
strating the potential of this waste to produce catalytic geopolymers.   

1. Introduction 

Geopolymers (GPs) have been studied recently as environmentally-friendly and low-cost materials [1,2], due to their special 
properties and application in different areas. GPs are inorganic polymers formed from aluminosilicates in the presence of an alkaline 
activator [3], and many different applications have been proposed, as in: cement, ceramics, fire-proof materials, as drug support, 
adsorbents, membrane filters and catalyst/catalyst support, among others [4–9]. 
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Despite these many uses, conventional geopolymers do not usually show good performance in wastewater treatment. Thus, the 
addition of different catalysts and additives are required to enable this material to be efficient for pollutant removal [10–12]. Catalytic 
geopolymers (CGPs) have removed high levels of pollutants dissolved in water (~100%) [13–15] and have low manufacturing costs 
than most currently used catalysts (up to 72% lower) [16,17] and their activity makes them suitable for testing in advanced oxidation 
processes (AOP) [18]. CGPs have mainly been used in photocatalytic oxidation and their application in other AOPs, such as catalytic 
ozonation, is scarcely investigated. 

Geopolymers and zeolites have similar chemical composition, but different characteristics related to their crystallinity and textural 
properties. While catalytic ozonation using zeolite is well studied, the use of geopolymers in these reactions is not well documented [1, 
5]. Ozone itself (O3) has a high oxidizing potential (E◦ = 2.08 V) [19], rapidly reacting with electron-rich groups, double or triple 
bonds and activated aromatic rings [20]. The non-catalytic reactions in aqueous phase mainly occur at basic pH (>8), since O3 in-
teracts with OH− anions, leading to the formation of •OH, which is even more oxidizing [21,22]. However, at acidic pH values, the lack 
of OH− drastically reduces the generation rate of reactive oxidizing species, and requires the addition of a catalyst to improve the 
catalytic performance process. 

Iron-based catalysts [23,24] and zeolites [25] are known to be highly active in catalytic ozonation reactions, enabling the appli-
cation of ozonation in aqueous suspensions under acidic conditions. For instance, magnetite has strong catalytic behavior in oxidizing 
organic pollutants in water and can be easily removed using magnetic separation [24,26]. In many cases, magnetite and other iron 
oxide species are segregated by applying a magnetic field and then disposed as industrial residue. More especially, in mining activity, 
this waste represents approximately 15% of the ore mass [27], causing substantial environmental problems and high costs for its 
suitable disposal [20]. 

In this study, we prepared geopolymers using magnetic waste from phosphate mining, which could be applied to catalytic ozon-
ation processes in aqueous suspension. Different formulations were investigated, characterized and their kinetics of ozone decom-
position in the aqueous suspension was studied under acidic conditions. 

2. Methodology 

2.1. Chemicals and materials 

Kaolin was obtained from the company Caulisa (Campina Grande, PB, Brazil) and transformed into metakaolin (MK) through 
calcination in a muffle furnace (Fornitec brand, model F2-DM) at 900 ◦C for 1 h, with a heating rate of 5 ◦C⋅min− 1. Magnetic mining 
waste (MMW) from phosphate mining was supplied by a Brazilian company. The MMW was dried in an oven at 110 ◦C for 12 h. Then 
the residue was sieved through a 200-mesh sieve at room temperature and the fine material obtained was used to produce the geo-
polymers. Sodium silicate (SiO2:Na2O, 3:2 M ratio) was purchased from Quimidrol (Brazil). Sodium hydroxide (NaOH, 98% purity) 
and monosodium hydrogen phosphate (NaH2PO4, 99% purity) were obtained from Vetec (Brazil). Phosphoric acid (H3PO4, 85% 
purity) was acquired from Merck. 

2.2. Geopolymer synthesis 

Four different geopolymer formulations (Table 1) were prepared using MMW:MK mass ratios in the range of 0–8.33 and the same 
oxides molar ratio (Table S1), based on values already reported in the literature for appropriate mechanical properties [28]. The mass 
percentage of each precursor material was calculated considering its chemical composition (Table 1). 

The GPs were synthesized as follows. Firstly, NaOH was dissolved in deionized water, and Na2SiO3 was added to the mixture. Next, 
the solids MK and MMW (when applied) were slowly added. This mixture was stirred for 15 min until complete homogenization. The 
samples were then molded into acrylic cylinders (D = 27 mm and H = 48 mm) and cured for 2 days in an oven at 65 ◦C. In the next step, 
the GPs were demolded, submerged in deionized water and cured for an additional 26 days at room temperature. The submerged 
curing process removes the unreacted sodium ions from the solid surface and avoids interference from the CO2 adsorption process [29]. 
Lastly, the GPs produced were cracked into small particles, macerated, sieved through a 200-mesh sieve, and the fine particles obtained 
were stored for their analyses and catalyst usage. 

Table 1 
Mass percentage of the materials used to produce different geopolymers.  

Sample Precursor materials (wt%) Water (wt%) 

MMW MK Na2SiO3 NaOH H2O 

G1 0 35 55 6 4 
G2 25 26 37 5 7 
G3 50 18 20 4 8 
G4 75 9 3 3 10  
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2.3. Characterization 

Chemical compositions were measured by X-ray fluorescence (Panalytical-AXIOS Max) according to Brazilian technical standard 
NBR 12667/2014 (similar to ISO 12677 norm [30]). XRD analysis was conducted on a Rigaku Miniflex600 diffractometer (CuKα 
radiation, λ = 1.5418 Å), at a speed of 3◦⋅s− 1 from 10◦ to 90◦. XRD patterns were retrieved from Joint Committee on Powder Diffraction 
Standards (JCPDS) of International Center for Diffraction Data (ICDD). Fourier transform infrared (FTIR) spectra were taken by an 
Agilent Technologies infra-red spectrophotometer (model Cary 600 Series, from 400 to 4000 cm− 1). TGA/DTA were performed on a 
thermogravimetric analyzer (model DTG60/60H, Shimadzu), under inert atmosphere (N2, 99.996% purity) and the heating rate 
applied was 10 ◦C min− 1 (25–900 ◦C). The morphology and dimensions of the particles were observed by SEM (HITACHI TM3030, 15 
kV), coupled with EDS. The Brunauer-Emmett-Teller surface area (SBET) and pore size diameter distribution, calculated by the 
Barrett-Joyner-Halenda (BJH) method, were obtained by nitrogen (N2) adsorption-desorption experiments (Autosorb 1C analyzer, 
Quantachrome, USA). 

