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Abstract 

Al(III) complex with 1,4-benzenedicarboxylate ligand (Al-BDC) is a porous material that has the potential 

to be developed as an adsorbent or photocatalyst. This complex is often obtained by the solvothermal method 

at high temperature. This paper reports the synthesis of Al-BDC complex by solution method at room 

temperature from two different types of Al(III) salts, namely nitrate salt (complex 1) and chloride salt 

(complex 2). The synthesis of Al-BDC was conducted with Al(III):H2-BDC mol ratio of 2:3. The synthesized 

complexes were characterized by ATR-IR, powder XRD, UV Vis–DRS, and DTA–TGA. The results showed 

that white powders were obtained with a yield of 75.8% (complex 1) and 65.7% (complex 2). The presence 

of BDC ligands in both complexes was confirmed by the presence of typical absorption bands of C=O, C-O, 

and Al-O functional groups in their infrared spectra. Both complexes have different surface morphology and 

average crystallite sizes (28.63 nm – complex 1; 34.98 nm – complex 2), but the powder X-ray diffraction 

patterns, DTA-TGA thermograms, UV Vis-DRS spectra, and band gap energy values of both complexes are 

considerably identical. Powder XRD diffraction analysis of both complexes shows a pattern that is identical 

to the known compound with a formula of {[Al(OH)(BDC)]·(H2BDC)0.69}n (CCDC No. 2179625) in which 

the compound forms 3D polymeric structure with terephthalic acid occupies the voids. 
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1 Introduction 

Metal-Organic Frameworks (MOFs) are a 

porous polymer formed by a self-assembly 

process between inorganic metal ions or groups 

and organic ligands as a bridge to form a porous 

3-dimensional material [1]. MOF has an important 

role in various applications due to its regular pore 

structure, large pore size, and high surface area 

[2]. MOF provides various active functional sites 

that have good chemical resistance, thermal 
stability and chemical functionality that can be 

designed for various applications [3]. MOF is 

often applied for catalysis, optics, gas storage, 

bioimaging, drug delivery, conductivity, and 

adsorbents of inorganic or organic pollutants in 

wastewater [4].  

In recent years, Al-MOFs have attracted 

significant attention as promising candidates for 

functional materials. Various types of Al-MOFs 

have been successfully synthesized, such as Al-

tartrate  [5], Al-fumarate [6], Al-succinate [7], Al-

BTC [8], and Al-BDC [9], each exhibiting 

different characteristics and structures depending 

on the type of ligand used. In this study, the 

material of focus is Al-BDC, one of which is 

known as MIL-53(Al). 

MIL-53(Al) is included as Aluminum-based 

MOF that is widely developed. Aluminum ion 

(Al3+) is used as the metal center and 1,4-

benzenedicarboxylic acid (BDC) is used as ligand 

precursor. Aluminum is one of the most abundant 

metals in nature (8.2 wt% in the earth's crust) and 

has an affordable price [10]. Meanwhile, BDC is 

commercially available with two carboxylate 
groups in the para position and benzyl ring in the 

middle (Fig. 1), making the ions easy to 

coordinate with metal ions in several coordination 

modes (terminal, bridge, and chelate) [11]. The 

BDC ligands are rigid and sturdy, thus it forms Al-

MOF materials with high structural stability when 

reacts with Al3+.  

Al-BDC has interesting properties, a non-

toxic materials with high porosity and large 

surface areas [9]. Therefore, Al-MOF is often 

applied as gas adsorption [12], sensor [4], 

heterogeneous catalyst [13], drug delivery [14], 

etc. Al-BDC also has the potential as an adsorbent 

for metal ions [15], for gas [9], or organic waste 
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[16]. Al-BDC also gain interest over other MOFs, 

related to its breathing effect and resistance to 

hydrolysis [9], thus that it can be applied for 

wastewater treatment. Zokaee et al [17] reported 

that Al-BDC has a band gap of 3.54 eV and was 

applied for methylene blue dye photocatalysis. 

Al-BDC complex has been synthesized using 

several method, namely solvothermal [18], 

hydrothermal [9], microwave [19], ultrasound 

[20], grinding (solvent free) [21], and reflux [22] 

methods. Al-BDC that was previously synthesized 

by hydrothermal method form octahedral 

AlO4(OH)2 chains that share corners, connected 

by carboxylate groups from the BDC ligands and 

then forming a three-dimensional structure with 

diamond-shaped pores [9]. 

Al-BDC is commonly synthesized using 
solvothermal method, which requires long 

reaction time and high temperature, in some cases 

using organic solvent. This condition is 

unfavourable for large scale production due to 

high energy consumption and delicate process. 

