
Preparation of mesoporous γ-Al2O3 with high surface area from an AlOOH 1 

extract of recycling biomass ash 2 

3 

Mauricio Gómeza, Jaime Pizarroa, Ximena Castilloa, Carlos Díaza, Alessio Ghisolfib, María de 4 

Lourdes Chávezc, Diego Cazorla-Amorósb, Jesús Arenas-Alatorred 5 

6 
a Departamento de Ingeniería Geográfica, Facultad de Ingeniería, Universidad de Santiago de Chile, Santiago, Chile 7 

b Instituto Universitario de Materiales, Departamento de Química Inorgánica, Universidad de Alicante, Apartado 99, 03080, Alicante, España 8 
c Departamento de Químicas Inorgánica y Nuclear, Universidad Nacional Autónoma de México 9 

d Instituto de Física, Universidad Nacional Autónoma de México, México D.F., México 10 
11 

ABSTRACT 12 

This study explores the potential application of recycled materials extracted from arboreal ABA 13 

(ABA); this waste is used as an alternative source of aluminium oxyhydroxide for the synthesis of 14 

γ-Al2O3 with high surface area-based mesoporous materials with interesting applications in 15 

environmental remediation. The aluminium present in ABA was extracted by desilication and 16 

reflux in acid and subsequently converted to mesoporous γ-Al2O3 via a sol-gel process with 17 

Pluronic P-123 as surfactant. The surface of that material was successfully functionalized with 18 

racemic glycine (GLY) and N,N-dimethylacetamide (DMAC) by liquid impregnation in order to 19 

study and compare their applications in capture of Fe3+ cations. All the materials were 20 

unambiguously characterized by adsorption-desorption isotherms of N2 at 77 K, X-ray 21 

fluorescence (XRF), elemental analysis (EA), X-ray diffraction (XRD), diffuse reflectance infrared 22 

fourier transform spectroscopy (DRIFTS), scanning electron microscopy with dispersive energy 23 

detector of X-ray (SEM-EDS), transmission electronic microscopy (TEM) and X-ray photoelectron 24 

spectroscopy (XPS). This process afforded γ-Al2O3 with high purity and the surface area of the 25 

mesoporous materials ranged from 115 m2 g-1 for AlOOH to 230 m2 g-1 for γ-Al2O3. The achieved 26 

surface functionalization was of 2 and 3 wt% with glycine and DMAC, respectively. The effective 27 

performance of these materials (both pristine and functionalized) in the removal of Fe3+ ions from 28 

an aqueous solution was evaluated in batch systems. In particular, the materials presented 29 

extraction capacities of about 78.2% for bare γ-Al2O3, 83.2% for Al-GLY and 93.9% for Al-30 

DMAC. 31 
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1. Introduction  36 

In the past decade, mesostructured materials have been applied across diverse scientific fields 37 

including processes such as heterosedeneous catalysis, environmental remediation as degradation 38 

of HCHO to CO2 and H2O, CO oxidation, and dye and metal adsorption (Fe3+, Cu2+, Zn2+, Pb2+) 39 

[1–5]. Such materials present high surface areas and interesting surface chemical versatility that 40 

allows them to be functionalized with organic molecules; thus, improving their catalytic and 41 

adsorbent properties [6]. After the first development of mesoporous structures, named as the M41S 42 

family [7], other mesostructured materials were prepared using copolymers of three non-ionic 43 

blocks of the type EOnPOmEOn as surfactants and, generally, were named SBA [8]. Both the 44 

M41S and the SBA were obtained using silica as a precursor and the next step was to replace silica 45 

with other precursors such as Al2O3, Fe2O3, TiO2, ZrO2 and mixed oxides to obtain new 46 

mesoporous material [9–11]. 47 

 Since 1998, multiple advances in the synthesis of mesoporous materials have been achieved, 48 

with the development of new pore structures and synthetic routes as well as through the use of 49 

different structure precursors and types of surfactants. These developments also included the 50 

functionalization of the mesoporous surface, thus extending the advantages of mesostructures to 51 

multiple applications [12,13]. An interesting functionalization of mesoporous materials consists of 52 

decorating the inorganic structure of the pristine materials with functional, chemically active, 53 

organic molecules, with the aim of combining the functional variety of organic chemistry with the 54 

thermal stability of inorganic substrates [14]. 55 

 The process of surface functionalization of metal oxides starts by a hydrolysis reaction to 56 

generate metal alkoxides, which can be used as tethering points for suitable organic molecules. 57 

These products can be achieved by two routes. The first one is a post-synthetic functionalization, 58 

where the surface modification takes place after the formation of the mesoporous structure. The 59 

second route consists of the simultaneous condensation of the alkoxide in the presence of the 60 

organic precursor, in a ‘co-condensation’ process [15]. Mesoporous alumina is a low-cost, non-61 

toxic material that has uniform pores and high surface area with a narrow pore size distribution 62 

[11]. Mesoporous alumina has been used as anionic colorant adsorbent with outstanding results 63 

[16–21], CO2 and fluorine adsorption [22,23] and removal of metal species such as Cr, As, Fe, Cu, 64 

