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Graphical abstract 

Abstract 

Mesoporous alumina has been successfully synthesized from bauxite residues (red mud) as raw 
material and cetyltrimethylammonium bromide (CTAB) as template at room temperature. The 
effects of crystallization time and molar ratio of H2O/CTAB on structural and textural properties of 
mesoporous alumina were investigated. The synthesized product was characterized by XRD, FTIR, 
SEM-EDX, TEM, N2 adsorption-desorption and acidity test using pyridine adsorption. The XRD 
pattern and SEM micrograph showed that the synthesized product possessed an amorphous phase 
and irregular shapes. From obtained results, it could be observed that crystallization time and 
H2O/CTAB ratio influenced the surface acidity of mesoporous alumina. 
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INTRODUCTION 

Red mud is a waste material or residue derived from the alumina 
(Al2O3) production from bauxite. The Al2O3 production uses Bayer 
Process in which sodium hydroxide (NaOH) is added to produce 
Al2O3 from bauxite, as well as solid residue called red mud (Kumar, 
2015). In average, 1-1.5 tons of red mud may be generated after 
producing 1 ton of alumina (Brunori et al., 2005). Red mud is 
comprised from some metal oxides such as iron oxides, silicon oxides 
and undissolved alumina with a wide range that depended on the ore 
used (Snars and Gilkes, 2009). The concentration of alumina in red 
mud is about 25-30% (Liang, 2014). Therefore, red mud can be used 
as an alumina source to synthesize alumina-based materials. 

Alumina has been applied as catalyst, ceramic, catalyst support, 
conductor and strengthener in composite because of its uniform 
channels, good thermal conductivity, high Lewis acidity and high 
specific area (Xia et al., 2003). Red mud from Bintan has been 
successfully used as raw material to synthesize a mesoporous alumina 
by adding CTAB as template at room temperature using sol-gel 
method. Mesoporous alumina from Bintan’s red mud confirmed to has 
a mesoporous structure with BET surface area of 241 m2/g and pore 
size of 3.820 nm with ratio CTAB/Al of 0.32 as optimal ratio 
(Ramdhani et al., 2018). 

Sol-gel method is an easy yet cheap method to synthesize 
mesoporous alumina. Some parameters such as time and water content 
can be used to optimize the synthesis process. It has been reported that 
the synthesized product with longer time of aging has bigger particle 
size (Rousseaux et al., 2002). Water content is proven to give effects 

on the particle size, crystallinity and specific area of synthesized 
product (Isley and Penn, 2008).  

Here, the synthesis of mesoporous alumina using red mud from 
Bintan as alumina source and CTAB as template was conducted in 
room temperature. The effects of crystallization time and molar ratio 
of H2O/CTAB on surface acidity of the synthesized product were 
studied. 

EXPERIMENTAL 

Materials 
The starting materials, the powders of red mud were obtained from 

Bintan Island of Indonesia, cetyltrimethylammonium bromide 
(CTAB, Merck, 99%), sodium hydroxide (NaOH, Merck, 99%), 
hydrochloric acid (HCl, SAP, 37%) and deionized water were used in 
this study. The chemical composition of Bintan’s red mud was shown 
in Table 1. 

Preparation of precursor 
The process of extraction and synthesis were adopted from 

Ramdhani et al. (2018). Red mud was leached with HCl 6N solution 
(solid/liquid ratio 1:5 g/mL) at 90 °C under stirring for 2 h, and then 
filtered and washed with deionized water. The leachate was collected 
as aluminum source. Then NaOH 5 N solution was dropped into 
filtrate under stirring. The NaAlO2 was filtered to separate the 
precipitate of impurities (Fe3+, Ca2+

, etc). HCl 6 N was added to the 
solution with stirring until the precipitate was completely formed. The 
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precipitate was used as alumina source in synthesis of mesoporous 
alumina.  

Table 1 Chemical composition analysis by XRF for red mud. 

