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Abstract. The metal ions (Ti+4, Mg+2, Zn+2 and Co+2) have been substituted in place of Al+3 in  
aluminophosphates (AlPOs). These compounds were used for the first time as possible photocatalysts for 
the degradation of organic dyes. Among the doped AlPOs, ZnAlPO-5, CoAlPO-5, MgAlPO-11, 18 and 
36 did not show any photocatalytic activity. MgAlPO-5 showed photocatalytic activity and different 
loading of Mg (4, 8, 12 atom % of Mg) were investigated. The activity can be enhanced by the increasing 
of concentration of the doped metal ions. TiAlPO-5 (4, 8, 12 atom % of Ti) showed the highest photo-
catalytic activity among all the compounds and its activity was compared to that of Degussa P25 (TiO2). 
The activity of photocatalysts was correlated with the diffuse reflectance and photoluminescence spectra. 
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1. Introduction 

Microporous aluminosilicates have commanded  
attention not solely due to the Bronsted acidic cata-
lytic properties, but also for the entire sweep of 
Lewis acidity based catalytic properties and redox 
activity that lead to interesting chemical reactions to 
both the academic chemist as well as to the industri-
alist.1–4 The discovery of aluminophosphates (AlPO-
n, n corresponds to mathematical number) in 1982 
by Flanigen and co-workers5 with zeolite-like struc-
tures provided another family of compounds with 
open framework structures. AlPOs are intrinsically 
more polar than aluminosilicates and it is easier to 
substitute Al+3 site in the tetrahedral framework with 
a wide range of metal ions. This leads to a family of 
structures known as metal (Me)-substituted AlPOs 
(Me-AlPOs).6 The heterogeneous catalytic proper-
ties of Me-AlPOs have been studied extensively dur-
ing the last decade. Thomas and co-workers have 
established that substitutions of bivalent metal ions 
in AlPOs give rise to heterogeneous catalysts, espe-
cially when the substituted atom is a transition  
element.7,8 
 The use of visible or ultra-violet (UV) light for 
carrying out photo-assisted chemical reactions has 
attracted the attention of scientists. Photocatalytic 
studies of many organic reactions have been carried 

out in the presence of aluminosilicates, notably zeo-
lite-Y (faujasite)9,10 and also on many titanium-
containing compounds.11–13 The photocatalytic acti-
vity under visible light has been studied using the 
compounds based on titanate phases and other 
nanoparticles.14–16 The single site photocatalytic 
studies on TiO2 and other related compounds have 
been reviewed recently.17 Since the AlPOs have 
structures that are comparable to the zeolites, it 
would be interesting to study the photo-assisted  
reactions employing AlPOs as the photocatalysts. A 
careful search of the literature reveals that such 
studies have not been attempted in any of the micro-
porous AlPOs (<20 Å pore diameter), though some 
effort has been expended for such a study employing 
mesoporous aluminophosphates (20–500 Å pore  
diameter) and related compounds.18 
 We have been investigating the use of UV-visible 
light for the degradation of organics in the presence 
of a suitable catalyst.19–21 The degradation of organ-
ics is important, especially in the treatment of 
wastewater from industries. Of the many processes 
that are known for the degradation of organics, the 
wet air oxidation (WAO) and advanced oxidation 
processes (AOP) using Fenton’s reagent and photo-
chemical reactions in the presence of hydrogen per-
oxide22 are important. The WAO process requires 
elevated temperatures (150–325°C) and high oxygen 
pressures, which lead to higher energy costs. The 
advanced photochemical process, on the other hand, 
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produces a large number of intermediates, some of 
which could be toxic. The photocatalytic degra-
dation is, thus, advantageous over these other pro-
cesses as it reduces the waste disposal issues. 
 An ideal photocatalyst would utilize visible 
and/or near UV light, be biologically and chemically 
inert, photostable (not prone to photocorrosion), in-
expensive and non-toxic. Of the many materials that 
have been investigated, TiO2 and related oxides  
appear to have many of these qualities and were 
studied extensively.11–17 Recently, metal-organic 
frameworks (MOFs) with π-donors have also been 
shown to be active for the photodegradation of dyes 
and organics.23–25 In the continued research aimed at 
finding new materials as photocatalysts, we have 
been interested in AlPOs. A report in Chinese26 has 
discussed the degradation of methyl orange with  
Fe-doped AlPOs. However, a detailed study on vari-
ous metal-doped AlPOs for photocatalysis is not 
available. In this present study, MeAlPOs have been  
examined as photocatalysts for the degradation of a 
variety of organic dyes; xanthene (Rhodamine blue, 
RBL), anthraquinoic (Alizarin green, AG), azoic 
(Orange G, OG), heteropolyatomic (Methylene blue, 
MB), and ionic (trans-4-[4-(dimethylamino)styryl]-
1-methylpyridiniumiodide, DSMP) and the results 
are presented here. The effects of doped metal ions 
have also been studied for the photocatalytic acti-
vity. 

