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Abstract 

Open-framework Al(III)-doped iron(III) phosphate compound with composition            
of OH]O)(H)(PO)(HPOAl)[(Fe,)NH(C 2226424622124 ⋅  was synthesized by the 

hydrothermal method. The thermal behaviour of 6424622124 )(PO)(HPO[Fe)NH(C  

OH]O)(H 222 ⋅  and OH]O)(H)(PO)(HPOAl)[(Fe,)NH(C 2226424622124 ⋅  compounds 

were comparatively investigated by using thermogravimetry-differential thermal 
analyzer (TG-DTA), temperature-dependence Fourier transform infrared (FT-IR), 
and X-ray diffraction (XRD), respectively. The obtained results showed that the 
weight loss process of the both compounds can be divided into four steps, and 
analysis results indicated that small amount of Al can extend the weight loss 
process, and enhance its thermal stable properties. The structures of both 
compounds started to breakdown at 330°C and almost completely destroyed at 
around 380°C, and then recrystallized into FePO4 and Fe4(P2O7)3 at about 650°C. 
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1. Introduction 

In recent years, open-framework transition metal phosphate 
materials have received a great deal of interests for their potential 
application in the field of heterogeneous catalysis, separation, and ion 
exchange process [1, 4, 6, 12]. A large number of synthetic transition 
metal phosphates have been reported, including iron phosphates [4], 
molybdenum phosphates [3], vanadium phosphates [8], gallium phosphates 
[7], and zinc phosphates [2]. Among them, open-framework iron 
phosphates have unique magnetic properties and some special 
applications in catalysis and separation fields. However, the low thermal 
stability as other open-framework transition phosphate materials 
restricts its further application [5, 11]. It is shown that the reported that 
open-framework iron phosphates can maintain stable only in the 
temperature region of 300~400°C, then the structure collapse owing to 
the breakage of the hydrogen bonding between the templates and the 
backbone of the framework. So, the low thermal stability prevents the 
practical application of open-framework iron phosphates. 

In order to improve the thermal stability of open-framework transition 
metal phosphates, we have systematically investigated the thermal behaviour 
of a number of open-framework vanadium and iron phosphates in our 
previous works [9, 10]. In this paper, a new open-framework Al(III)-doped 
iron(III) phosphate OH]O)(H)(PO)(HPOAl)[(Fe,)NH(C 2226424622124 ⋅  
(with Al content of 2.144%) compound was synthesized by the hydrothermal 
method based on the reported ]O)(H)(PO)(HPO[Fe)NH(C 226424622124  

OH2⋅  compound [12]. Their thermal behaviour of the two compounds 
were comparatively investigated by using FT-IR, TG-DTA, XRD, ICP, and 
EA technique, respectively. 

2. Experimental 

2.1. Synthesis 

OH]O)(H)(PO)(HPO[Fe)NH(C 2226424622124 ⋅  and different content        

Al-doped OH]O)(H)(PO)(HPOAl)[(Fe,)NH(C 2226424622124 ⋅  compounds 
were all synthesized by the hydrothermal method. The starting     
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reagents including ,(A.R.) POH ,(A.R.) AlCl,(A.R.) O6HFeCl 43323 ⋅      
and piperazine (A.R.) were all received without further purification. A 
certain amount    of the above reagents were carried out in a Teflon-lined 
acid digestion bomb (50cm3) under autogeneous pressure. In a typical 
process, O6HFeCl 23 ⋅  0.3mmol,0.2mmol,0.1mmol,(0, AlCl,(1.7161g) 3  
and 0.4mmol, respectively), H3PO4 (1.5172mL, 85%), piperazine (1.1217g), 
and distilled water (15.6521mL) were added to the Teflon-lined acid 
digestion bomb for 72 hour at 180°C, and then homogeneous yellow 
crystalline products can be produced.  

2.2. Characterization 

Thermogravimetric analysis for the mixture of the typical starting 
materials were performed on a Setaram TGA92 TG-DSC instrument at a 
heat rate of 10°C/min from room temperature to a maximum temperature 
of 800°C. Inorganic elements analysis was performed on an ICAP-9000 
instrument (Jarrel-ASH company), and the organic elements analysis was 
performed on a Vario EI instrument (Elementar company). An X' Pert 
PRO MPD powder X-ray diffractometer with a heating attachment was 
used for studying of the phase transition during heat treatment      
(CuKα, 50kV, 80mA, and a scan speed of 2.0° (2θ)/min). The temperature 
was increased by steps of 25°C from room temperature to 650°C. FT-IR 
(Nexus 670) spectra were recorded from room temperature to 650°C by 
steps of 10°C in the wave number range of .400cm~4000 -1  

3. Results and Discussion 

3.1. EA and XRD analysis 

Element analysis results for the 6424622124 )(PO)(HPO[Fe)NH(C  
OH]O)(H 222 ⋅  and different content Al-doped 622124 Al)[(Fe,)NH(C  

OH]O)(H)(PO)(HPO 2226424 ⋅  compounds were listed in Table 1. As 
shown in Table 1, there were different Al-doped content, viz., 0, 0.1mmol, 
0.2mmol, 0.3mmol, and 0.4mmol, and they were hereafter denoted as S0, 
S1, S2, S3, and S4. It is found that the Al element has entered the 

OH]O)(H)(PO)(HPO[Fe)NH(C 2226424622124 ⋅  frameworks successfully 
as the given compositions, and the content of the other elements, such as 
Fe, P, O, C, N, and H, all keep the corresponding invariable ratio.  