Chemical composition Mass % 
Fe2O3 
Al2O3 
SiO2 
TiO2 
P2O5 
K2O 
CaO 
Cr2O3 
V2O5 
NiO 
CuO 
ZnO 

Other compound 

49.87 
31.39 
15.03 
1.57 
0.56 
0.54 
0.15 
0.10 
0.08 
0.07 
0.05 
0.02 
0.57 

Synthesis of mesoporous alumina from red mud 
The precipitate from previous steps was mixed with CTAB and 

water with molar ratio H2O/CTAB of 600, 800, 1012, 1200 and 1400. 
The mixture was stirred for 1 h for all samples and then aged for 72 h 
at room temperature. The final product was recovered by filtration, 
washed with deionized water and dried at 120 °C for 24 h. The dried 
product was calcined at 550 °C for 6 h. The effect of crystallization 
time was studied with molar ratio H2O/CTAB = 1012. The mixture 
was stirred for 1 h for all samples and then aged for 3, 12, 24, 48 and 
72 h at room temperature. The final product was recovered by 
filtration, washed with deionized water and dried at 120 °C for 24 h. 
The dried product was calcined at 550 °C for 6 h. The general method 
(molar ratio H2O/CTAB 1012 and aging time 72 h) was adopted from 
Ramdhani et al. (2018). The synthesized sample with variation of 
crystallization time was labeled as AMA-(crystallization time, h.) for 
example AMA-24, while sample synthesized with variation of 
H2O/CTAB molar ratio was labeled as AMH-(molar ratio of 
H2O/CTAB) for example AMH-1200. 

Characterization of mesoporous alumina   
X-ray powder diffraction patterns of the samples were recorded on 

a Philips Expert with Cu Kα (40kV, 30 mA) radiation in the range 2θ
= 5-50°. The infrared spectra (wavenumber range 400-1400 cm-1) of 
characteristic vibration bands were monitored by FTIR Shimadzu 
Instrument Spectrum One 8400S. The specific surface area and pore 
size distribution were determined from N2 adsorption-desorption 
using a Quantachrome Instruments Nova 1200. SEM images and 
elemental analysis were recorded using Zeiss EVO MA 10 instrument. 
TEM images were recorded using Hitachi TEM HT7700. 

The surface acidity of mesoporous alumina synthesized from red 
mud was measured by pyridine adsorption using FTIR spectrometer. 
Calcined samples were pressed into a pellet and then placed in 
homemade glass transmission cell and outgassed at 400 °C for 4 h 
under N2 flow. The pyridine was adsorbed at room temperature for 1 
h. Subsequently, the sample was purged under N2 flow at 150 °C for 3 
h. The infrared spectra (range 1300-1800 cm-1) of characteristic 
vibration band were recorded by FTIR spectrometer. 

RESULTS AND DISCUSSION 

Synthesis of mesoporous alumina from red mud 
Mesoporous alumina has been synthesized from Bintan’s red mud 

with sol-gel mothod. There were some steps involved to prepare the 
precursor since red mud contained other compounds aside Al2O3 such 
as Fe2O3 and SiO2. The preparation has two steps. The first one was 
the removal of SiO2 by adding acid, while the second one was the 
removal of Fe2O3 by adding base. This procedure has been succesfully 
done by Pan et al. (2013) to obtain alumina from coal kaolin and 
Ramdhani et al. (2018) to obtain alumina from Bintan’s red mud. 
Precipitate alumina was formed after adding acid into filtrate from 
removal Fe2O3 process, in which aluminum hydroxide precipitate 
would form completely in pH ~7 (Pan et al., 2013). This precipitate 

was used as precursor in synthesis of mesoporous alumina. Fig 1 
shows  the SEM image and EDX graph for each step in preparation of 
precursor. As observed from SEM images in Fig 1, all of the residues 
have an irregular shape and size. According to EDX graph, residue 
from SiO2 removal (RSD1) and Fe2O3 removal (RSD2) still contained 
aluminum. This finding was caused by unfinished washing step in 
each process. Therefore, the residue still contained aluminum. 
Otherwise, the alumina precipitate (GM-AL) didn’t contain any Si or 
Fe elements which indicated that this process was good enough to 
obtain alumina from Bintan’s red mud. 