57Fe Mössbauer spectra were obtained in a transmission mode using a57Co/Rh source without application of an external magnetic 
field at room temperature. Spectral hyperfine parameters were calculated using the Normos least-squares-fit software package [31]. 
Isomer shifts were given relative to α-Fe at room temperature. In the measurements, sample holders with absorbers with about 10 mg 
of Fe/cm2 were used. 

XPS spectra were performed on a Physical Electronics PHI VersaProbe II spectrometer (Physical Electronics, Chanhassen, MN, USA) 
with monochromatic Al-Kα radiation (100 μm, 100 W, 20 kV, 1486.6 eV), and a charge neutralizer. The spectrometer was calibrated 
with Au 4f7/2, Ag 3d5/2 and Cu 2p3/2 photoelectron lines at 84.0, 368.2 and 932.7 eV, respectively. High-resolution spectra were 
recorded at a take-off angle of 45◦ by a multi-channel hemispherical electron analyzer operating in the constant pass energy mode at 
29.35 eV. Adventitious carbon (C 1s at 284.8 eV) was used as a reference. A Shirley-type background was subtracted from the signals 
and the deconvolution curves were fitted using the Gaussian–Lorentzian model in Multipack version 9.6.0.15 software. Surface atomic 
concentration percentages of the constituent elements were determined considering the corresponding area sensitivity factor for the 
different measured spectral regions. 

Solid-state NMR spectra were acquired using a Bruker Avance-III HD 600 NMR spectrometer equipped with a 14.1 T narrow bore 
magnet operating at Larmor frequencies of 600.09 MHz for 1H, 156.37 MHz for 27Al and 119.21 MHz for 29Si. Powdered samples were 
packed into a 2.5 mm ZrO2 rotor and rotated at a magic-angle-spinning (MAS) rate of 15 kHz in a 2.5 mm triple-resonance DVT probe. 
27Al determination was conducted by proton decoupling (continuous wave sequence) applying a single pulse (π/18) with an excitation 
pulse of 1 μs and a 5 s relaxation delay to obtain 1000 scans. Similarly, 29Si analysis was also performed with proton decoupling 
(continuous wave sequence) by applying a single pulse (π/2) with an excitation pulse of 5 μs, and a 60 s relaxation delay to obtain 
10.800 scans. The chemical shifts were referenced to an external solution of tetramethylsilane (δ29Si = 0 ppm) and 1 M of Al(NO3)3 
(δ27Al = 0 ppm), for 29Si and 27Al, respectively. Spectral smoothing, baseline subtraction and multipeak fitting were carried out using 
OriginPro 2018. 

The magnetic properties of the samples were determined and calculated with a vibrating sample magnetometer (VSM) from the 
KLA company, model Microsense EV9 (room temperature, ±20 kOe). 

2.4. Catalytic ozonation reactions 

Catalytic ozone decomposition was conducted at 25 ± 1 ◦C, in a 1.5 L glass-jacketed reactor (height 21 cm and diameter 8 cm) 
under continuous stirring (~600 rpm, Dist, model DI-03, Brazil). Firstly, 1 L of buffered pH 4 solution (NaH2PO4/H3PO4, 100 mM) was 
prepared. In the next step, 100 mg of the corresponding CGP sample were added to the vessel and the ozone generator (O3R Philozon – 
model ID5) was quickly switched on, continuously bubbling through a porous stone diffuser (0.063 m3 h− 1, 0.4 bar). At regular time 
intervals, 5 mL aliquots were collected from the reactor, filtered and analyzed, and the aqueous ozone concentration (indigo colori-
metric method, ISO 4500 [30]) was measured. All tests were conducted at least in duplicate. 

The previously described process consists of one reaction cycle. At the end of the ozonation time, the suspension was filtered (PVDF 
membrane, 0.22 μm) to collect the solids. They were washed with deionized water (250 mL) to remove possible buffer reactants. Next, 
the geopolymer was dried (in 40 ◦C oven for 1 d). Then, the solids were applied to a new ozonation reaction with the same previous 
condition, i.e., a new cycle. The catalysts were submitted to three cycles each, to observe their catalytic effect. 

Furthermore, a modified hot filtration methodology [32] was also applied to guarantee that heterogeneous, and not homogeneous, 
reactions occurred. Briefly, the first cycle aqueous filtrate was collected and stored for 1 d to allow all the dissolved ozone to leave the 
solution. Then, 1 L of the filtered buffer solution was added to the reactor and the experimental procedure was conducted as previously 
described, but without the addition of a catalyst. The aqueous ozone concentration was measured to compare it with the with the 
catalytic results The aqueous filtrate was also submitted to atomic absorption spectroscopy (AAS) (Agilent 240 FSAA spectropho-
tometer) to determine if Si, Al or Fe leaching occurred, using the direct nitrous oxide-acetylene flame method for Si and Al and the 
direct air-acetylene flame method for Fe, as described in ISO 3111D and ISO 3111 B, respectively [30]. The minimum quantification 
limits (MQL) for Si, Al and Fe were, in this order: 300 μg L− 1, 30 μg L− 1, and 6 μg L− 1, respectively. 