Cd and Pb [24,25]. The adsorption of Fe3+ on mesoporous material was studied to contribute to the 65 

development of a purification technology for this metal that facilitates the efficient use of 66 



recirculation water in the pulp industry [26]. 67 

 Worldwide, intense industrial activity generates vast amounts of waste every year. The 68 

treatment and disposal of these wastes generate several challenges and concerns. Therefore, waste 69 

management has become a highly profitable way of transforming, valuing and reusing these by-70 

products, especially from the circular economy perspective, wherein pollutant emissions are shifted 71 

by reuse and recycling [27,28]. In 2040, the total global generation of electricity from coal will be 72 

73% higher than in 2010 [28], which entails improving the conventional methods of disposal of fly 73 

ash wastes that until now are mainly based on their use as additives for construction materials and 74 

landfills [29]. Another application for the recycling and reuse of fly ash wastes is pelletization for 75 

further use as soil fertilisers, or for acid/basic extraction of heavy metals, in order to reduce the 76 

environmental impact of the industrial activity and to seek additional economic value from such 77 

wastes [30–32]. An alternative application for fly ash is as a cheap source of alumina, thus reusing 78 

the residual product from the combustion of coal and wood or from different industrial activities 79 

[33]. The use of fly ash in the synthesis of mesoporous structures of the type MCM-41 and SBA-80 

15 [34–36] created materials of high structural stability and good periodicity on the porous 81 

structure. Nevertheless, the use of fly ash aluminium oxyhydroxide extracts as precursors of 82 

mesoporous structure has not yet been well-studied. 83 

 This work deals with the recycling of arboreal biomass ash (ABA) as a source of aluminium 84 

oxyhydroxide, as precursors for the preparation of γ-Al2O3-based mesoporous structures with high 85 

surface area. The main contributions of this study are the recycling of a waste as an alternative 86 

source of new adsorbent materials for application in environmental remediation. The γ-Al2O3 87 

materials obtained were then functionalized with N,N-dimethylacetamide (Al-DMAC) and 88 

Glycine (Al-GLY) in order to enhance their Fe3+ adsorption capacity. The method developed in 89 

this work is proposed for further applications in wastewater treatments because this metal is a 90 

typical industrial water pollutant that produces taste, colour and odour alterations in natural 91 

effluents [37,38]. The arboreal biomass ash (ABA), the aluminium extraction (AlOOH) and the 92 

synthesized aluminium mesoporous matrix (γ-Al2O3) were well characterized by XRF, XRD, 93 

SEM, TEM, adsorption-desorption isotherms, DRIFTS and XPS analysis and compared with the 94 

γ-Al2O3 functionalized with N,N-dimethylacetamide (Al-DMAC) and glycine (Al-GLY). Their 95 

Fe3+ adsorption capacity was also analysed. 96 

 97 



2. Materials and methods 98 

 99 

2.1. Aluminium extraction from arboreal biomass ash (ABA) 100 

The ABA used was obtained from a local pulp mill, located in the Biobío region, Chile. In the 101 

combustion process, this industry uses Radiata Pine and Eucalyptus trees; therefore, the ABA is a 102 

mix of these. For the aluminium extraction method, two stages took place [39]; the first process 103 

was the desilication of the performed using a 1:1:1 mixture of ABA, NaOH and NaHCO3 (the 104 

original method used Na2CO3, we changed it to NaHCO3 in order to reduce the amount of sodium 105 

remaining, which could interfere with the final purity of the synthesized material). In an agate 106 

mortar, the reactants were mixed and ground with drops of water to facilitate mixing. Eventually, 107 

the mixture was dried at 60°C for 24 h to allow the water to evaporate, and then it was calcined at 108 

700°C for 2 h. The second stage consisted of refluxing 1 gram of the calcined products in 5 mL of 109 

concentrated HCl (10.5 M) for 2 hours to solubilize the aluminium. During this process, sodium 110 

silicates are formed which then form a stable, non-soluble phase as mentioned in the reference [39]. 111 

Once the reflux was concluded, the supernatant was filtered. The obtained filtrate was treated with 112 

NaOH 40 wt% to promote the precipitation of the cation and to minimize impurities; the solids 113 

were separated from the solution by filtering. Finally, the pH of the supernatant was adjusted to pH 114 

7 (6 M HCl) to precipitate the aluminium oxyhydroxide. The solid obtained was amorphous 115 

aluminium oxyhydroxide of the kind AlOOH. 116 

 117 

2.2. Mesoporous material synthesis 118 

The synthesis started by dissolving 1.0 g of Pluronic P-123 in 20.0 mL of ethanol at room 119 

temperature. Afterwards, 1.5 mL of nitric acid 67 wt% and 2.04 g of AlOOH extracted from ABA 120 

were added, and stirred at room temperature for 5 h, then it was dried at 60°C for 48 h. Finally, the 121 

surfactant Pluronic P-123 was removed by calcination at 550°C for 5 h. The resulting product 122 

mesoporous γ-Al2O3 was then placed in storage for further characterization. It is well known that 123 

γ-Al2O3 may be obtained by calcination of aluminium oxyhydroxide in a range of 400°C to 900°C 124 