Exploration of greener synthetic method to reduce 

the reaction time is being carried out and other 

alternative methods have been developed [23]. In 

this study, a solution method using direct mixing 

method was proposed. The synthesis was carried 

out at room temperature in a one-stage reaction; 

thus, it is simpler, more efficient, does not require 

higher energy, and use water as solvent. Variations 

of Al3+ metal salts were also studied, to study the 

role of anion towards the characteristic of the Al-

BDC.  

 

Figure 1 Structure of 1,4-benzenedicarboxylic acid 

(H2-BDC), also known as terephthalic acid  

 

2 Method 

2.1 Materials and Instrumentation 

The materials used in this research were 

Al(NO3)3.9H2O, AlCl3.6H2O, terephthalic acid 

(HOOC-C6H4-COOH), NaOH, and water. 

Instrumentation for analysis purposes used 

were ATR-IR (Shimadzu IRSpirit–T), powder-

XRD (PANalytical XPert3 Powder), UV-Vis DRS 

(Specord 200 Plus), DTG (Shimadzu 

(Simultaneous DTA-DTG-60), SEM (Hitachi TM 

3000). 

2.2 Synthesis of Al-BDC Complexes 

The synthesis of Al-BDC was carried out by 

solution method, by mixing Al(III) and H2-BDC 

solutions in an open vial with Al(III):H2-BDC mol 

ratio of 2:3. Two metal solutions were prepared by 

separately dissolving Al(NO3)3·9H2O (750 mg; 2 

mmol) and AlCl3·6H2O (483 mg; 2 mmol) with 20 

mL of water each. The ligand solution was 

prepared by dissolving the H2-BDC (498 mg; 3 

mmol) with 40 mL of 6M NaOH solution. After 

the metal and ligand solutions were mixed, the 

solution pH was then adjusted at 7 and kept stirred 

with a magnetic stirrer for 1 hour. Next, the 

solution was filtered off using Whatman paper No. 

41 and the solid was washed using warm water. 

The solid product was then dried in an oven at 110 

ºC for 3 hours and stored in a desiccator for 3 days. 

The dry solid was then weighed to determine the 

yield. Product obtained from the nitrate salt is 

coded as complex 1, whereas product obtained 

from the chloride salt is coded as complex 2. 

2.3 Characterization of Al-BDC Complexes 

Complex 1 and complex 2 were all 

characterized by infrared spectroscopy (ATR-IR), 

powder X-ray diffraction (PXRD), thermal 

gravimetry (DTA-TGA), scanning electron 

microscopy (SEM), and UV Vis – DRS 

spectrophotometry.   

The ATR-IR analysis was performed 4000-

400 cm–1 to determine the typical functional 

groups of the BDC ligand that present in the 

complex. The PXRD analysis was conducted at 2θ 

angles of 10º to 60º using Cu-Kα radiation ( = 

1.541874 Å) to determine the average crystallite 

size by the Debye-Scherrer approach (Eq. 1), and 

to assign the structure of the complex:  
 

𝐷 =  
𝑘 × 𝛌

𝛽×𝑐𝑜𝑠 𝜃
                            (Equation 1) 

Note: D is crystal size (nm), k is the shape factor 

(0.9), λ is the wavelength of the X-ray, 0.1542 nm, 

and β is the full width at half (FWHM) of the peak 

at 2θ in the pattern, and θ is the angel measured.  

Furthermore, identification of the compound 

was carried out through pattern matching between 

the experimental powder diffraction data and 

reference patterns from the Cambridge 

Crystallographic Data Center (CCDC), assisted by 

HighScore software. The DTA-TGA analyses 
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were carried out at 30 – 600 °C with an increasing 

rate of 10 °C/minute to determine the thermal 

stability and decomposition profile of the 

complex. The SEM was performed at 

magnifications of 1,000 and 5,000. The UV-Vis 

DRS analysis was done by measuring the 

absorbance at 200–800 nm to determine the 

maximum absorption and band gap energy level of 

the complex by the Tauc plot method.  

 

3 Result and Discussion  

3.1 Synthesis of Al-BDC Complexes 
Al-BDC complexes were synthesized at 

room temperature in one pot reaction by mixing 

and stirring both aqueous solutions of metal and 

ligand until precipitate product were obtained. 

This one step reaction is very simple, and yet 
effective, and used environmentally friendly 

solvent and mild condition. To differentiate the 

complex, the precipitated products were coded as 

complex 1 (from the nitrate salt) and complex 2 

(from the chloride salt). Both the nitrate and 

chloride salts resulted in white solids (Fig. 2). 