At this point, it is important to highlight that pH 4 was chosen to perform these experiments, since hydroxyl radicals are pre-
dominantly formed in neutral or basic pH, whereas the stability of ozone molecules are higher in acidic pH, and is thus more difficult to 
decompose [33]. Thus, in acidic pH, the catalysts have a much more important role in the radicals’ formation than in other pHs. 
Moreover, the phosphate buffer was chosen, since phosphate radicals may act as secondary chain promoters and may also significantly 
increase ozone destruction at low pH 4, being more pronounced at higher ionic strength [34]. 
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3. Results and discussion 

3.1. Precursors and geopolymers characterization 

As shown in Table 2, MMW is composed of Fe2O3 (74%) and a significant amount of TiO2 (10%). It is important to point out that 
MMW was proposed as a precursor mainly because of its iron-based composition, to further explore its catalytic and magnetic 
properties. Moreover, a small amount (<4%) of P2O5 was detected, which is a residue from the phosphate mining process. However, 
the amounts of SiO2 and Al2O3 in the waste were low (≈7% combined) and thus, the addition of MK (SiO2: 54%; Al2O3: 44%) was 
needed to obtain an efficient geopolymerization process. 

As expected, the geopolymers formed were mainly composed of SiO2, Al2O3, Fe2O3 and Na2O oxides (70–95%) (Table 2). The 
average molar proportions SiO2/Al2O3, Na2O/SiO2 and Na2O/Al2O3 of the samples (Table S2) were, respectively, 3.79 ± 0.43, 0.27 ±
0.09 and 1.04 ± 0.21, values which are suitable for geopolymer production [28]. 

Briefly, the geopolymerization reactions occur through the interaction between an aluminosilicate source and an alkaline solution. 
The polymerization process has three stages. First, the dissolution of the aluminosilicates, which occurs due to hydrolysis of the alkali 
solution, leads to forming of two distinct monomeric tetrahedral structures: aluminates (AlO4) and silicates (SiO4). Then, Si and Al 
atoms from the precursors react with hydroxide ions to form geopolymer precursor ions (monomers). Finally, the precursor ions 
(monomers) polymerize to form the 3D geopolymer structure [3,35]. The geopolymer structure consists basically of cross-linked, SiO4 
and AlO4

− tetrahedral species, in which the negative charge on Al3+ in IV-fold coordination is balanced with the positive charges of the 
alkali ions [36]. Equations I-II representatively describe a geopolymerization process [3,32]. 

Small differences in the expected and experimental ratios obtained (notably for SiO2/Al2O3 in the samples with 50% and 75% of 
MMW) are due to the sample heterogeneity and reactivity, particularly in terms of the amorphous components (specially for MK, 
Fig. 1A), which are more reactive than crystalline phases [37]. 

Additionally, when analyzing the curing solution, it can be noted that low concentrations of Si, Al, Na and Fe were leached to the 
aqueous phase (Table S2), suggesting that a high degree of geopolymerization was achieved [29]. Nevertheless, G4 presented higher Al 
and Na leaching, indicating slightly inferior residue stabilization. Very basic pH (~12) and high conductivity (due to ion leaching) 
were observed for the aqueous solution after 28 d of curing for all samples (Table S2). 

The XRD results for the precursor materials are shown in Fig. 1A. In the MK XRD pattern, the observed peaks correspond to the 
crystalline quartz phase (SiO2 –JCPDS 46–1045). Also, the MK is mostly amorphous, as indicated by the halo between 15◦ to 30◦. 

The MMW contains five crystalline phases: magnetite (Fe3O4 – JCPDS 75–1609), hematite (α-Fe2O3 ‒ JCPDS 01-085-0987), flu-
orapatite (Ca5(PO4)3F), quartz (SiO2 ‒ JCPDS 46–1045) and anatase (TiO2 - JCPDS 21–1272). The presence of iron oxides (especially 
magnetite) was expected since this waste was magnetically segregated from a phosphate mining process. The fluorapatite was also a 

Table 2 
Chemical composition of the geopolymer precursors and different catalytic geopolymers.  

Oxide MK (wt%) MMW (wt%) G1 (wt%) G2 (wt%) G3 (wt%) G4 (wt%) 

SiO2 53.79a 6.30a 55.07 33.57a 16.76a 8.30a 

Al2O3 44.10a 0.78a 25.06 15.54a 8.43a 5.06a 

Fe2O3 0.34a 73.72a 0.26 33.01a 56.22a 65.23a 

Na2O 0.10a <0.05 13.51 7.88a 6.58a 3.50a 

TiO2 <0.05 10.09a 0.05 3.89 5.61a 9.49a 

CaO <0.05 2.18a <0.05 0.98 1.53a 2.59a 

P2O5 <0.05 3.92a <0.05 0.80 1.16a 1.96a 

MgO 0.17a 0.85a <0.05 0.88 1.29a 2.11a 

MnO <0.05 0.90a <0.05 0.36 0.45a 0.89a 

K2O 0.98a <0.05 0.59 0.42 0.22a 0.14a 

LOI** 0.33a 0.19a 5.43 2.67 1.83a 0.68a 

Total 99.81 98.93 99.92 100.00 100.08 99.95  

a Predicted 10% instrumental error; **Loss on ignition. 
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mining residue, very commonly found in Catalão (Goiás), Brazil [26]. 
G1 was composed of quartz (SiO2 ‒ JCPDS 46–1045) and two different aluminosilicates: montmorillonite (Nax (Al, 