[22,24] where no surfactants are required; nevertheless, these methods produced γ-Al2O3 with 300 125 

m2 g-1 to 400 m2 g-1 surface area, presenting several disadvantages in the final product, such as pore 126 

size distribution, and surface area control. In order to address these problems, surfactant P-123 has 127 

been used [8,22–24,40]. 128 



 129 

2.3. Functionalization of γ-Al2O3 130 

The functionalization of the material with N,N-dimethylacetamide (Al-DMAC) and glycine (Al-131 

GLY) was based on the method developed in our previous work, by mixing and refluxing the γ-132 

Al2O3 precursors and the functionalizing group for 12 h [36]. This procedure remains the same for 133 

both syntheses. 134 

 135 

2.4. Physicochemical and morphological characterization 136 

Morphological characterization of porous materials was performed using transmission electron 137 

microscopy (TEM) (JEOL JEM-2010 Plus); the microstructural morphology and chemical 138 

composition were performed by scanning electron microscopy (SEM-EDS) (JEOL JSM-5900-LV 139 

ESEM and Oxford ISIS brand X-ray energy dispersive spectroscopic microanalyzer EDS); the 140 

characterization of phases was performed by X-ray powder diffraction (XRD) on a Siemens D500 141 

diffractometer, with CuKα radiation filtered with Ni, at 1.5406 and 1.54184 Å, a time constant of 142 

3 s and an angular step speed of 2° per min from 5 to 80° of 2θ. The elemental analysis and the 143 

purity estimation of the precursor and the synthesized structure were carried out by X-ray 144 

fluorescence (XRF) (Philips Magix Pro model PW2400, equipped with the SuperQ analytical 145 

software). CHNS elemental analyses were performed with an elemental microanalyzer (Micro 146 

TruSpec, LECO); the study of functionalization capacity of the mesoporous structure, γ-Al2O3, 147 

with DMAC and GLY and capture of Fe3+ performed by X-ray photoelectron spectroscopy (XPS) 148 

(VG-Microtech Multilab 3000 device equipped with a hemispherical electron analyzer with 9 149 

channeltrons with step energy of (2-200 eV) and an X-ray radiation source with Mg and Al anodes). 150 

The energy range studied was from 100 to 4000 eV with emphasis on binding energies at 390-400 151 

eV (N 1s) and 700-740 eV (Fe 2p). Determination of functional groups on the surface of the 152 

mesoporous structure was done by diffuse reflectance infrared fourier transform spectroscopy 153 

(DRIFTS) (FTIR JASCO 4100) in the KM mode from 400 to 4000 cm–1. Nitrogen adsorption-154 

desorption isotherms were performed at 77 K using an Autosorb-6B (Quantachrome) gas analyser; 155 

total pore volume was determined at p/p0= 0.99, average pore size was determined from the BJH 156 

method and the surface area was measured using the BET method, both values were estimated with 157 

Quantachrome software. 158 

 159 



2.5. Preliminary Fe3+ Adsorption Tests 160 

The Fe3+ capture tests were performed in batch systems following the same process [36]. The Fe3+ 161 

solutions were prepared from a standard solution of 1000 ppm of Fe(NO3)3 (Merck) and 162 

conditioned to pH 2.0, 2.5 and 3.0. The pH was controlled along the test with HNO3, 0,1 M, and 163 

with NaOH, 0.1 M. The percentage of Fe3+ ion removal (%𝑅𝐹𝑒3+) and the equilibrium adsorption 164 

amount of Fe3+ 𝑞𝑒 (mg g-1) were calculated using equations 1 and 2: 165 

 166 

      %𝑅𝐹𝑒3+ =  
𝐶0−𝐶𝑒

𝐶0
∗ 100    (1) 167 

 168 

Adsorption amount of Fe3+ per gram (g) of adsorbent (mg g-1) is 169 

 170 

                                   𝑞𝑒 =  
(𝐶0−𝐶𝑒)∗𝑉

𝑊
      (2) 171 

 172 

Where C0 is the initial adsorbate concentration in the solution (mg L−1), Ce is the 173 

concentration of adsorbate in the solution at equilibrium (mg L−1), V is the volume of the 174 

solution (mL), and W is the mass of adsorbent (g). 175 

 176 

 177 

3. Results and Discussion 178 

 179 

3.1. Materials characterization 180 

ABA was characterized by XRF elemental analysis (Table 1). The chemical composition of ABA 181 

shows that silica has a larger presence compared to all other elements. In supplementary materials 182 

(S1) shows the XRD pattern of ABA, which confirms that the present phases are: (Q) SiO2 quartz, 183 

(Al) Al2O3, (M) Al6Si2O13, Mullite, (Fe) Fe2O3 and (B) Al(OOH). The phases detected are 184 

polycrystalline, which is expected since the temperature at which ABA are obtained hinders the 185 

presence of amorphous phases [36]. The adsorption-desorption isotherm of N2 at 77 K for ABA is 186 

of type IV with a H3 hysteresis cycle [41] (see supplementary materials S2). This isotherm and 187 

hysteresis indicated a solid characterized by a low porosity, a consequence of the interparticle 188 



porous formation along with low pore volume and surface area. The porous texture parameters 189 

obtained can be seen in Table 2 by the predictive methods BET and BJH. More information about 190 

chemical composition and structure of ABA can be found in this reference [36]. This 191 

characterization makes it possible to estimate a SiO2/Al2O3 ratio in ABA of 2.4, an optimal value 192 

for the extraction of alumina [33,35], the surface area and porosity of ABA, 18 m2 g-1 and 3.8 nm, 193 

respectively, which contributes to this process, giving extra reactivity to the Alumina extraction. 194 