 

  
(a)         (b) 

Figure 2 White powder of complex 1 (a) and complex 

2 (b) 

3.2 Result of Al-BDC Characterization.  

Infrared spectra of complex 1 and complex 2 

show identical results (Fig. 3). Infrared spectra 

give a sharp absorption at 1697 cm-1, which 

correspond to carbonyl group (C=O), sharp peaks 

at 1608 and 1414 cm-1, which related to the 

asymmetric and symmetric stretching vibrations 

of the carboxylate (-COO) group from the BDC. 
There is also absorption at 1507 and 1437 cm-1, 

which is assigned to the C=C vibration of the 

benzene ring [24]. Absorption at 981 cm-1 is 

related to the bending vibration of the hydroxyl 

group in octahedral AlO4(OH)2 with trans corner-

sharing [20]. A sharp absorption at 750 cm-1 

corresponds to the bending vibration of C–H of the 

benzene ring [24], whereas a sharp absorption at 

594 cm-1 relates to the stretching vibration of the 

Al-O bond, indicating the coordination between 

Al3+ and BDC ligand [25]. 

 
 

Figure 3 Infrared spectra of complex 1, complex 2, and 

the ligand precursor of H2-BDC 

 

Figure 4 Diffraction patterns of complex 1, complex 2, 

and Al-BDC compound from CCDC No. 2179625 

Analysis using Powder-XRD was observed 

in 2θ angle of 5º to 50º. The diffractogram patterns 

of complex 1 and complex 2 are shown in the Fig. 

4. Based on the results of the XRD 

characterization, the diffractogram patterns of 

both products show the same pattern. Both 

products have main peaks at 2θ of 8.9°, 10.3°, 

12.6°, 15.26°, 17.8°, 26.91°. These results are the 

same as those reported by [26]–[28], in which the 

MIL-53(Al) was synthesized by hydrothermal 
method [27] and showed peaks at 2θ of 8.9°, 10.4°, 

12.7°, 15.4°, and 17.8°. The average crystal sizes 

of complex 1 and complex 2 are 28.63 nm and 

34.98 nm, respectively, based on the Debye 

Scherrer equation, calculated using the XRD 

Crystallite (grain) Size Calculator. Moreover, 

wide base of the diffraction peak observed in both 

complexes indicate the low crystallinity of the 

product, which also means that there is an 

amorphous product present in the sample. The 

crystallinity degree of both complexes is about 

35.7% and 37.0% for complex 1 and complex 2, 
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respectively. The low crystallinity degree is 

frequently observed in direct mixing method, 

which is unsuitable for optimal crystal growth of 

crystal due to high rate of nuclei formation. 

These results (Fig. 4) are also checked with 

previously reported Al-BDC in the Cambridge 

Crystallographic Data Center (CCDC), in which 

Al-BDC reported in this study is identical to 

compound No. 2179625 [26], [29]. The 

diffractogram peaks of complex 1 and complex 2 

show that the synthesized complexes have a good 

agreement with the reference MIL-53(Al) or 

{[Al(OH)(BDC)]·(H2BDC)0.69}n. The simple 

synthesis procedure used in this work produces the 

same Al-BDC complex that has polymeric 

networks, as shown in Fig. 5. Based on the 

database, this MIl-53(Al) complex compound has 

an orthorhombic crystal system with a space 

group P21/n (a = 105.224(4) Å, b = 12.2441(5) Å, 

c = 17.0143(6) Å, β = 89.99(1)°). In the crystal 

structure of MIL-53(Al), the terephthalic acid 

molecule occupies the pores and remains in its 

molecular form [30]. 

 

 

  
 

Figure 5 Crystal packing of {[Al(OH)(BDC)]·(H2BDC)0.69}n viewed from two different angles 

 

The DTA-TGA analysis was conducted from 

30 to 600 ºC, and the thermograms of both 

complexes are shown in Fig. 6. TGA results show 

that complex 1 and complex 2 have nearly 

identical thermal stability, in which both have 

decomposition patterns in almost the same 

temperature range. This shows that differences in 

Al(III) salt sources did not affect the thermal 

stability of the synthesized complex. Both 

complexes show decomposition profile in three 

stages. In the first stage, complex 1 experienced a 

gradual decrease in mass in the temperature range 

of 30 to 280 ᵒC by 12%. In the second stage, a 

sharp decrease began at 320 - 390 ᵒC by 15%, and 

followed by the third stage, a significant sharp 

decrease by 46% occurred at 500-600 ᵒC. 

Meanwhile, complex 2 undergo mass loss in the 

temperature range around 30 to 280 ᵒC by 14%, 

330 to 390 ᵒC by 18%, and finally 480 to 580 ᵒC 

by 47%. 