  

 

 
Sample 

Designed 
Al content 

(mmol) 

Measured 
Al content 

(%) 

Measured  
Fe content 

(%) 

Measured 
P content 

(%) 

Measured 
O content 

(%) 

Measured 
C content 

(%) 

Measured 
N content 

(%) 

Measured 
H content 

(%) 

S0 0 − 25.1891 18.8062 41.8947 7.413 4.201 2.496 

S1 0.1 0.5624 24.3631 18.7236 42.0669 7.450 4.170 2.663 

S2 0.2 0.9681 23.5706 18.8175 42.2888 7.493 4.296 2.566 

S3 0.3 1.5895 22.2544 18.8204 43.2177 7.350 4.212 2.556 

S4 0.4 2.1440 20.3475 18.7092 44.2313 7.582 4.355 2.631 
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Table 1. Element analysis of OH]O)(H)(PO)(HPOAl)[(Fe, )NH(C 2226424622124 ⋅  compound with different Al 
content 
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Further, Figure 1 gives the XRD patterns of the 24622124 )(HPO[Fe)NH(C  

OH]O)(H)(PO 22264 ⋅  and Al-doped 6424622124 )(PO)(HPOAl)[(Fe,)NH(C  

OH]O)(H 222 ⋅  compounds with different Al content, and it also confirms 

that introduction of Al element do not affect the basic host structure, and 
the Al-doped samples are the same phase as the basic phase structure of 

O.H]O)(H)(PO)(HPO[Fe)NH(C 2226424622124 ⋅  
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Figure 1. XRD patterns of ]O)(H)(PO)(HPOAl)[(Fe,)NH(C 226424622124  

OH2⋅  with different Al content. 

3.2. TG-DTA analysis 

Figure 2 gives the TG-DTA curves in the temperature range from 
room temperature to 650°C for sample S0 and S4, respectively. As shown 
in Figure 2, it indicates that S0 sample has a total weight loss of 21.316%, 
while S4 has a total weight loss of 21.494%. Their each total weight loss 
equal to the weight of the organic template in the structure. As shown in 
Figure 2(a), for sample S0, the weight loss region can be divided into four 
steps, corresponding to from room temperature to 330°C (step 1), from 
330°C to 390°C (step 2), from 390°C to 470°C (step 3), and from 470°C to 
650°C (step 4), respectively, in which there are six endothermic and five 
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exothermic peaks in the DTA curve. The weight loss in the range from 
room temperature to 330°C is 2.94%, and it is corresponding to an 
endothermic peak at 239°C and an exothermic peak at 295°C, which 
originated from the removal of the adsorbed water and the oxidation of 
some organics. The most significant weight loss occurs in the temperature 
range from 330°C to 390°C, corresponding to the weight loss of 8.5%. 
Further, it is corresponding to two endothermic peaks at 365°C and 
385°C, and one exothermic peak at 375°C, respectively. It indicated that, 
this stage is resulted from the breakage of the hydrogen bond between 
the template and the framework, the dehydrogenation and 
dehydroxylation of the compound, also including the removal of the other 
organic template. Moreover, it also brought about the breakage of the 
framework of the compound. The small weight loss in the range of 390°C 
and 470°C is 0.7%, which is corresponding to two small exothermic peaks 
at 429°C and 465°C and two small endothermic peaks at 440°C and 
474°C, is resulted from the further oxidation and removal of the organic 
template. Finally, in the temperature region of 470°C to 650°C, the 
weight loss (8.4%) and the corresponding exothermic effect at 536°C and 
endothermic effect at 554°C are resulted from the complete oxidation and 
removal of the residue organic template. As a comparison, as shown in 
Figure 2(b), for sample S4, the weight loss region can also be divided into 
four steps, i.e., room temperature ~340°C (step 1), 340°C~430°C (step 2), 
430°C~500°C (step 3), and 500°C~650°C (step 4). The above four 
temperature regions are corresponding to five endothermic and four 
exothermic peaks in its DTA curve (Figure 2(b)). It is found that S0 and 
S4 have the similar thermal behaviour in TG-DTA curves, which are also 
corresponding to the similar phase transformation and decomposition 
process. 

Further, as shown in Figure 2, the weight loss of sample S4 is smaller 
than sample S0 in step 2, while it is larger in step 3. In addition, for 
sample S4, the phase transition temperature in step 4 is a little higher 
than that for sample S0. The endothermic and exothermic effects and 
their corresponding temperature for the two compounds are also 
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different. So, the introduction of Al elements changes the thermal 
behaviour of the compound to some extent, which is probably produced by 
changing the linkage between the template and the framework, then it 
makes the dehydrogenation and dehydroxylation and the removal of the 
template from the structure for the corresponding compound a little more 
difficult. However, the above XRD analysis indicated that their phase 
structure at room temperature kept invariable. 