 195 

3.2. Extraction AlOOH and synthesis of mesoporous γ-Al2O3  196 

The alumina was extracted from ABA by a desilication method and subsequent acid treatment, 197 

resulting in a solid amorphous aluminium oxyhydroxide of the type AlOOH, the ABA contained 198 

19.5 wt% Al2O3, see Table 1; the extraction process yields 90% aluminum (AlOOH). Fig. 1a shows 199 

the XRD pattern of the obtained aluminium oxyhydroxide, the reflection peaks and the registered 200 

angles confirm the presence of amorphous aluminium oxyhydroxide (AlOOH). AlOOH is obtained 201 

at room temperature and under aqueous conditions, which generates a crystalline structure distorted 202 

by the OH groups resulting in an amorphous pseudoboehmite-type AlOOH [42]. It can be observed 203 

that there are no additional signals belonging to the pristine phases of the ABA; thus, the precursor 204 

used for the synthesis of γ-Al2O3 is in agreement with that previously reported [42]. Once the 205 

AlOOH is transformed into mesoporous γ-Al2O3 by the sol-gel synthesis method, it is observed 206 

that the γ-Al2O3 obtained has mainly an amorphous character without residual traces of the 207 

presence of the starting product AlOOH (Fig. 1b). This is expected because the surfactant 208 

extraction took place at 550°C, temperatures at which crystallization of the γ-Al2O3 does not take 209 

place. In fact, crystallization occurs at temperatures above 750°C with a substantial loss of surface 210 

area [43,44]. XRD patterns demonstrated the crystalline phase change from AlOOH to γ-Al2O3 211 

produced by surfactant P-123 and calcination at 550°C; the crystallinity of the γ-Al2O3 is 212 

responsible for the active sites, pore size and accessibility of adsorbates on the surface. 213 

 The DRIFTS spectrum for AlOOH (supplementary materials S3a) shows the presence of O-214 

H broad band between 3700 cm-1 and 3000 cm-1; thus, flection bands at 1634 cm-1, 1502 cm-1 and 215 

1410 cm-1 from OH groups linked to Al were observed, forming the bond Al-O-H, confirmed with 216 

1150 cm-1 and 1022 cm-1 bands, which are typical of boehmite. At approximately 900 cm-1
,
 a 217 

deformation band of the surface groups Al-OH appeared. Finally, at 529 cm-1, a flection band in 218 

the plane of the angle HO-Al=O [45] appeared, which confirmed that the present functional group 219 



in the extracted structures from ABA is AlOOH. Likewise, the DRIFTS spectrum for γ-alumina 220 

(supporting information S3b) showed a decrease in intensity of the bands O-H between 3700-3000 221 

cm-1. In addition, the Al-O-H bands were appreciated at 1634 cm-1, 1502 cm-1, 1410 cm-1, 1150 222 

cm-1 and 1022 cm-1. The disappearance of bands at 900 cm-1 and 529 cm-1 demonstrated the 223 

structural change suffered by AlOOH when it was transformed into γ-alumina [45]. The presence 224 

of Pluronic P-123 was not detected by DRIFTS analysis, suggesting that the surfactant calcination 225 

was quantitative. 226 

 The XRF analyses were performed to AlOOH and γ-Al2O3, Table 1 shows the results; in both 227 

cases purity exceeded 90%. SEM micrographs and TEM images of ABA, AlOOH and γ- Al2O3 are 228 

shown in Figs. 2 and 3. The SEM images for ABAs (Fig. 2a and 2b) show that the materials are 229 

constituted by a mixture of spherical particles and agglomerates of non-defined shape. No apparent 230 

porosity is observed on the surface of the particles by TEM (Fig. 3a and 3b) and interparticle spaces 231 

formed by particle agglomeration provided the material with a certain porosity. This latter 232 

observation agrees with the N2 adsorption-desorption isotherm at 77 K (S2). Therefore, the starting 233 

material is a highly heterogeneous material, both in its chemical composition and in its crystalline 234 

and morphological structure. On the other hand, for AlOOH and γ- Al2O3, an apparent porosity 235 

was observed in both cases. Fig. 2c shows an apparent flat surface for AlOOH. However, higher 236 

magnification (Fig. 2d) shows the presence of particle agglomerates of AlOOH, without a defined 237 

structure and with a heterogeneous distribution of pores. Synthesised γ-Al2O3 (Fig. 2e and 2f) 238 

presents an irregular surface with higher apparent porosity, homogeneity and uniformity than the 239 

AlOOH extracted. These differences between AlOOH and γ-Al2O3 are also observed by TEM 240 

micrographs (Fig. 3), where both the porosity and the morphology of the γ-Al2O3 (Fig. 3e and 3f) 241 

particles are more homogeneous and consistent than those of AlOOH (Fig. 3c and 3d).  242 

 Fig. 3f clearly shows the effect of the surfactant P-123 in the γ-Al2O3 porous structure. 243 