Mg)2Si4O10(OH)2⋅zH2O – JCPDS 12–0204) and sanidine ((Na, K) (Si3Al)O8 – JCPDS 10–0357) (Fig. 1B), and the emergence of these 
new crystalline phases demonstrate the formation of new Si/Al-based polymers. In addition, aside from the previously identified 
phases, sample G2 also presented peaks corresponding to magnetite (Fe3O4 – JCPDS 75–1609), hematite (α-Fe2O3, ‒ JCPDS 01-085- 
0987), fluorapatite (Ca5(PO4)3F ‒ JCPDS15-0876) and anatase (TiO2 - JCPDS 21–1272) in the crystallographic patterns. The 
appearance of these structures is descendant from the MMW composition, not demonstrating significant incorporation of them into the 
geopolymeric matrix, since they remained unchanged. It should also be noted that the geopolymers G1 and G2 presented an amor-
phous hump similar to that observed for the raw MK, while the G3 and G4 samples not only had a composition resembling MMW (i.e., 
quartz, magnetite, hematite, fluorapatite and anatase) but also had enhanced crystallinity with higher and sharper peaks. Peaks 
associated with aluminosilicate polymers (such as sanidine and montmorillonite) were not identified in the G3 and G4 samples, 
probably due to high amounts of incorporated MMW (50–75%), since their geopolymerization could be proven by other techniques as 
will be discussed next. 

The FTIR spectra (Figures S1-S2, Table 3) for the samples presented a superficial O–H stretching band (≈3486 cm− 1) and H–O–H 
bending vibrations (≈1619 cm− 1), associated with adsorbed water [38]. Moreover, MMW also presented an additional O–H stretching 
peak at 3062 cm− 1, which ascribes to Fe(III) a hydroxide bond present in this residue [39]. All materials presented bands related to 
Si–O‒T asymmetric stretching (where, T = tetrahedral Si or Al) bonds (≈1031 cm− 1), associated with the aluminosilicate bonds 
present in these materials [40]. Moreover, the Si–O‒T asymmetric stretching bonds showed a small displacement compared with the 
precursors (up to 94 cm− 1), related to the formation of a new gel phase [41]. This was also evidenced by the formation of similar Si–O‒ 
T asymmetric stretching bonds (≈585 cm− 1) in G1 and G2, indicating that a denser aluminosilicate framework was formed. This last 
band peak was not observed for the samples G3 and G4, probably due to a much higher intensity of the overlapping Fe–O stretching 

Fig. 1. XRD patterns of the precursors materials (A) and the different geopolymer compositions (B) (Q – quartz, M – magnetite, H – hematite; F – 
fluorapatite, A – anatase, S – sanidine, MMT – montmorillonite). 
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Fig. 2. TGA and DTA for the MK (A), MMW (B) and geopolymers with different compositions (G1-G4) (C–F).  

Table 3 
Major bands in the FTIR spectra and their assignments for the as-synthesized geopolymers and their raw materials.  

Band position (cm− 1) Band assignment 

MK MMW G1 G2 G3 G4 

3444 3695 3463 3448 3441 3422 O–H stretching vibration 
– 3062 – – – – 
1634 1487 1650 1648 1650 1647 H–O–H bending vibration 
– 1090 – – – – Si–O‒T (where T = tetrahedral Si or Al) asymmetric stretching 
1094 1039 1018 1021 1015 1000 
– 903 – –  – Si–OH bending vibration, Si–O stretching 
– – 885 881 877 865 Al–O stretching vibration 
807 799 – – – – Si–O–Si bond (quartz) symmetric stretching 
– – 718 718 712 727 Al–O stretching vibration, Al–O–Si symmetrical elongation 
– 693 – – – 694 Fe–O stretching vibration (maghemite) 
– 600 – – 601 603 
– – 586 584 – – Si–O‒T (where T = tetrahedral Si or Al) symmetric stretching 
– 569 – – 576 570 Fe–O stretching vibration (tetrahedral magnetite) 
468 462 447 449 445 455 Si–O–Si bond (SiO4 tetrahedral) bending  
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bands of the magnetite (≈572 cm− 1) and maghemite (≈694 and ≈ 601 cm− 1), a defective form of magnetite [42]. 
Other silicon bonds were also detected: Si–OH bending vibration and Si–O stretching and deformation (at 903 cm− 1 for MMW) 

[40], along with Si–O–Si symmetric stretching (characteristic of the quartz phase) (807 cm− 1 for MK and 799 cm− 1 for MMW) and 
bending (all samples, ≈454 cm− 1) [11,40,43]. 

Further evidence of geopolymerization was the appearance of bands ascribed to Al–O stretching vibrations (≈877 and ≈ 719 cm− 1) 

Fig. 3. SEM images of MK (A–B), MMW (C–D), and G1‒G4 (E–L) powders in two magnifications 500 × (A, C, E, G, I, and K) and 1500 × (B, D, F, H, 
J, and L). 
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and Al–O–Si symmetrical elongation (≈719 cm− 1) [44–46], which cannot be observed in the spectra for the aluminosilicate raw 
materials. 

Lastly, typical bands associated with carbonatation (in the regions between 2600 and 2400 cm− 1 and 1500–1400 cm− 1) were not 
detected [11,40], with the expectation of the precursor MMW, which has a peak at 1487 cm− 1, related to the vibration mode of 
carbonate ions [47] from the mineralogical composition of the earth explored in the mining process. 

The thermal behaviors of the precursors and G1 - G4 are reported in Fig. 2. Both MK and MMW showed low weight loss (0.92% and 
0.56%, respectively). Only one endothermic peak was observed in the DTA thermograms, which corresponds to free water loss, at 
60 ◦C for MK and at 62 ◦C for MMW [48]. Small weight losses related to dehydration and structural water losses were also observed. 