2. Experimental 

2.1 Materials 

The organic dyes and other compounds for the 
photocatalytic experiments, MB, RBL, OG, AG, and 
DSMP (S.D. Fine-Chem. Ltd, India), were used as 
received. The water used was double distilled  
filtered through a Millipore membrane. All chemi-
cals were purchased from Aldrich Chemicals for the 
preparation of AlPOs. 

2.2 Synthesis and initial characterization 

All the compounds investigated in the present study 
were prepared employing the well-established syn-
thesis procedures.27 In a typical experiment for the 
preparation of AlPO-5, the reagents, Al(O-iPr)3, 
H3PO4 (85 wt%), Et3N and H2O were taken in the 
mole ratio, 1 : 1 : 1⋅5 : 222. The aluminium precursor, 

Al(O-iPr)3 (LEO-Chemica, 99%) was taken in 4 ml 
water based on the above molar ratio and then 
H3PO4 (Merck, 85 wt%) was added drop-wise. The 
organic amine (Et3N; Aldrich, 99⋅5%) was added  
after stirring the mixture for half an hour. Finally, 
0⋅5 ml of HF (Rankem, 40 wt % in water) was added 
to the mixture and stirred for one hour. The mixture 
was heated in a PTFE- lined stainless steel autoclave 
at 180°C for 36 h. The resulting white coloured solid 
was vacuum filtered, washed with deionized water 
and dried under atmospheric conditions. A similar 
synthesis procedure was adopted for the preparation 
of the metal substituted AlPO-5 (Me = Co, Zn, Mg 
and Ti). The metal acetate salts (CDH, AR grade) 
were taken for Co, Zn, Mg and titanium-isopropoxide 
was taken for Ti doped AlPOs. The molar concen-
tration of the salts were taken as x% (varied from 
4% to 12%) to obtain the product MexAl(1–x)PO4 
where x is atom %. The metal salts were added  
before the amine and HF were added. In all the 
cases, white powder samples were obtained, except 
CoAlPO which was blue in colour. 
 The Ti and Mg doped (8 atom %) AlPO-n (n = 11, 
18 and 36) were also prepared employing standard 
synthesis procedures available in the literature.27 
The different MeAlPO-n was synthesized by using 
different organic amines as a template. The pH of 
the reaction mixture has an important role in the 
synthesis of MeAlPO-n. The MeAlPO-11 was syn-
thesized by using the dipropylamine (Aldrich, 99%) 
instead of Et3N and HF mixture. The pH of the reac-
tion mixture was 6 and heated in a PTFE-lined 
stainless steel autoclave at 200°C for 24 h. The 
MeAlPO-18 was synthesized by using N,N-
diisopropylethylamine (Aldrich, 99%) and the pH of 
the reaction mixture was 8. The product was  
obtained from the heating of the mixture at 135°C 
for 96 h. The MeAlPO-36 was synthesized by using 
tripropylamine (Aldrich, 98%) and the pH of the  
reaction mixture was 7. The reaction mixture was 
heated at 125°C for 24 h and 150°C for 24 h. In all 
the cases, the products MeAlPO-n (n = 11, 18 and 
36) were white. The synthesized samples were 
heated at 550°C for 12 h in a flow of oxygen to  
remove the occluded organic template molecules 
and to yield a microporous samples. 
 All the compounds were characterized by a vari-
ety of techniques that include powder X-ray diffrac-
tion (XRD), FTIR, diffuse reflectance spectroscope, 
photoluminescence spectroscope, SEM and BET 
surface area. The powder XRD patterns were  
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recorded on the samples in the 2θ range 5–50° using 
Cu-Kα radiation (Philips, X’pert-Pro, λ = 1⋅5418 Å). 
Infrared (IR) spectroscopic studies have been carrie-
dout in the mid-IR region (4000 to 400 cm–1) on 
KBr pellets (Perkin Elmer, SPECTRUM 1000). The 
diffuse reflectance spectra of all the samples (as 
prepared and calcined) were recorded using UV-
visible spectrophotometer (Perkin-Elmer model 
Lambda 35). The Kubelka-Munk [F(R) = (1 – R)2/ 
2R] transformations were carried out on the UV-Vis 
reflectance data to obtain an absorbance like spectra. 
XAFS of the TiAlPO-5 have been done with  
Ti-HMS as a reference of tetrahedral environment. 
The ICP analysis of AlPO-5, MgAlPO-5 (4, 8 and 
12 at%) and TiAlPO-5 (4, 8 and 12 at%) was carried 
out in Optical Emission Spectrometer (Perkin–
Elmer; Optima 2100DV). For ICP analysis, the 
standard solution for the calibration of Ti was pre-
pared by dissolving titanium-isopropoxide in water. 
Similarly, the standard solutions for Al, Mg and P 
were prepared by dissolving nitrate salts of Al, Mg 
and H3PO4 in water. The AlPO-5 and MeAlPO-5 
samples were digested in HNO3 and HCl mixture 
and the dilute solution was prepared in water. The 
amount of Ti, Mg, Al and P were determined from 
the calibrations. To ensure accuracy, several sam-
ples of AlPOs were digested and analysed in ICP. 
The photoluminescence emission spectra were  
recorded in Luminescence spectrometer (Perkin–
Elmer model LS 55). SEM studies have been carried 
out on FEI-SEM (QUANTA). The surface area of 
the materials was determined by volumetric method 
using N2 as the adsorbent (Belsorp, Japan). 