Surfactant P-123 apparently produces a spherical porosity morphology due to the distortion or low 244 

definition in the formation of hexagonal pores, suggesting the possible existence of a worm-like 245 

structure, possibly associated with the use of the AlOOH extract and not a synthetic aluminium 246 

compound [43,45]. Due to the low crystallinity of the samples, there were no images obtained from 247 

the dark field for both samples. Complementary to the XRF analysis, the EDS analysis was 248 

performed. The results obtained are collected in supplementary materials S8. EDS analysis shows 249 

the presence of Cl- in the structure AlOOH, in agreement with the XRF results in Table 1. Cl- came 250 



from HCl used during the aluminium extraction stage which was not removed completely along 251 

the extraction product washing stage. In contrast, the analysis for γ-Al2O3 did not show the presence 252 

of Cl- because, during the synthesis of the γ-Al2O3 mesoporous matrix, the AlOOH used as 253 

precursor was diluted in ethanol and nitric acid, in which residual Cl- was eliminated from the 254 

mesoporous matrix during the synthesis process. It is known that, during the synthesis of SBA-15 255 

type materials, both HCl and/or HNO3 [40,46,47] are used as structure catalysts to favour the 256 

surfactant-precursor interaction. The use of AlCl3 [48] as precursor is also known and residual Cl- 257 

elimination occurs during the γ-Al2O3 synthesis process. 258 

 The adsorption-desorption isotherms of N2 at 77 K of AlOOH (Fig. 4a) and of γ-Al2O3 with 259 

broad hysteresis cycles (Fig. 4b) are of the type IV, characteristic of mesoporous solids. In the case 260 

of AlOOH, there was no presence of a plateau at high relative pressures, indicating a type H3 cycle 261 

[42]; this is expected for particles forming slit-shaped porous agglomerates. In the case of γ-Al2O3, 262 

its hysteresis cycle presented a plateau at high relative pressures during the desorption branch. 263 

Besides, it was observed that the adsorption-desorption branches in the high relative pressure 264 

regions are parallel, typical of the H1 cycle. The PSD graph (S4) confirms the mesoporosity and 265 

narrow porosity observed in the isotherms obtained [41]. These cycles have been observed in 266 

mesoporous materials with narrow pore size distribution, with cylindrical pores, or spherical 267 

particle agglomerates with uniform sizes and distributions. In γ-Al2O3, porosity was not a result of 268 

spherical agglomerates, a fact that was evidenced by the SEM and TEM micrographs (Fig. 2e-f 269 

and Fig. 3e-f), which suggested a worm-like structure, confirming the templating effects of 270 

surfactant on porous structure. In summary, the hysteresis loop (Fig. 4) close to the higher relative 271 

pressure p/p0 of 0.7 indicates the larger pore size of the sample with cylindrical pores, and the H1 272 

isotherm obtained indicates narrow porosity, uniform pore size distributions and cylindrical pore 273 

morphology, confirming the morphology shown in Fig. 3c. 274 

 The obtained surface areas, both for AlOOH and γ-Al2O3, were 115 m2g-1 and 300 m2g-1 275 

(Table 2), respectively. It is possible to observe that these values are higher than those reported 276 

[22], which is attributed to the fact that in previous studies [22] the P-123 surfactant was not 277 

eliminated. Also, Fig. 4 shows that adsorption capacity increased from 160 cm3 (STP) g-1 to 600 278 

cm3 (STP) g-1, which indicates that the AlOOH surface properties were enhanced when transformed 279 

into γ-Al2O3, as expected. The results for the effect of sol-gel synthesis and heat treatment were 280 

consistent with much larger average pore size distribution than found in [40] (BET surface area of 281 



300 m2 g-1 and a pore volume of 0.95 cm3 g-1). The large surface areas, narrow pore size 282 

distributions and good accessibility of mesoporous combined with excellent thermal stability 283 

promised potential applications of these mesoporous γ-Al2O3 in adsorption and functionalization 284 

process. 285 

 286 

3.3. Functionalization of mesoporous γ-Al2O3. 287 

S5 and S6 in supplementary materials depict the proposed reaction mechanisms for the 288 

functionalization of synthesized mesoporous γ-Al2O3 with N,N-dimethylacetamide (Al-DMAC) 289 

and γ-Al2O3 with Glycine (Al-GLY). The first proposed mechanism (S5) shows the effect that 290 

aluminium ions have on DMAC carboxylates. The aluminium hydroxyl species react with the 291 

carbon atom of the amide group of DMAC forming a new Al-O-C bond between DMAC and γ-292 

Al2O3. Fig. 5a includes the DRIFTS spectrum of functionalized γ-alumina with N,N-293 

dimethylacetamide (Al-DMAC). A broad band was observed in the interval from 3700 cm-1- 3000 294 

cm-1. This signal corresponds to the O-H group formed by the protonation of the DMAC carbonyl 295 

group. The DRIFTS spectrum also shows bands at 1580 cm-1, 1470 cm-1 and 1420 cm-1, typical of 296 

the presence of C-N and C-C bonds and CH3 groups of tertiary amides. It is also noteworthy that 297 

there is absence of a band close to 1700 cm-1 that confirms the modification of the carbonyl group 298 

due to the reaction with the hydroxyl groups of the γ-Al2O3. The band at 1340 cm-1 is related to the 299 

methyl group of N,N-dimethylacetamide. Finally, the bands between 900 cm-1 and 1100 cm-1 were 300 

associated with the presence of O-C-N and O-C-O of DMAC bonds grafted to the mesoporous γ-301 