 
Figure 2. TG-DTA analysis of sample S0 (a) and S4 (b). 

3.3. Temperature dependence XRD analysis 

Figure 3 gives the powder XRD patterns for compound S0 (a) and S4 
(b) at different temperature, including room temperature (25°C), 330°C, 
380°C, 470°C, and 650°C, which is based on the above TG-DTA analysis. 
As is shown in Figures 3(a) and 3(b), the observed XRD results show that 
the structures of compound S0 and S4 start to decompose at around 
330°C and almost completely destroyed at around 380°C, and then it 
recrystallized into FePO4 and Fe4(P2O7)3  at around 650°C. No obvious 
difference between compound S0 and S4 in the phase transition process 
was observed, which means that small amount of Al content can not be 
detected by the XRD analysis. But the detailed structural phase 
transition behaviour with increasing temperature can be found. 
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Figure 3. XRD patterns of sample S0 (a) and S4 (b) at different 
temperatures. 

3.4. Temperature dependence FT-IR analysis 

Figure 4 gives the FT-IR spectra for sample S0 (a) and S4 (b), which is 
recorded at room temperature, 330°C, 380°C, 470°C, and 650°C, 
respectively. The selected temperature points are the same temperatures 
as in the above XRD analysis. As is shown in Figure 4, the two samples, 
S0 and S4 have the similar FT-IR spectra profile at room temperature. 
For example, the bands at around ,3018cm 1−  ,2960cm 1−  ,2723cm 1−  

,2624cm 1−  ,2547cm 1−  and 12457cm−  are assigned to piperazine, band 

at around 11614cm−  is assigned to the absorbed water, band at around 
1cm1545 − is assigned to C-H, bands at around 1cm1460 − and 
1cm1419 − are assigned to N-H, and bands at around 1cm1090 −  and 
1cm1008 − are assigned to .)HPO( 2

4
−  But as far as the bands at around 

1cm656 − , ,cm568 1− and 128cm5 −  are concerned, they are obvious 
different for compound S0 and S4, which may be resulted from the 
substitution of Al for Fe in the structure, and they should be assigned to 
P-O vibration in different chemical environment. With increasing 
temperature, the absorption bands of piperazine, such as C-H, N-H, and 
the absorbed water and −2

4 )HPO(  disappeared at 330°C [3]. 

Simultaneously, the bands at around 1cm3380 −  (OH−), 12340cm−  

( ),NC≡−  and 11652cm−  ( )−=− CC  were observed. This means that the 
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ring structure of piperazine (C4H10N2) was destroyed and changed to the 
chain structure, such as ,NCCCCN ≡−=−≡  due to the oxidation and 
dehydrogenation effect of the corresponding compound at 330°C. The 
framework structures of both compounds start to breakdown at 330°C. 

FT-IR spectra recorded at 380°C and 470°C are similar as that 
recorded at 330°C except for the intensities of the bands at around 

13380cm−  ( ),OH−  12340cm−  ( ),NC≡−  and 11652cm−  ( ).CC −=−  It is 

found that the absorption intensities decrease and shift to higher wave 
number with increasing temperature. Finally, the FT-IR spectra for 
sample S0 (Figure 4(a)) and S4 (Figure 4(b)) recorded at 650°C show no 
adsorption bands for organic compound. The observed adsorption bands 

located at around 11010cm−  for ( ) −4
72OP  and in the range of 

800~400cm-1 for PO vibration. The present results are also consistent 
with the above result of XRD analysis, which shows the formation of 
FePO4 and Fe4(P2O7)3 at 650°C. 

 

Figure 4. FT-IR spectra of sample S0 (a) and S4 (b) at different 
temperatures. 

4. Conclusion 

In conclusion, open-framework Al(III)-doped iron(III) phosphate  
OH]O)(H)(PO)(HPOAl)[(Fe,)NH(C 2226424622124 ⋅  compound was 

synthesized by the hydrothermal method. The thermal behaviour of 
compounds O]·HO)(H)(PO)(HPO[Fe)NH(C 2226424622124  and 22124 )NH(C  
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O]·HO)(H)(PO)(HPOAl)[(Fe, 22264246  with 2.144% Al was investigated 

systematically. It is found that both compounds have the similar thermal 
behaviour in TG-DTA curves except for the small difference in 
temperature. Compared to O,]·HO)(H)(PO)(HPO[Fe)NH(C 2226424622124  

the weight loss of O]·HO)(H)(PO)(HPOAl)[(Fe, )NH(C 2226424622124  is 

smaller in the second heating stage, viz., 340°C~430°C. Introduction of Al 
element changes the thermal behaviour of the basic compound 

22124 )NH(C  O]·HO)(H)(PO)(HPO[Fe 22264246  by changing the linkage 

between the template and the framework, which make the 
dehydrogenation, dehydroxylation, and the removal of the template from 
the structure a little more difficult. XRD analysis indicated that the 
structures of both compounds start to breakdown at around 330°C, almost 
completely destroyed at around 380°C, and recrystallized into FePO4 and 
Fe4(P2O7)3 at around 650°C. 
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