2.3 Degradation experiments 

The photochemical reactor employed in this study is 
similar to that employed earlier in our studies.23–25 
The mercury vapor lamp radiated predominantly at 
365 nm corresponding to the energy of 3⋅4 eV. The 
photon flux was measured by conducting actinomet-
ric experiments with o-nitrobenzaldehyde and the 
flux was 2⋅6 × 10–6 mol/m2s. For the photocatalytic 
degradation studies, the organic dyes were dissolved 
in double distilled Millipore filtered water. All the 
experiments were carried out at the natural pH of the 
solution. The pH of the solutions was between 6 and 
7 and did not vary during the photocatalytic reac-
tions. The reactions were carried out at 30°C, which 
was maintained by circulating water in annulus of 
the jacketed quartz reactor. All the compounds were 

stirred in dark for 30 min at room temperature prior 
to UV irradiation to ensure that the equilibrium  
adsorption/desorption of the substrate on the catalyst 
was attained. This would eliminate the possible  
effects of adsorption during photocatalytic reactions. 
However, no adsorption of the dye on the material 
was observed even after 12 h of stirring in the dark. 
Samples were collected at regular intervals, filtered 
through Millipore membrane filters, and centrifuged 
to remove the catalyst particles prior to the analysis. 
 Samples were analysed using a UV-visible spec-
trophotometer. The calibration for RBL, MB, AG, 
OG, and DSMP was based on Beer–Lambert law at 
its maximum absorption wavelength.19–22 Control 
experiments with either only UV or in the presence 
of AlPO-5 were carried out, which showed no deg-
radation of the dye. The powder XRD patterns,  
recorded after photocatalytic reactions, did not  
reveal any changes indicating the phase stability of 
the catalysts. Experiments were conducted in tripli-
cate for all cases and the error in the determination 
of the degradation rate coefficient is less than 5%. 
For comparison, the photocatalytic performance of 
the commercial TiO2 (Degussa P25, 30 nm size, 
50 m2/g surface area) was also carried out under the 
same experimental conditions. 