The results obtained for the GPs in the TGA analysis showed a strong relation with the amount of MMW used in their synthesis. The 
total weight losses from G1 to G4 were 16%, 10%, 8% and 2%, in that order. The greatest mass loss occurred up to ≈150 ◦C, due to the 
free water loss (representing at least half of the total weight loss) [48], represented by a DTA endothermic peak. As the amount of 
MMW used in the synthesis increased, the temperature peak decreased from 122 ◦C to 79 ◦C, which indicates a weaker hydrophilic 
bond when compared to GPs with more MK. From 150 ◦C to 300 ◦C, a considerable mass loss is still noted (approximately one third of 
the total mass loss), which could be related to the desorption of water from the geopolymer surface [40]. Since a small decrease occurs 
between 300 ◦C and 600 ◦C (1.4% or less), it is feasible to assume that a small percentage of structural water was lost, because of the 

Table 4 
Surface area, pore volume and average pore size of precursors and as-prepared GPs.  

Sample SBET (m2⋅g− 1) Vp x101 (cm3⋅g− 1) Average pore size diameter (nm) 

MK 11.3 0.60 21.43 
MMW 4.9 0.12 9.32 
G1 27.2 2.71 39.91 
G2 20.0 1.76 35.13 
G3 10.4 1.05 40.26 
G4 12.6 0.14 4.58  

Figs. 4. 57Fe Mössbauer spectra for the geopolymer materials.  
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dehydroxylation of the geopolymer frameworks [40]. Moreover, in the range 600 ◦C - 900 ◦C, the mass loss was negligible (<0.2%), 
which indicates that no or insignificant carbonation reactions occur [40]. These small amounts of CO2 loss can be attributed to low 
CaCO3 concentrations in the GP compositions (due to the composition of the raw materials or CO2 adsorption and subsequent car-
bonatation). These results are in agreement with the previously discussed FTIR results, which demonstrates that the as-synthesized GPs 
have high resistance to CO2 contamination [49]. 

The morphology of the material particles can be seen in Fig. 3. MK appears as agglomerated semi-spherical particles (~8 μm), 
although asymmetric structures are also observed. However, MMW is constituted by non-uniform polygonal-like particles, similar to 
previously reported quartz crystals [50], and there is a wide range of particle sizes (0.5–170 μm). 

The G1 - G4 particles are similar in shape and size (18 μm, 14 μm, 13 μm and 14 μm, for G1, G2, G3 and G4, respectively) (Fig. 3), 
appearing as irregular polygonal-like structures, some with sharp edges, due to the cracking and milling processes. In the EDS analysis 
(Table S3), O, Si, Al (except for sample G4) and Na were detected in all samples. In addition, MMW, G3 and G4 also presented Mg, Ti, 
Ca, Mn and Fe. 

The surface area (SBET), pore volume (Vp) and average pore size of the geopolymers are significantly higher than the values of the 
precursors (Table 4). However, there is no clear relationship between MMW content and surface area. In addition, the Vp and average 
pore size values increased for all GPs (except for G4), providing further evidence that new structures and frameworks were formed 
during the geopolymerization process. The BET surface areas are in the same order of magnitude than other magnetic geopolymers 
produced by incorporating pure magnetite and a porogenic agent (hydrogen peroxide and soybean oil) in the geopolymer synthesis 
[38], and 10–24 times higher than others intercalated with Fe3O4 nanoparticles-geopolymeric materials [51]. 

In addition, all the BET isotherms (Figure S3) were type II with discrete H3-hysteresis [52], typical of plate-shaped particles. This 
type of curve is typical of physisorption on nonporous or microporous materials, which is a result of monolayer-multilayer adsorption 
interactions [52]. Moreover, the less distinctive inflection point in G1-G3 samples is an indication of a significant overlap of monolayer 

Table 5 
Mössbauer hyperfine parameters for the geopolymer materials.  

Sample Site δ (±0.05) (mm⋅s− 1) ε (±0.05) (mm⋅s− 1) BHF (±0.5) (T) Relative area (±1) (%) 

G2 α-Fe2O3 0.34 − 0.12 51.4 38 
Fe3O4 0.63 0.06 45.8 25 

0.30 − 0.02 49.5 14 
γ-Fe2O3 0.26 − 0.04 49.3 17 
Fe3+ 0.33 0.71 – 6 

G3 α-Fe2O3 0.35 − 0.14 51.6 30 
Fe3O4 0.65 0.01 45.9 25 

0.31 − 0.09 49.0 14 
γ-Fe2O3 0.29 − 0.04 49.4 23 
Fe3+ 0.38 0.71 – 9 

G4 α-Fe2O3 0.31 − 0.24 51.0 31 
Fe3O4 0.62 0.07 45.7 25 

0.29 − 0.01 48.9 14 
γ-Fe2O3 0.32 − 0.02 50.1 24 
Fe3+ 0.34 0.65 – 6  

Table 6 
Fitting component peaks and their parameters from the deconvolution of the XPS spectra.  

Sample Element [Denotation; Eb (eV), FWHM (eV); area (%)] 

Fe 2p O 1s 

G1 – O1/532.8/1.76/20 
– O2/531.6/1.89/75 
– O3/530.4/1.89/5 

G2 F1 (Fe2+)/724.3/2.79/21 O1/532.8/1.69/18 
F2 (Fe3+)/721.5/2.52/8 O2/531.6/1.88/79 
F3 (Fe2+)/717.8/3.33/16 O3/529.9/1.53/3 
F4 (Fe3+)/713.8/2.52/15 – 
F5 (Fe2+)/710.3/3.06/39 – 

G3 F1 (Fe2+)/725.5/3.22/14 O1/532.9/1.64/12 
F2 (Fe3+)/722.5/2.95/14. O2/531.6/1.37/86 
F3 (Fe2+)/718.1/3.76/15 O3/529.6/1.96/2 
F4 (Fe3+)/713.6/3.22/22 – 
F5 (Fe2+)/710.3/3.49/35 – 