Alumina salt from previous steps was used as alumina source in 
synthesis of mesoporous alumina. The mass ratio of CTABr and 
alumina salt used was 1.57, as reported by Ramdhani et al. (2018). 
The water content inside the alumina salt has been calculated by 
comparing mass of the salt before and after drying. Alumina salt from 
the previous steps contained 93.97% of water content that could 
predict the mass of product to be low. This wet precipitate was added 
into CTAB solution under strirring for 1 h. The purpose of using wet 
precipitate was to facilitate the distribution of alumina inside the 
solution (Ramdhani et al., 2018). The solution was aged for 3, 12, 24, 
48 and 72 h. This variation was used to optimize the polimerization 
process of Al-O-Al so the product would possess stable structure 
(Moatti et al., 2014). The removal of CTAB was done by calcination 
at 550 °C for 6 h. There were three steps of CTAB decomposition i.e. 
ammonia removal at 200-320 °C, structural decomposition of CTAB 
at 320 °C and removal of the remaining CTAB from alumina structure 
to form a pore at 395 °C (Liu et al., 2007). Solid product after 
calcination process was collected. The mass of the product was shown 
in Table 2. According to Table 2, the mass of product was increased 
for longer crystallization time. It could be concluded that the 
effectiveness of polimerization process could be increased for 72 h of 
crystallization time, as reported by Pan et al. (2013) and Ramdhani et 
al. (2018). Sample AMA-72 has the highest mass, due to the synthesis 
of mesoporous alumina with certain H2O/CTAB	 molar ratio at 
crystallization time for 72 h. 

Fig 1. SEM images and EDX graphs of (a) RSD1, (b) RSD2 and (c) 
GM-AL. 
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Table 2 Mass of synthesized product with variation of time. 

Sample Mass (g) 

AMA-3 
AMA-12 
AMA-24 
AMA-48 
AMA-72 

0.1810 
0.1868 
0.1871 
0.1932 
0.2079 

Wang and Ying (1999) have reported that the higher ratio of H2O 
could help the hydrolysis process and interfere the particle growth at 
the same time. Li et al. (2004) also confirmed that the higher amount 
of H2O in synthesis process, the hydrolysis and polycondensation 
processes also got faster so the mass of the product could be 
increased. In this study, the mass of synthesized product was tended to 
increase with increasing of the molar ratio of H2O/CTAB. The mass 
of product with variation of H2O/CTAB molar ratio was shown in 
Table 3.  

Table 3 Mass of synthesized product with variation of H2O/CTAB ratio. 

Sample Mass (g) 

AMH-600 
AMH-800 

AMH-1012 
AMH-1200 
AMH-1400 

0.1272 
0.1282 
0.1267 
0.1324 
0.1352 

Charaterization of mesoporous alumina from red mud 
XRD pattern of fresh red mud was shown in Fig. 2. As observed, 

the Bintan’s red mud contained some minerals such as hematite 
(Fe2O3), goethite (FeOOH), gibbsite (Al(OH)3), boehmite (γ-
AlO(OH)), anatase (TiO2) and quartz (SiO2). This result was 
confirmed by the elemental analysis of Bintan’s red mud with XRF 
technique (Table 1). The XRD pattern of red mud has a similar pattern 
as reported by Liang et al. (2014), Sushil and Batra (2012), and Ghosh 
et al. (2010). 

Fig. 2 XRD pattern of red mud. 

Fig. 3 and Fig. 4 show the XRD pattern of mesoporous alumina 
from red mud with variation of crystallization time and H2O/CTAB 
molar ratio after calcination at 550 °C for 6 h. There was no 
characteristic peak detected in XRD pattern for all samples. The 
absence of the characteristic peak indicated that the material has 
bimodal porous with amorphous wall (Pan et al., 2013). According to 
Cheng et al. (1995), when synthesis has been done with concentration 
of CTAB under 40%, the synthesized product has irregular mesopore. 
Therefore, no peak was detected for all of the samples. 

The samples of red mud, as-synthesized alumina, and calcined 
alumina were investigated by infrared spectroscopy (Fig. 5). Infrared 
spectra for all calcined samples showed similar spectra, i.e. peak at 
around 3450 and 1635 cm-1 for stretching and bending vibrations of 
O-H groups, and also at 729 and 590 cm-1 for Al-O vibration. Similar 

infrared spectra were stated by Pan et al. (2013). In addition, there 
was no sharp peak at around 1200-1000 cm-1 characteristic for 
stretching vibration of Si-O (Qoniah et al., 2015), which only 
appeared in red mud sample. This finding concluded that the solid 
sample only consisted of alumina. Meanwhile, infrared spectra of as-
synthesized sample only showed a peak at around 1400 cm-1, 
characteristic for bending vibration of –CH2 and –CH3 from 
cetyltrimethylammonium (Yue et al., 2010). The absence of this peak 
in all infrared spectra of calcined product indicated that 
cetyltrimethylammonium was completely removed from the solid 
product.  