 

 

The mass loss in both complexes in the first 

stage is most likely caused by the release of free 

water molecules and coordinated water in the 

crystal structure. In the second stage, partial 

decomposition of the organic ligand of BDC may 

be occurs. Meanwhile, the sharp decrease in the 

third stage indicates the decomposition of the Al-

BDC polymeric framework, leaving inorganic 

residues, such as Al₂O₃ [3]. After heating around 

600 ᵒC, complex 1 decomposes and leaving 

around 20% of residual sample, whereas complex 

2 leaving around 12% of residual sample. Based 

on this formula, {[Al(OH)(BDC)]·(H2BDC)0.69}n, 

decomposition into Al2O3 resulting in around 16% 

residue. This difference is probably due to 

different level of dryness of the sample, or 

incomplete organic decomposition. In addition, 

the DTA profile of both complexes show very 

similar patterns, only the decomposition 

temperature is slightly shifted, but the sequence 

and process are identical.  
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(b) 

Figure 5 DTA-TGA thermogram of (a) complex 1 and 

(b) complex 2  

The optical properties of the synthesized 

Al-BDC were investigated through UV–vis DRS 

analysis. Complex 1 absorbs at a maximum 

wavelength of 293 nm while complex 2 absorbs at 

295 nm, as shown in Fig. 7. This can be due to the 

π–π* electronic transition of the aromatic ligand 

BDC system and the contribution of ligand to 

metal charge transfer (LMCT). Furthermore, the 

band gap energy of both materials was analyzed 

using Tauc plot. In the Tauc plot, the band gap 

energy (Eg) value of Al-BDC is determined from 

the relationship graph between (αhʋ)2 and hʋ [31]. 

The band gap energy results for complex 1 are 

3.76 eV while for complex 2 is 3.73 eV. The 

results of the Al-BDC band gap energy are slightly 

different from those reported by others [31], which 

is 3.65 eV. Nevertheless, this energy level also 

indicate that the complex may be utilized as a 

photocatalyst. 

 
(a) 

 
(b) 

Figure 7 Maximum absorption and band gap energy of 

complex 1 (top) and complex 2 (bottom) 

 

SEM analysis was observed at 1,000x and 

the images are shown in Fig. 8. The SEM image 

reveal that complex 1 has irregular shape and 

forms aggregates, while complex 2 forms a plate-

like structure that is stacked each other. This 

suggest that the anion of the Al salt may influence 

the morphology of the synthesized complex. 

Chloride ions are known to be more effective in 

directing crystal growth compared to nitrate ions. 

This is in accordance with the crystallite data from 

the XRD analysis, in which complex 2 has a larger 

crystal size than that of complex 1, indicating 

better crystallization. This is also supported by the 

particle size distribution data (Fig. 8), which 

shows that better crystallization led to the 

formation of bigger crystallite size. This anion 

effect on particle morphology is also observed in 

other aluminium-MOF [6, 32], with fumarate 

ligand.  
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(a) 

 
(b) 

Figure 6 Surface morphology (magnification of 1,000x) and particle size distribution of complex 1 (a) and 

complex 2 (b) 

This study finds that the band gap energy 

level of the Al-BDC obtained from room 

temperature reaction using water as solvent, 

correlates with the crystal morphology and 

crystallinity degree; the better the crystallinity, the 

lower the band observed. Moreover, the smaller 

the crystallite size, the smaller band gap energy 

obtained. This study also opens a possible greener 

pathway for the synthesis of Al-BDC complex. 

Compared to the solvothermal method, 

particularly that use dimethylformamide as 

solvent, the use of water as solvent resulting in Al-

BDC complex with slightly different properties 

but the Al-BDC remains possible to be used for 
photocatalyst. 

 

4 Conclusion 

White crystalline solid of Al-BDC complexes 

were synthesized using a direct mixing method at 

room temperature using two different Al(III) salts, 

namely nitrate and chloride. The type of aluminum 

salt used in the synthesis affects the yield and the 

characteristic of the synthesized Al-BDC. 

Although both Al-BDC complexes have different 

surface morphology and average crystallite sizes 

(28.63 nm – complex 1 and 34.98 – complex 2), 

powder X-ray diffraction patterns, DTA-TGA 

thermograms, UV Vis-DRS spectra, and band gap 

energy values of both complexes are considerably 

identical. Powder XRD diffraction analysis of 

both complexes also confirms that the Al-BDC 

synthesized in this work is identical to a known 

compound of {[Al(OH)(BDC)]·(H2BDC)0.69}n, in 

which the complex forms 3D polymeric structure. 
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