G4 F1 (Fe2+)/725.4/3.22/19 O1/532.8/1.62/13 
F2 (Fe3+)/721.8/2.95/13 O2/531.4/1.94/86 
F3 (Fe2+)/717.7/3.76/11 O3/529.4/1.62/1 
F4 (Fe3+)/713.5/3.22/18 – 
F5 (Fe2+)/710.4/3.49/39 –  

D. Gier Della Rocca et al.                                                                                                                                                                                            



Heliyon 9 (2023) e17097

10

coverage and the multilayer formed [52]. 
Mössbauer spectroscopy was performed to quantitively analyze the different Fe species present in the as-prepared geopolymers 

(Fig. 4 and Table 5). All of the isomer shifts (δ) observed correspond to α-Fe structures and the data were ascribed as five Zeeman 
spectra: one doublet corresponding to Fe3+ species (6–9%) and four sextets, identified as α-Fe2O3 (30–38%), A site Fe3O4 (14%), B site 
Fe3O4 (25%) and γ-Fe2O3 (17–24%). Thus, the Fe composition of the sample was, in descending order, magnetite > hematite >
maghemite > Fe+3. Both the Fe3O4 sextets are related to tetrahedral (δ ≅ 0.30 mm s− 1, BHF ≅ 49.1 T) and octahedral (δ ≅ 0.63 mm s− 1, 
BHF ≅ 45.8 T) environments of magnetite [53]. In addition, these peaks show approximately a 1:2 intensity ratio, typical of stoi-
chiometric magnetite [53]. It can be noted that the geopolymerization process did not significantly modify the MMW composition 
(Figure S4 and Table S4), which presented equivalent peaks and relative areas. 

Moreover, the fact that Fe+3 relative areas remained similar, combined with the previously reported XRD, as well as the obtained 
isomer shifts (δ), and quadrupole splitting/quadrupole shift (Δ/ε) parameters, it seems that Fe oxides had little or no incorporation to 
the geopolymer network [54]. 

The survey XPS spectra (Figure S5A-D) were studied and the characteristic photoemissions corresponding to Si (2p), Al (2p), Fe 
(2p), Na (1s) and O (1s) were observed [55–57]. In addition, MMW (Figure S5E) also had Ca (2p) in its composition, which was not 
observed on the surface of the other samples, probably due to its very low amount. The high resolution XPS spectra of Al 2p, Si 2p, Fe 2p 
and O 1s are shown in Figures S5-S8 and their deconvolution parameters are summarized in Table 6. 

In the region corresponding to the Al 2p, the peaks (Figure S6) appear at ~74.1 eV related to the geopolymer network formation 
Al–O–Si, Al–O–Na and Al–O–H bonds [44,58]. A similar binding energy value was also observed in the case of MMW (Figure S6E), 
since the waste material also has aluminosilicates in its composition. 

The Si 2p peaks (Figure S7) appear at ~102.7 eV corresponding to Si–O–T (sialate) and silica. Once again, the Si 2p signal shows a 
similar binding energy value for MMW, that corresponds to Si–O–H and SiO2-like bonds. 

It can be observed by the measured full width at half maximum (FWHM) that wider peaks were seen for the G2 and G3 samples. 
These broadenings indicate a higher number of chemical bonds, i. e., a denser framework structure is formed. 

However the Fe 2p spectra showed the main peaks of Fe 2p1/2 and Fe 2p3/2, typical of Fe3O4 [57,59], the deconvolution (Figure S8 
and Table 6) showed the presence of five peaks for each sample. Fe 2p3/2, shows the main peak with EB located at ~710.3 eV with two 

Figs. 5. 27Al solid-state NMR spectra for G1 (A), G2 (B), G3 (C) and G4 (D) (* corresponds to spinning sidebands (SSB)).  
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satellites at ~713.6 eV, ~717.8 eV typical of the presence of Fe2+ and Fe3+ [59,60]. In comparison with the MMW precursor 
(Figure S8E), chemical shifts up to 1.9 eV could be observed, especially for F1 and F2 peaks. This is related to different Fe bonds formed 
with oxygen or even with the geopolymer matrix [60,61]. 

Lastly, on the O 1s core level spectra (Figure S9 and Table 6) three contributions were identified: Si–O–Si, –OH- or O− 2 bonds at 
~532.8 eV, Si–O–T at ~531.6 eV and Si–O–Na at ~529.8 eV [44,62]. The binding energies and FWHM had similar values, while 
relative areas related to geopolymerization grades increased, indicating that even values as high as 75% of MMW did not hinder the 
formation of the geopolymer chains, and were able to produce bonds similar to those of a more expensive product (i.e., MK). In 
addition, MMW had three peaks, with the first the most prominent, associated with –OH- or O− 2 bonds (532.2 eV), in relation to the 
Si–O–T (531.2 eV) and Si–O–M peaks (529.2 eV), where M corresponds to other metals present in the residue, as Ca, Fe, Mg, Mn and Ti 
(Table 2). The change in the proportional intensity of the peaks also verifies that geopolymerization occurred. 

It can be seen in the 27Al NMR spectra (Fig. 5) that the addition of MMW to the samples led to the appearance of new and wider 
peaks, which become more pronounced as the amount increases. The most intense peak in all samples is located at ~56 ppm, due to 
tetrahedral aluminum sites (Al(IV)), which are also described in the literature as the typical resonance state of Q4, i.e., an atom of Al 
surrounded by four –OSi bonds [63]. In samples G2 – G4, aside from this one, other Al(IV) peaks were observed. Those at ~86 ppm are 
correlated to Al(OH)4

− present in the geopolymer pores and to Q0 resonance (AlO4) [63]. Also, the G4 sample has a broadening of the 
main peak, caused by the appearance of a chemical shift corresponding to Q2 aluminosilicate bonds (~72 ppm) [63,64]. Moreover, for 
G1 and the other samples, another chemical shift (from 20 ppm to − 20 ppm) was identified, associated with Al in the octahedral 
coordination (Al(VI)) [63]. With the exception of G1, the other GPs had an additional octahedral peak at − 26 ppm, attributed to 
hexa-coordinated Al (Al(VI)) [63]. Furthermore, G2, G3 and G4 had another chemical shift at ~26 ppm, assigned as the pentahedral 
coordination of Al (Al(V)) associated with residual unreacted MK [65]. 