Al2O3 structure [49,50]. 302 

 S6 shows the proposed mechanism of functionalization of γ-Al2O3 with glycine (Al-GLY). 303 

In this mechanism, a peptide bond is shown by the union of GLY-GLY and the ester formed by the 304 

union γ-Al2O3-GLY, due to the zwitterionic character of glycine [50–53]. The DRIFTS spectrum 305 

of Fig. 5b presents a series of bands between 3600-3000 cm-1. These bands indicated the presence 306 

of primary, secondary amines and hydroxyl groups. The presence of bands at 1642 cm-1 and 1520 307 

cm-1 revealed a GLY-GLY bond, a peptide bond expected in glycine since it is an amino acid that 308 

can exist in the zwitterion form. The splitting of signals located between 1400 cm-1 and 1300 cm-1 309 

(O=C-O-R), and the interval between 1200 cm-1 (O=C-NH-R) and 900 cm-1 (O=C-O-Al) 310 

confirmed the formation of peptide bonds GLY-GLY (O=C-NH-R) and γ-Al2O3-GLY by means 311 

of esterification of GLY carboxyl acid and the hydroxyl species at the surface of the hydrated γ-312 



Al2O3 (O=C-O-Al) [51–53]. Previous studies carried out on the zwitterion behavior of the GLY 313 

moiety of the Al-GLY or Si-GLY material surfaces, demonstrate the strong dependence on pH and 314 

functionalization temperature [51–53]. Thus, the GLY-GLY bond would be formed between pH 2 315 

to 9, being the ideal 6 at a temperature of up to 160°C; at higher temperatures, GLY would form 316 

the cyclic dimer diketopiperazine (DKP). In both cases, the Gly-Gly bond is observed in the 1300-317 

1800 cm-1 region analogous to the band of NH3
+ or +H3N-CH2-COO- ions, which was not observed 318 

in the case of the non-zwitterion GLY (-NH2 neutral) or in DKP (=N-H) [51]. So, it can be said 319 

that the mechanism proposed in S6 is a consistent empirical and theoretical approximation. The 320 

amount of N groups functionalized with γ-Al2O3 have been estimated from CHN analysis: 0.63 321 

mmol g-1 of N in Al-DMAC, 0.29 mmol g-1 of N in Al-GLY and no presence of N in γ-Al2O3, 322 

confirming successful functionalization. Furthermore, it is observed that the C:N ratio of DMAC 323 

is 3:1 and in glycine 2:1 (Supplementary Table S7), demonstrating that there is no decomposition 324 

of the organic structure; this result contributes to justification of the proposed functionalization 325 

mechanism. 326 

 327 

3.4. Adsorption characterization of Fe3+ and environmental factor (E-factor). 328 

The functionalization of the γ-Al2O3 matrices aims to improve the adsorption of Fe3+ and thus 329 

produces higher affinity of the mesoporous matrix against this adsorbate due to N-Fe interactions. 330 

Mesoporous matrices are not selective by themselves [36], so functionalizing them is a good option 331 

to provide the selectivity that these matrices lack. The increase of the number of active sites allows 332 

higher Fe3+capture capacity. Functionalized γ-Al2O3 matrices have a higher adsorption capacity 333 

than non-functionalized γ-Al2O3 matrices (78% pure γ-Al2O3 <83% Al-GLY <94% Al-DMAC). 334 

This greater capture capacity is the result of the groups that contain N (Table S7). For the 335 

functionalization process, being a surface process where organic molecules with specific functional 336 

groups are grafted to the surface of the mesoporous material, it is necessary to use techniques that 337 

provide information about the process that generated the functionalization. XPS allows us to 338 

analyze interactions and environments of atoms and molecules that form analyzed structures; so, 339 

this technique allowed us to study and formulate a functionalization mechanism [36], which was 340 

complemented with DRIFT, which was already discussed. S5 and S6 show the proposed 341 

mechanisms for functionalization with DMAC and GLY. In addition, possible Fe3+ interactions 342 

with the functionalized matrices were evaluated with XPS, where it was identified that the amine 343 



groups are suitable for increasing the adsorption capacity and selectivity of Fe3+. Fig. 6 contains 344 

the results of the XPS analysis. The spectra are presented to compare the γ-Al2O3 before (Fig. 6a 345 

and 6b) and after the functionalization (Fig. 6c and 6d). The N 1s and Fe 2p spectra for the 346 

mesoporous γ-Al2O3 (Fig. 6a and 6b) show that there is not any presence of nitrogen nor iron on 347 

the non-functionalized γ-Al2O3. Fig. 6c (γ-Al2O3-DMAC) and 6d (γ-Al2O3-GLY) contain the N 1s 348 

spectra for the functionalized materials, which confirm the presence of nitrogenated species in the 349 

functionalized γ-Al2O3 [54], both with DMAC and GLY [52,55]. From the previous study, it was 350 

demonstrated that γ-Al2O3 is a good candidate for surface functionalization and can even be used 351 

as a support structure for the preparation of heterogeneous catalysts, because of their high surface 352 