Fig. 3 XRD pattern of mesoporous alumina from red mud with variation 
of time. 

Fig. 4 XRD pattern of mesoporous. 

Fig. 5 FTIR Spectra for (a) red mud, (b) As-synthesized mesoporous 
alumina (AM as-synthesized), (c) AMA-72 and (d) AMH-1400.  
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The N2 adsorption-desorption isotherms of the synthesized-
alumina from red mud has been carried out to determine the specific 
surface area, pore size distribution and pore volume of the synthesized 
materials (Fig. 6). The N2 adsorption-desorption isotherm for sample 
AMA-24 showed hysteresis at p/p0 = 0.4-0.9, indicating that the 
sample has isotherm type IV. According to the isotherm type by 
IUPAC, it was is                                          confirmed that the synthesized-alumina from red 
mud contained mesopore. The isotherm adsorption for AMH-1200 
also indicated the type IV isotherm based on the presence of H3 
hysteresis loop. According to IUPAC classification, the hysteresis 
loops for AMA-24 and AMH-1200 were apparently composite of H1 
and H3 type hysteresis loops, indicating the samples to consist of a 
p

                         

late-like particles and slit-like pores. The type of hysteresis 
confirmed that the synthesized product has a mesopore and 
synthesized sample from a clay usually has slit like pores. The pore 
structure parameters were calculated according to the mathematical 
models from the N2 adsorption-desorption. The data were given in 
Table 4. According to BJH calculation, AMA-24 has 132.122 m2/g 
mesoporous surface area with pore size of 3.831 nm and AMH-1200 
has 184.474 m2/g mesoporous surface area with pore size of 3.833 
nm. The pore size distribution for AMA-24 and AMH-1200 were 
shown at Fig. 7. This result showed the similar profiles as reported by 
Ramdhani et al. (2018) with a larger mesoporous surface area. It was 
interesting to note that AMA-24 and AMH-1200 also have 
microporous structure since they have pretty high adsorption in p/p0 < 
0.3. The BET calculation showed that the microporous surface area 
for AMA-24 and AMH-1200 were 212.485 m2/g and 168.311 m2/g, 
respectively. The pore volume for AMA-24 and AMH-1200 were 
0.426 cc/g and 0.363 cc/g. 

Table 4. Pore structure properties of AMA-24 and AMH-1200. 

Sample 
Mesoporous 

Surface 
Areaa (m2/g) 

Microporous 
Surface 

Areab (m2/g) 

Pore 
volumea 

(cc/g) 

Pore 
diametera 

(nm) 

AMA-24 
AMH-1200 

132.122 
184.474 

212.485 
168.311 

0.426 
0.363 

3.831 
3.833 

a determined by BJH 
b determined by BET at P/P0 =0.3 

Fig. 6 Nitrogen adsorption-desorption of the samples: (a) AMA-24 and 
(b) AMH-1200. 

Fig. 7 Pore size distribution of the samples: (a) AMA-24 and (b) AMH-
1200. 

Fig 8. SEM images of (a) AMA-3, (b) AMA-12,(c) AMA-24, (d) AMA-48, 
(e) AMA-72 and EDX graph of (f) AMA-72. 
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Fig 9. SEM images of (a) AMH-600, (b) AMH-800,(c) AMH-1012, (d) 
AMH-1200, (e) AMH-1400 and EDX graph of (f) AMH-1200. 