3. Results and discussion 

The X-ray powder diffraction patterns for the as 
prepared AlPO-5 and Me-AlPO-5 (Me = Co and Zn 
4 atom %; Ti and Mg = 4, 8 and 12 atom %) were 
identical and compared well with that reported in the 
literature, indicating phase purity of the samples 
(see supplementary information, figures S1–S3 and 
S7). The XRD patterns of the Mg and Ti-AlPO-n 
(n = 11, 18 and 36; 8 atom %) also showed that they 
are obtained in a phase pure form (see supplemen-
tary information, figures S4–S6 and S8–S10). The 
calcined samples in all the cases showed that they 
retain the crystallinity as well as the phase purity 
(see supplementary information, figures S1–S10). 
The PXRD pattern (figure 1) of the bulk sample of 
MgAlPO-5 and TiAlPO-5 (8 atom %) has shown the 
pure and crystalline phase of the compounds. This 
has been used for the detailed photocatalytic reac-
tions. 
 IR spectroscopic studies of calcined AlPO-5, 
MgAlPO-5 and TiAlPO-5 indicated an identical 
spectra in the mid IR (4000–400 cm–1) region (figure 
2). All the compounds have two sharp peaks at 
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about 1100 and 720 cm–1 region which can be  
assigned for P–O stretching vibration of (PO4)

3– and 
stretching vibration of Al–O in combination with  
 
 

 
 

Figure 1. Powder X-ray diffraction pattern (CuKα) for 
MeAlPO-5 (8% doped): (i) as prepared MgAlPO-5, (ii) 
calcined MgAlPO-5, (iii) as prepared TiAlPO-5, (iv) cal-
cined TiAlPO-5 and (v) simulated (ref. 27) MeAlPO-5. 

 

 
 

Figure 2. FTIR spectra of (a) TiAlPO-5, (b) MgAlPO-5 
and (c) AlPO-5. 

P–O, respectively. The other two peaks at about 
3470 and 1645 cm–1 region can be assigned for the  
absorbed moisture and some oxidized carbonate 
phase of the calcined samples. One extra peak  
observed at 3615 cm–1 for TiAlPO-5 can be assigned 
to the –OH group, which has been discussed in  
detail later. 
 The absorbance like spectra, plotted on the cal-
cined samples in the range of 600–200 nm indicated 
a peak at ~ 267 nm (figure 3a). As can be noted, in 
the case of MgAlPO-5 (4 atom %), an additional 
peak at 290 nm of very less intensity was also ob-
served. The corresponding band gap values calcu-
lated from the absorbance edge would be 4⋅6 eV and 
4⋅16 eV, respectively. The higher doping of Mg in 
AlPO-5 (8 and 12 atom %) indicates an additional 
peak at 305 nm (figure 3b). The UV-visible spectra 
of 8 atom % doped MgAlPO-n (n = 5, 11, 18 and 
36) are shown in figure 4a. The spectra of MgAlPO-
11, 18 and 36 samples do not show any additional 
peaks other than the primary peak observed at 
267 nm, except for MgAlPO-36, which exhibit a 
small peak centered at ~ 315 nm. Since AlPO-5 and 
AlPO-36 have similar connectivities and comparable 
structure,27 the appearance of the second peak at 
~ 315 nm in the 8 atom % Mg doped samples may 
be related to the distortion of structure or to the 
creation of a unique defect site. 
 The Kubelka–Munk absorbance like spectra of the 
TiAlPO-n (n = 5, 11, 18 and 36) samples exhibit a 
broad peak at 260 nm with an additional peak at 
290 nm (see figure 4b). The peak at ~ 290 nm  
appears to show a shift from 290 to 305 nm for 4, 8 
and 12 atom % TiAlPO-5 (figure 3c). A similar  
absorption edge due to the tetrahedral coordination 
of Ti has been observed for mesoporous titanium 
phosphate materials.28 Similar to this study, a shift 
in the absorption band to higher wavelength with  
increasing Ti loading has been observed for  
titanium-phosphorous mixed oxides.28 The absence 
of any shoulder at 330–350 nm in the spectra shows 
the absence of extra framework anatase like titanium 
oxide,29 in which Ti is in octahedral coordination. 
 The band gap of the material calculated from the 
absorbance edge corresponds to ~ 3⋅18 eV. This  
observation clearly indicates that the band gap of 
TiAlPO-5 is less than that of MgAlPO-5. There is a 
marked difference in the absorbance like spectra of 
TiAlPO-n compared to other metal substituted 
AlPO-n, as clearly observed in figure 3a. This is due 
to the substitution of Ti in both the Al and P sites in 
case of TiAlPO-n while the substitution of other



Effect of metal ion doping on the photocatalytic activity of aluminophosphates 

 

775

 
 

Figure 3. UV-visible Kubelka-Munk spectra of (a) (i) TiAlPO-5, (ii) MgAlPO-5, (iii) AlPO-5, (iv) CoAlPO-5 and 
(v) ZnAlPO-5 (4 atom % doped Me). (b) (i) 12%, (ii) 8% and (iii) 4% doped Mg in MgAlPO-5. (c) (i) 12%, (ii) 8% 
and (iii) 4% doped Ti in TiAlPO-5. 