A comparison of the 27Al NMR spectra for the GPs and their precursors (Figure S10A-B) allows concluding that aluminosilicates in 
different states were formed during the reaction, since various chemical shifts were not observed in the original samples, demon-
strating that a distinct geopolymerization mechanism occurred. However, the waste added was still able to provide bonds mainly in the 
more desired tetrahedral q4 resonant state for geopolymers. 

The 29Si NMR spectra for the GPs were well fitted (>0.99) and mainly composed of Q4 structures (≥75%) (Fig. 6 and Table S5), 

Figs. 6. 29Si solid-state NMR spectra for G1 (A), G2 (B), G3 (C) and G4 (D).  
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achieving the highest values of 95% for G2 and 90% for G3. These peaks were centered at ~ − 89 ppm, ~ − 95 ppm, ~ − 101 ppm, ~ 
− 106 ppm and ~ − 114 ppm, being related to Q4(4 A l), Q4(3 A l), Q4(2 A l), Q4(1 A l) and Q4(0 A l), respectively [66,67]. Different 
types of Q4 structures are related to the presence of amorphous and crystalline phases [66]. 

Moreover, less condensed Si species were also observed, that is, Q2 (− 84 ppm), Q1 (− 79 ppm) and Q0 (− 78 ppm), corresponding, in 
this order, to monomers, dimers and bridging groups [46]. In the case of G1 and G4, these units had high values (23–25%), which is 
correlated to a high content of an amorphous phase, i.e., lower crystallization. 

MK and MMW were mainly composed of short Q4 structures (Q4(2 A l) and Q4(1 A l)) (Figure S10C-D), indicating a previous 
aluminosilicate network. Additionally, the significant changes in the 29Si NMR spectra indicate that MMW is suitable for alkali 
activated reactions, leading to the formation of several bonds with dense geopolymerization. 

The M − H curves for the precursor materials (Fig. 7) showed a significant and well-defined magnetization saturation from MMW 
(36 emu⋅g− 1), due to the magnetite and maghemite content, while low values were observed for MK (6 × 10− 3 emu⋅g− 1). The G1 
sample (without MMW) had a slightly lower magnetic saturation than MK (4 × 10− 3 emu⋅g− 1) and the higher the %MMW added to the 
samples during the synthesis, the higher the magnetic saturation values (10, 18 and 34 emu⋅g− 1, respectively, for G2, G3 and G4) 
(Table S6). The low values can be associated to the reduced crystallinity degree of the samples [68]. Furthermore, previous studies 
indicate that magnetic saturations above 3 emu⋅g− 1 are high enough to provide adequate magnetic separation of the solid from 
aqueous solutions under external magnetic fields [38,69]. Thus, the materials produced have characteristics suitable for efficient 
magnetic separation. 

MMW and all the GPs containing this material showed a typical superparamagnetic curve, whereas for MK and G1 the curves were 
similar to those of ferromagnetic materials. MMW presented little retentivity and coercivity energy (Table S6), unlike MK and G1, for 
which these parameters were relatively high. This is strongly related to the sample compositions, since the presence of magnetite in 
MMW generates a high degree of internal ordering of the particles, while the oxides with an unpaired electron in the MK composition 
(Si, Al, Fe, Na, Mg and K; described in Table 2) result only in ferromagnetic behavior. 

3.2. Catalytic decomposition of ozone in aqueous suspension 

It is known that ozone can react at the metal oxide surface [70,71], producing free radicals, such as •OH, •O2H and •O2
− . In this 

study, the proposed mechanism for the heterogeneous catalytic ozone decomposition (Equations I-VI), consists of the interaction of an 
OH− ion with the catalyst surface (S), due to electronic interactions (OH⋅S). The O3 then interacts with and/or adsorbs onto the catalyst 
surface (•O3⋅S), leading to the formation of oxidizing radicals, such as •OH. Other less reactive species (•O⋅S, •OH2

− , •O2
− ) may also be 

formed during the process (Equations III-VIII).  

OH− +S ↔ OH⋅S (III)                                                                                                                                                                       

O3 + OH⋅S ↔ •O3⋅S + •OH ↔ •OH2
− + S + O2 ↔ •OH2 + S + •O2

− (IV)                                                                                             

•O3⋅S ↔ •O⋅S + O2 (V)                                                                                                                                                                   

Fig. 7. M − H curves for the synthesized geopolymers (A) and zoomed in for sample G1 (B).  
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O3 + •O⋅S ↔ •O2 + S + O2 (VI)                                                                                                                                                       

•OH2
− + O3 ↔ •OH2 + •O3

− (VII)                                                                                                                                                      

•O2
− + O3 ↔ •O3

− + O2 (VIII)                                                                                                                                                          

The models were well fitted (Table 7, Fig. 8 and Figure S11) to the proposed mass balance equations (Section I in Supplementary 
Material) and Table 7 indicates a significant increase in the catalytic ozone decomposition constant (khet) for G1 - G3. G3 was the most 
active material applied as a catalyst in the ozone decomposition, resulting in the highest khet value and the lowest ozone concentration 
dissolved in the aqueous phase in the stationary state. This indicates a positive synergic effect, due to the combination of alumino-
silicates and magnetite in the raw materials, with khet being 33 to 99 times greater than the ozone self-decomposition constant (kd). 