area, pore volume and pore size. 353 

 Table 3 contains the results obtained in the adsorption of Fe3+ in qe (mg g-1) and in adsorption 354 

percentage. The adsorption in the three matrices at pH 2.0 and 2.5 was between 11 and 14 mg g-1 355 

of material with approximately 50% of Fe3+ adsorption. In this pH interval there was a strong 356 

competition between H+ and Fe3+ species for the active sites in the matrices, a fact that would 357 

explain the low removal percentage. At pH 3.0, the Fe3+ removal is 78.2% in the non-functionalized 358 

matrix, 83.21% in the functionalized matrix Al-GLY and at 93.88% at Al-DMAC. This increase 359 

in the Fe3+ removal capacity can be explained by the higher affinity of active sites in the matrices 360 

for Fe3+ than H+. Fig. 7 shows the qe (mg g-1) curves versus pH for the three matrices studied. 361 

  For the present study of adsorption, it is important to mention the high capacity of γ- Al2O3 362 

without being functionalized, which achieved about 80% capture of Fe3+, proving it to be a good 363 

adsorbent material. Table 4 shows the results of the literature reviews [56–60], where it can be 364 

observed that the matrices synthesized and functionalized in this project are comparable with 365 

different modified adsorbent materials. In order to study the interaction between the Fe species and 366 

the matrices, XPS analyses of the functionalized matrixes after Fe adsorption were performed. The 367 

XPS spectra of N 1s are shown in Fig. 8a (Al-DMAC) and Fig. 8b (Al-GLY), respectively. These 368 

spectra show the presence of a new N 1s band with respect to that observed in Fig. 6. Such a band 369 

was located at 407 eV approximately, which indicated that the adsorbed Fe3+ ions are electrically 370 

compensated by the NO3
- ions [54]; this electrical compensation comes from the preparation of 371 

Fe3+ solutions (see section 2.4). In addition, a distortion of the N 1S band at 401 eV is observed 372 

(Fig 8), suggesting that the Fe adsorption-functionalized matrix interactions would be occurring by 373 

the action of the electronic pair available on the amine nitrogen of the functionalizing molecules 374 



[29,31,36]. 375 

 The XPS spectra for Fe 2p, included in Fig. 8c and Fig. 8d, clearly show the presence of the 376 

Fe species adsorbed on the functionalized materials. In both cases, the presence of bands at 711 eV 377 

and 724 eV belonging to Fe3+, with their respective satellite bands at 719 eV and 733 eV, indicates 378 

that iron is captured by the mesoporous matrix whilst it did not suffer alterations from the initial 379 

oxidation state [61–63]. The XPS results suggest an electrostatic interaction between N-Fe present 380 

in both DMAC and GLY, combined processes of physisorption and chemisorption are not ruled 381 

out. 382 

 E-factor was evaluated to estimate the sustainability and environmental impact of the 383 

synthesis process of the functionalized mesoporous material; this was calculated according to 384 

equation 3: 385 

 386 

 E-factor = (17.1g extraction 1) + (52.3 g SiO2) + (53.2 extraction 2) + (2.3 g red mud) +   387 

  (8.41 g synthesized nanomaterial)/0.45 g functionalized material = 296.4.    (3) 388 

                                                                                                                                389 

 390 

The value of the E-factor is in a low range compared to the values reported for the synthesis of 391 

nanomaterials, a result that allows estimating that the process of obtaining this nanomaterial has a 392 

low environmental impact [64]. 393 

 394 

4. Conclusion 395 

This study deals with the recycling of a waste, tree ABA, as an alternative source to conventional 396 

aluminium to synthesize mesoporous materials with high surface area. The extracted aluminium 397 

by desilication and acid reflux was amorphous aluminium oxyhydroxide of the type AlOOH, and 398 

it was used as a precursor for the preparation of mesoporous γ-Al2O3 structures. Such modification 399 

on the aluminium structure resulted in an increase of the surface area from 115 m2g-1 to 230 m2g-1. 400 

TEM analysis and adsorption-desorption isotherms of N2 at 77 K suggested a worm-like particle 401 

configuration, with spherical porous canals in γ-Al2O3. This structure is created by the use of 402 

Pluronic P-123 surfactant as a template. Furthermore, with the aim of improving and comparing 403 

adsorption ability to γ-Al2O3, the surface of the pores was functionalized with DMAC and GLY, 404 

with a post-synthesis liquid impregnation. Such derivatization resulted in an increased capacity of 405 



Fe3+ adsorption in aqueous phase: from 78.2% in the non-functionalized matrix to 83.21% in the 406 

functionalized matrix Al-GLY and 93.88% for Al-DMAC, whose E-factor is 296.4. These results 407 

proved that γ-Al2O3 behaves as an excellent adsorbent material for metal ions and that, by 408 

modifying its surface, it is possible to increase its performance and possibly tailor its affinity toward 409 

particular target species. From this study, we could conclude that γ-Al2O3 synthesized from an 410 

extract of AlOOH from ABA is a good candidate to be used as a water remediator or as a support 411 

for heterogeneous catalysts, due to its high surface area, pore volume, pore size and easy tunability 412 

via surface modifications. 413 
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Figures captions 630 