 

 
 

Figure 4. UV-visible absorbance like spectra of (a) (i) MgAlPO-5, (ii) 
MgAlPO-11, (iii) MgAlPO-18 and (iv) MgAlPO-36. (b) (i) TiAlPO-5, (ii) 
TiAlPO-11, (iii) TiAlPO-18 and (iv) TiAlPO-36. 

 
 

metals occurs only in the Al site of the other metal 
AlPO-n. This will be discussed in detail later. 
 The calcined samples, AlPO-5 and MeAlPO-5 
(Me = Mg, Zn, Co; 4 atom %), were employed in the 
photocatalytic degradation of methylene blue (MB; 
λmax = 660 nm) (figure 5). The catalytic experiments 
were conducted by varying the catalyst concentra-

tion. The rate coefficients do not change after 1 g/L 
of the catalysts. So, the experiments were conducted 
with 2 g/L of the catalysts. The plot indicates that 
the degradation of MB is not significant in the pre-
sence of 2 g/L of Zn and Co doped AlPO-5. How-
ever, the Mg doped AlPO-5 shows reasonable 
activity. This indicates that the peak centered at 
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~ 290 nm, observed in the absorbance like spectra, 
assumes significance in determining the photocata-
lytic activity. If this assumption is reasonable, one 
could expect to see an increased photocatalytic  
activity in samples containing higher concentration 
of Mg. Thus, we investigated the photocatalytic acti-
vity of 8 and 12 atom % Mg-AlPO-5 in the degrada-
tion of the organic dyes (figure 6a). As presumed, 
the degradation of MB appears to show some degree 
of dependence on the dopant concentration of Mg in 
AlPO-5. The degradation rate of MB in presence of 
2 g/L MgAlPO-5 is only comparable with 0⋅2 g/L of 
Degussa P25 (the activity, however, is much less 
compared to 2 g/L Degussa P25). Since, we had  
observed the presence of the peak in the absorbance 
like spectra of the Ti doped AlPO-5 (~ 300 nm), it is 
to be expected that these samples are likely to be  
active as photocatalysts. To this end, we have sub-
jected that 4, 8 and 12 atom % doped TiAlPO-5 for 
the photocatalytic dissociation of MB under identi-
cal conditions (figure 6b). As can be noted, the deg-
radation of MB in the presence of TiAlPO-5 (12% 
doped) appears to be comparable with 2 g/L  
Degussa P25 (TiO2) photocatalyst after 90 min of 
degradation. The initial rate of degradation is higher 
in case of Degussa P25. The photocatalytic activity 
 
 

 
 

Figure 5. Degradation profiles of 25 ppm MB in pre-
sence of (i) AlPO-5, (ii) CoAlPO-5, (iii) ZnAlPO-5 and 
(iv) MgAlPO-5 (Co, Zn and Mg = 4 atom %). 