It is also possible to notice that khet values for the geopolymers are much higher than those for MK and MMW. This can be explained 
by the GPs higher surface area and also their composition (especially G3), which combine various iron oxides (magnetite, maghemite 
and hematite) with aluminosilicates. This allowed a more efficient ion exchange and/or radicals formation, thus significantly 
increasing the ozone decomposition rate. 

Additionally, the aqueous ozone concentration of equilibrium (Ce) was lower for all the applied materials, when compared to water 
saturation alone (Figure S11), which indicates that ozone interacted with the catalyst surface throughout the reaction, leading to the 
formation of free radicals. Simultaneous reactions led to the consumption of the remaining O3 [14], thus reducing the total amount of 
aqueous ozone available for the saturation of the medium. 

Furthermore, these results were compared with previously reported data for other metallic oxides (CuO, Mn2O3 and α-Al2O3) 
applied in heterogenous catalytic ozonation under similar conditions (acidic pH, 100 mg L− 1 of catalyst) [71,72]. It can be concluded 
that the CGPs described herein are promising for this application, since the khet values obtained were at least equivalent (G4) and, in 
some cases, double (G1 – G3) those found in commercial samples. 

Table 7 
Heterogeneous catalytic ozone decomposition constantsa after 30 min of reaction.  

Sample Ozone decomposition parameters 

pH Catalyst dosage (mg⋅L− 1) kd (min− 1) kLa (min− 1) Ce (mg⋅L− 1) khet (L⋅g− 1⋅min− 1) R2 Reference 

O3 4.0 100 0.03 0.63 ± 0.04 5.81 ± 0.07 – 0.993 This study- 
MK 2.05 ± 0.02 0.02 ± 0.04 0.994 
MMW 2.01 ± 0.02 0.19 ± 0.01 0.995 
G1 2.13 ± 0.02 2.46 ± 0.05 0.996 
G2 1.58 ± 0.02 2.67 ± 0.05 0.994 
G3 1.92 ± 0.02 2.97 ± 0.06 0.994 
G4 2.15 ± 0.03 1.00 ± 0.05 0.992 
α-Al2O3 4.2 100 0.04 0.21 Not specified 0.12 ± 0.02 0.901 Salla et al. (2020) 
Mn2O3 5.5 0.06 5.92 ± 0.06 0.12 ± 0.01 0.986 
CuO 5.5 100 0.06 0.48 ± 0.06 4.31 ± 0.01 1.34 ± 0.01 Not specified Scaratti et al. (2020)  

a Media conditions: pH = 4; conductivity = 6.511 μS cm− 1 

Fig. 8. Aqueous ozone concentration over time for three consecutive catalytic ozonation reactions cycles (A–C). Samples are represented as follows: 
G1 ( ), G2 ( ), G3 ( ), and G4 ( ). 
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In relation to the recycling studies (Fig. 8), in all three cycles the catalysts maintained similar behavior in the aqueous ozone mass 
transfer. Again, G3 had better performance, with the lowest ozone saturation value and insignificant variation between the cycles. The 
other catalysts also had good stability responses, with variations not higher than 0.3 mg L− 1 of aqueous ozone in the solution. 
Therefore, the reuse of the catalysts combined with their easy removal from the solution by magnetic separation (except from G1) 
make them quite promising for use in future catalytic reactions. 

Finally, hot filtration-like tests were performed by applying the filtrate solution (after the first reaction cycle) to a second ozonation 
process, without the solids, to prove that the reactions underwent heterogenous catalysis, and not homogeneous catalysis (descendent 
from the metals and/or ions leaching from the solids surface). As can be seen in Fig. 9, the aqueous ozone concentration of equilibrium 
achieved in these investigations were more than three times higher (6.67–6.97 mg L− 1) than those in experiments in the presence of the 
solids (1.58–2.15 mg L− 1) (Fig. 8), achieving values close to that observed for ozonation alone (5.81 mg L− 1). The higher concentration 
obtained for the hot filtration reactions can be explained by the detrition of the buffer, which initiated with a 3.7 ± 0.1 pH, but 
decreased up to 3.4 ± 0.2 at the end of the second ozonation. Thus, as ozone solubility increases with the pH decay [73], the final 
aqueous ozone saturation value increased. 

Moreover, the AAS results from the filtrate (Table S7) showed that no Al or Fe leaching was detected. Yet, for Si, low concentrations 
(6.6 mg L− 1) were observed only in the solution from the G1 sample, while for G2-G4 the values were below the minimum quanti-
fication limit (MQL) of 300 μg L− 1. Thus, these results indicate that not only did the iron oxides protect the catalysts from leaching but 
that the aluminosilicate source from MMW produced a final geopolymeric matrix with more stability and ozone resistance. 

4. Conclusions 

Magnetic mining waste (MMW) material originating from a phosphate mine was used as an aluminosilicate source for the pro-
duction of geopolymers. The MMW exhibits a notable abundance of iron oxides, including hematite, maghemite, and particularly 
magnetite. The presence of these iron oxides makes the MMW a favorable catalyst material, facilitating convenient magnetic sepa-
ration from the system. 

Through this research, four distinct geopolymer mixtures were successfully produced, incorporating MK and MMW at varying 
proportions (0–75%). Notably, all samples demonstrated a well-developed geopolymer framework characterized by a high degree of 
geopolymerization, minimal carbonatation, high surface area, and excellent thermal stability. 

In particular, the materials produced are suitable for application as catalysts in heterogeneous ozonation reactions, and not only 
present catalytic activity, but also achieved values comparable to commercial samples. Thus, these materials could reduce the cost of 
ozonation treatments while also aggregating value to this residue, which is produced on a large scale. The promising results obtained 
suggest that these GPs could also be used in other catalytic reactions, which should be further explored in future research. 

Fig. 9. Aqueous ozone concentration over time for the ozonation process for the first cycle solution filtrate. Samples are represented as follows: G1 
( ), G2 ( ), G3 ( ), and G4 ( ). 
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