 631 

 632 

Fig. 1. XRD pattern a) AlOOH extracted from CBT. b) γ-Al2O3 before the synthesize with 633 

           Pluronic P-123 634 
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 635 

Fig. 2. FE-SEM micrographs of CTB a) lower and b) higher magnifications; AlOOH, c) 636 

            lower and d) higher magnifications and γ-Al2O3, e) lower and f) higher 637 

           magnifications. The samples have been marked with white circles to highlight the 638 

           differences between the samples, facilitating their analysis 639 

 640 

c) d) 

e) f) 

a) b) 



 641 

Fig. 3. TEM micrographs of CBT, a) lower and b) higher magnifications; AlOOH 642 

            c) lower and d) higher magnifications and γ-Al2O3, e) lower and f) higher 643 

            magnifications. The samples have been marked with white circles to highlight the 644 

            differences between the samples, facilitating their analysis 645 

 646 

c) d) 

e) f) 
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 647 

Fig. 4. N2 at 77 K adsorption-desorption isotherm a) AlOOH. b) γ-Al2O3 648 

 649 

 650 

 651 

Fig. 5. a) DRIFT spectrum and schemes of γ-Al2O3 before the functionalization with N,N- 652 

            dimethylacetamide (Al-DMAC). b) DRIFT spectrum and schemes of γ-Al2O3 before 653 
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            the functionalization with glycine (Al-GLY) 654 

 655 

 656 

Fig. 6. XPS high resolution spectra for a) N 1s and b) Fe 2p of γ-Al2O3. c) N 1s of Al-DMAC. 657 

           d) N 1s of Al-GLY 658 
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Fig. 7. Effect of pH on the adsorption of Fe3+ on 0.01 g of γ-Al2O3, Al-DMAC and Al-GLY 661 

            from 5 mL of 50 mg L−1 Fe(NO3)3 solution and 30 min of constant stirring (200 rpm) 662 

 663 



 664 

Fig. 8. XPS high resolution spectra before adsorption of Fe3+ a) N 1s and c) Fe 2p of Al- 665 

             DMAC. b) N 1s and d) Fe 2p of Al-GLY. The adsorption of Fe3+ on 0.01 g of Y- 666 

             Al2O3, Al-DMAC and Al-GLY from 5 mL of 50 mg L−1 Fe(NO3)3 solution and 30 667 

             min of constant stirring (200 rpm) 668 
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Table 1   Present elements wt. % at CBT obtained by X-ray Fluorescence (XRF). 671 

Phases SiO2 Al2O3 Fe2O3 CaO PXC MgO Na2O P2O5 TiO2 MnO 

CBT 47.2 19.5 9.3 8.1 3.9 3.9 2.4 2.1 1.2 0.7 

Elements O F Al Si Cl S P Fe Cu V 

AlOOH 41.2 5.3 43.2 0.8 7.8 1.0 0.1 0.2 0.1 0.2 

γ-Al2O3 47.0 0.9 49.3 0.9 0.5 1.0 0.2 0.1 0.1 0.2 

 672 

 673 

 674 

 675 

Table 2   Porous texture data obtained by adsorption-desorption isotherm of N2 at 77 K  676 

               (surface area by BET method, total pore volume and average pore size determined  677 

               by BJH method) for CBT and AlOOH and γ-Al2O3 obtained in this work and  678 

               compared to the mesoporous γ-Al2O3 obtained by Cai et al. [22]. 679 

 SBET (m2 g-1) Vp BJH (cm3 g-1) Average dp BJH (nm) 

CBT 18 0.04 3.8 

AlOOH 115 0.25 3.6 

γ-Al2O3 230 0.51 8.9 

γ-Al2O3 by Cai et al. 24 0.07 10.9 

 680 

 681 

 682 

 683 

Table 3   Fe3+ removal capacity in qe (mg q-1) and percentage by synthesised matrices. 684 

pH Y-Al2O3 Al-DMAC Al-GLY 

 qe (mg g-1) (% Ads.) qe (mg g-1) (% Ads.) qe (mg g-1) (% Ads.) 

2.0 13.90 51.61 11.76 47.05 12.74 50.59 

2.5 14.44 57.77 12.61 50.45 11.83 47.34 

3.0 19.55 78.20 23.47 93.88 20.80 83.21 

 685 

 686 

 687 



Table 4   Adsorption efficiencies (AE) of Fe(III) to pH 3 for various adsorbents with maximum 688 

AE. 689 

Adsorbent 
Surface 

functional group 

AE 

mg g-1 
Initial pH Reference 

Y-Al2O3 -OH 19.55 3.0 This paper 

Al-DMAC -OH, -N-C 23.47 3.0 This paper 

Al-GLY -OH, -NH2 20.80 3.0 This paper 

Activated Carbon 

(agro-residue) 
-OH, -COOH 21.69 2.7 56 

Bentonite—BR -OH 16.86 ------- 57 

Zeolite—M20 -OH 10.19 -------- 57 

Graphene Oxide -OH, -COOH 21.9 4.0 58 

Starch-g-

polyacrylamide 

-OH, -NH, 

-C=O 
21.20 ------ 59 

Mn3O4/TiO2 

composite nanosheets 
M-O < 20.00 5.0 60 

 690 

 691 