of 8 atom % and 12 atom % are more or less similar. 
The degradation rate increases with the increase in 
the dopant concentration of Ti, but the activity  
appears to saturate with 8 atom % doping. Thus, we 
have chosen 8 atom % Ti doped sample for further 
detailed investigation. 
 Since the Ti and Mg-AlPO-5 (8 atom %) exhi-
bited some degree of activity for the photocatalytic 
degradation of MB, the other Ti and Mg-doped alu-
minophosphate (MeAlPO-n) samples were investi-
gated under similar conditions. The results of the 
study are shown in figures 7a and b. We have also 
carried out the degradation studies as a function of 
varying initial concentration of MB (50, 25, 15 and 
10 ppm solution of MB; λmax = 660) using 2 g/L Mg 
and Ti doped AlPO-5, 11, 18 and 36 catalysts  
(figures 8 and 9). The degradation rate followed the  
order AlPO-5 > AlPO-18 > AlPO-11 > AlPO-36 in 
both the cases of metal doped AlPOs. 
 Langmuir–Hinshelwood (L–H) kinetics of the 
form r0 = k0C0/(1 + K0C0), (r0 is the initial rate, C0 is 
the initial concentration of the dye, k0 the kinetic 
rate constant and K0 is the equivalent adsorption co-
efficient) was employed to quantify the photochemi-
cal degradation reaction. The plots of the reciprocal 
initial degradation rate (1/ro) with the reciprocal of 
the initial dye concentration (1/C0) in presence of 
MgAlPO-5, 11, 18, 36 and TiAlPO-5, 11, 18, 36 are 
shown in figures 10a and b, respectively. The para-
meters, k0 and K0, for the photocatalytic degradation 
of the dyes are obtained from the slope and the  
intercept of the linear plot (table 1) for the various 
MeAlPOs. The degradation rate coefficient, k0, for 
MB in the presence of MgAlPO-5 is more than 
twice that of MgAlPO-11, 18 and 36. Similarly, the 
degradation rate coefficient for MB in presence of 
TiAlPO-5 is nearly twice that of MgAlPO-5, 
TiAlPO-11, 18 and 36. 
 From the above studies, it appears that TiAlPO-5 
and MgAlPO-5 are better catalysts and we carried 
out a detailed study for the photodegradation of  
different classes of dyes with different initial con-
centrations. For this, we took 50, 40, 30 and 20 ppm 
concentration of RBL (xanthene type dye; λmax = 
663 nm), 100, 75, 50 and 25 ppm of OG (azoic type 
dye; λmax = 482 nm) and DSMP (ionic type dye; 
λmax = 450 nm) 100, 75, 50 and 30 ppm of AG (an-
thraquinoic type dye; λmax = 604 nm) dye in the 
presence of 2 g/L of MgAlPO-5 (8 atom %) catalyst 
(figure 11a). In all the cases, we observed a reason-
able degradation of the dyes. When the similar  
studies were carried out with TiAlPO-5, better
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Figure 6. Degradation profiles of MB with an initial concentration of 25 ppm 
by (a) (i) 4%, (ii) 8%, (iii) 12% doped MgAlPO-5 (2 g/L), (iv) Degussa P25 
(0⋅2 g/L) and (v) Degussa P25 (2 g/L); (b) (i) Degussa P25 (0⋅2 g/L) (ii) 4%, 
(iii) 8%, (iv) 12% doped TiAlPO-5 (2 g/L) and (v) Degussa P25 (2 g/L). 

 
 
 

 
 

Figure 7. Degradation profiles of MB with an initial concentration of 25 ppm 
in presence of (a) 8% Mg doped (i) AlPO-5, (ii) AlPO-11, (iii) AlPO-18 and 
(iv) AlPO-36. (b) 8% Ti doped (i) AlPO-5, (ii) AlPO-11, (iii) AlPO-18 and (iv) 
AlPO-36. 

 

 
degradation rates were obtained as compared to the 
MgAlPO-5 (figure 11b). In all the cases, the varia-
tions of the dye concentration as a function of time 

for different initial concentrations are presented in 
figures 12 and 13. The rate constants were measured 
and compared for both the Mg and the Ti doped



Avijit Kumar Paul et al 

 

778 

 
 

Figure 8. Degradation profile of MB with different initial concentration in pre-
sence of (a) MgALPO-11; (b) MgALPO-11; (c) MgALPO-18 and (d) MgALPO-36 
respectively. 

 
Table 1. Kinetic parameters for the degradation of MB dye with 8% Mg+2 ion 
doped 8% Ti+4 ion doped AlPO-5, 11, 18 and 36. 

Compound Mg+2 doped Mg+2 doped Ti+4 doped Ti+4 doped 
(8% doped) k0 (min–1) K0 (ppm–1) k0 (min–1) K0 (ppm–1) 
 

AlPO-5 0⋅018 0⋅003 0⋅027 0⋅061 
AlPO-11 0⋅006 0⋅105 0⋅013 0⋅100 
AlPO-18 0⋅007 0⋅069 0⋅016 0⋅066 
AlPO-36 0⋅005 0⋅098 0⋅010 0⋅140 

 
AlPO-5 (table 2), which consistently showed a 
higher degradation rate for the TiAlPO-5 compared 
to MgAlPO-5. 

 From the above studies, it is clear that the 
TiAlPO-5 (8 atom %) and the MgAlPO-5 (8 atom 
%) appear to exhibit good activity as a photocatalyst
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Figure 9. Degradation profile of MB with different initial concentration in 
presence of (a) TiAlPO-5; (b) TiALPO-11; (c) TiALPO-18 and (d) TiALPO-36 
respectively. 