The morphology and the elemental analysis of the alumina 
samples were investigated with SEM-EDX. Morphologies of 
mesoporous alumina synthesized with variation of crystallization 
times were shown in Fig 8. The particle size and the formation of 
mesoporous aggregates were controlled by the reaction condition, 
such as time, pH and addition of structure directing agent (Petushkov 
et al., 2011). In this study, the size and shape for all samples were 
irregular without any particular differences. Meanwhile, morphology 
of the mesoporous alumina samples synthesized with variation of 
H2O/CTAB molar ratios were shown in Fig 9. The obtained result was 
similar with the result for variation of time. There was no significant 
difference in the particle size reported by Isley and Penn (2008). It 
might be caused by the precursors that did not have regular shape to 
start off. The EDX graph showed peak for bromine for AMA-72 and 
AMH-1200 samples. The peak for bromine might appear due to 
unfinished washing procedure, causing so                                                         the ions to stay still inside 
the pore even though calcination was already done. 

AMA-72 was investigated with TEM to monitor the morphology 
of the product as shown in Fig. 10. As observed, AMA-72 has 
morphology of both wormlike structure (Fig 10 a and b) and thin 
sheet-like structure (Fig. 10 c and d). In this paper, alumina was 
synthesized from wet precipitate alumina salt. The water content in 
the alumina salt was pretty high. Huang et al. (2014) reported that the 
molar ratio of H2O/Al from the precursor could give an impact to the 
morphology of the synthesized product. When the water content was 
increased, the Boehmite plates would get larger and have thin sheet-
like structure. It was confirmed that mesoporous alumina from red 
mud has an excess water content. The wormlike structure from AMA-
72 was a characteristic structure from alumina that synthesized by 
adding surfactant (de Llobet et al. 2013). The porous structure of 
alumina (Fig. 10 (a) and (b)) resulted the formation of irregular pores. 
Beck et al. (1992) reported that molar ratio of surfactant and 
aluminum < 1 would make hexagonal surfactant system with a regular 
pore structure. It might be different case since the surfactant used in 
this study was CTAB. According to Cheng et al. (1995), when 
synthesis has been done with concentration of CTAB < 40%, the 
synthesized product would exhibit irregular mesopore. Since the mass 
ratio of CTAB and alumina salt was 1.57, it could be understood that 
the concentration of CTAB inside the precursor was way below 40% 
so the product would be expected to possess an irregular pores and 
shape. These findings also have been reported by Ramdhani et al.
(2018). The dark part from the AMA-72 showed the close packed of 

platelets created by random stacking of nano-platelets. The higher 
water content from precursor, the tighter agglomeration was formed 
(Huang et al., 2014). We predicted that the slit-like pore that was seen 
from hysteresis loop (Fig. 6) resulted from this randomly stacked of 
nano-platelets. 

Fig 10. TEM images of AMA-72. 

Acidity study 
Alumina is one of the solids that has a strong Lewis acid site 

(Parry, 1963). In this study, the synthesized product was tested using 
pyridine to identify the surface acidity. After pre-treatment using 
pyridine sorption, the product was characterized with FTIR and the 
results were showed in Fig. 11 and Fig. 12.  

The infrared spectra showed peak in the range wavenumber of 
1447-1440 cm-1 for all samples. This peak was identified as 
characteristic peak for Lewis acid that indicated interaction of 
pyridine and alumina acid sites (Platon and Thomson, 2003). The 
peak for Brønsted acid was not found in the wavenumber ~1550 cm-1. 
This result showed that the product has Lewis acid sites on the surface 
but not Brønsted acid sites. We concluded that mesoporous alumina 
synthesized from red mud still has Lewis acid site even though not as 
strong as mesoporous alumina synthesized from commercial material. 
Therefore, mesoporous alumina has potential to be catalyst support for 
increasing surface area and Lewis acid sites of the catalyst. 

Fig 11. Pyridine-FTIR Spectra of mesoporous alumina from red mud 
with variation of crystallization time. 
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Fig 12. Pyridine-FTIR Spectra of mesoporous alumina from red mud 
with variation of H2O/CTAB molar ratio. 

CONCLUSION 

This study has been proved that bauxite residue (red mud) could 
be employed as alumina source for synthesis of mesoporous alumina 
with CTAB as template. The effects of crystallization time and 
H2O/CTAB molar ratio were investigated and the obtained results its 
s

                                                            

howed the significant effects on mass of product and acidity of 
surface. Increasing time of synthesis and H2O/CTAB molar ratio 
caused the increase in mass of product and presence of Lewis acid 
sites on the surface. 
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