 
Table 2. Kinetic parameters for the degradation of dyes with 8% Mg+2 ion doped 
and 8% Ti+4 ion doped AlPO-5. 

Name of the 8% Mg+2 8% Mg+2 8% Ti+4 8% Ti+4 
dye k0 (min–1) K0 (ppm–1) k0 (min–1) K0 (ppm–1) 
 

MB 0⋅018 0⋅003 0⋅027 0⋅061 
RBL 0⋅017 0⋅048 0⋅074 0⋅087 
OG 0⋅003 0⋅008 0⋅021 0⋅038 
AG 0⋅003 0⋅002 0⋅013 0⋅012 
DSMP 0⋅022 0⋅087 0⋅029 0⋅045 

 
for the degradation of the organic dyes. It may be 
worthwhile to ponder over the possible reason for 
this observation. 

 The FTIR spectroscopic studies indicated an extra 
peak at 3615 cm–1 for TiAlPO-5, which could be a  
–OH group (hydroxyl). The presence of –OH group
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Figure 10. Variation of the photodegradation rate with the initial concentra-
tion of MB in presence of 2g/L of 8% doped (a) (i) MgAlPO-5, (ii) MgAlPO-
11, (iii) MgAlPO-18 and (iv) MgAlPO-36. (b) (i) TiAlPO-5, (ii) TiAlPO-11, 
(iii) TiAlPO-18 and (iv) TiAlPO-36. 

 
 

 
 

Figure 11. Variation of the photodegradation rate with the initial concentra-
tion of (i) RBL (ii) OG (iii) AG and (iv) DSMP in presence of 2g/L of 8% (a) 
MgAlPO-5; (b) TiAlPO-5. 

 
 
can be attributed to the substitution of Ti+4 in place 
of Al+3 in the framework of AlPO-5. It is likely that 
the –OH group is labile, similar to the H+ ion in M+2 
substituted AlPOs.30 The enhanced catalytic activity 

of the Ti-substituted AlPO-5 may be related to the 
presence of the –OH group, though it is a little pre-
mature to draw a conclusion. Similarly, the substitu-
tion of Mg+2 ion in place of Al+3 can give rise to
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Figure 12. Degradation profile of (a) RBL; (b) OG and (c) AG (d) DSMP 
with different initial concentration of dyes in the presence of MgALPO-5. 

 
 

Table 3. Atom % present in the product AlPO-5 and substituted AlPO-5 obtained 
from the ICP analysis. 

Compounds (initial atom %) Elements present in product (atom %) 
 

AlPO-5 Al = 50⋅5, P = 49⋅5 
MgAlPO-5 (4 at%) Mg = 2⋅1, Al = 48⋅2, P = 49⋅7 
MgAlPO-5 (8 at%) Mg = 4⋅3, Al = 46⋅7, P = 49 
MgAlPO-5 (12 at%) Mg = 6⋅3, Al = 44⋅4, P = 49⋅3 
TiAlPO-5 (4 at%) Ti = 2⋅2, Al = 49⋅3, P = 48⋅5 
TiAlPO-5 (8 at%) Ti = 4, Al = 48, P = 48 
TiAlPO-5 (12 at%) Ti = 6⋅3, Al = 45⋅7, P = 48 

 
 
labile H+ ions (resulting in a Bronsted acidity), 
which could contribute to the catalytic behaviour. 
The substitution of Zn+2 and Co2+ in place of Al+3 
can give rise to H+ ions, but the ionic radius of Zn+2 
and Co2+ ion (0⋅75 Å) is much bigger than of Al+3 

(0⋅50 Å) which can make the defect sites in original 
AlPO-5 structure. The original AlPO-5 structure is 
not distorted by the substitution of smaller ion 
(Mg+2, 0⋅64 Å), which is prone to electronic transi-
tion from valance bond to conduction band in
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Figure 13. Degradation profile of (a) RBL; (b) OG and (c) AG (d) DSMP 
with different initial concentration of dyes in the presence of TiALPO-5. 

 

Table 4. Band gap and surface area of AlPOs and  
substituted AlPOs. All the compounds exhibited a reflec-
tance peak at ~ 267 nm corresponding to 4⋅6 eV. The  
table is for the extra reflectance peak observed including 
the common band gap of 4⋅6 eV. 

 Band gap Surface area 
Compounds (eV) (m2/g) 
 

TiAlPO-5 ~ 3⋅18 224 
MgAlPO-5 (4 atom %) ~ 4⋅16 240 
MgAlPO-5 (8, 12 atom %) ~ 3⋅93 230–240 
AlPO-5 ~ 4⋅6 260 
CoAlPO-5 ~ 4⋅6 222 
ZnAlPO-5 ~ 4⋅6 255 
MgAlPO-11 ~ 4⋅6 190 
MgAlPO-18 ~ 4⋅6 463 
MgAlPO-36 ~ 4⋅6 371 
TiAlPO-11 ~ 3⋅18 185 
TiAlPO-18 ~ 3⋅18 451 
TiAlPO-36 ~ 3⋅18 362 

presence of UV light. So, the extra peak in UV-Vis 
spectra can be found in case of MgAlPO-5. It may 
be noted that the photocatalytic reactions were  
carried out in aqueous medium and hence the 
mechanism of the degradation of the dyes either by 
OH- or H+ ions are likely to be similar and comple-
mentary in nature. 
 To investigate the substitution of Ti and Mg in the 
substituted ALPO-5, the ICP analysis was carried 
out. The results (table 3) indicate that Mg replaces 
Al but Ti replaces both Al and P in AlPO-5. We 
have also tried to prepare TiAlPO-5 (TixAlP(1–x)O4) 
with 4, 8 and 12 atom % doping of the P site to  
verify the position of Ti in AlPO-5. The PXRD (see 
figure 14) showed that only 4 at% TiAlPO can be 
prepared in pure phase with lower peak intensity. 8 
atom % doping produced a new unknown amor-
phous phase with TiAlPO-5 and 12 atom % doping 



Effect of metal ion doping on the photocatalytic activity of aluminophosphates 

 

783

gave an amorphous unknown phase. This suggests 
that Ti is substituted in both the Al and P sites and it 
could not be prepared by taking the initial composi-
tion of TixAlP(1–x)O4. 
 Regarding charge balance, the simultaneous sub-
stitution of Ti+4 in Al+3 as well as P+5 would result in 
a neutral compound. A small difference in the sub-
stitution levels can give rise to the observed behav-
iour. When Ti+4 was substituted, it is clear that the 
doping takes place both at the Al+3 as well as P+5 
sites in AlPO-5 (from ICP analysis and PXRD). This 
would suggest a neutral compound, but the differ-
ences in the doping at Al+3 and P+5 sites can give rise 
to either acidic or basic character for TiAlPO-5. It 
has been known that Ti+4 is preferred at the P+5 sites, 
which would give acidic behaviour, similar to the 
doping of Mg+2 at the Al+3 site. Our IR studies (see 
figure 2) also indicate the presence of –OH in the 
TiAlPO-5, suggesting that the trend is consistent as 
outlined above. Since the total concentration of Ti+4 
is small, it was accommodated in the tetrahedral site. 
This is also confirmed by the XAFS studies (see fig-
ure 15). To verify the state of Ti, XAFS spectra 
were taken with Ti-HMS (tetrahedral coordination 
of Ti) as the reference. The spectra showed that Ti is 
in the tetrahedral coordination. 
 

 
 

Figure 14. Powder X-ray diffraction pattern (CuKα) 
for TixAlP(1 – x)O-5; where x is 4, 8 and 12 at% doping in 
place of P site. 

 Our diffuse reflectance spectroscopy studies also 
revealed another interesting feature (figure 3a) in the 
Mg and Ti substituted AlPO-5 samples. In both the 
cases, the peak corresponding to a band gap of 
~ 3⋅18 and 3⋅93 eV has been observed for the Ti and 
Mg- AlPO-5 samples, respectively. It is likely that 
this band gap could be due to the presence of some 
defect sites in the original structure. In this context, 
it is to be noted that the Co and Zn substituted 
AlPO-5 and Mg substituted AlPO-11, 18 and 36 
samples do not show any additional features in their 
diffuse reflectance spectra. The surface areas after 
substitution of different metal ions in AlPOs were 
determined and reported in table 4, which are com-
parable to those reported earlier.31,32 
 The diffuse reflectance spectra for the Ti sub-
stituted other AlPOs, viz AlPO-11, 18 and 36 also  
exhibited similar band corresponding to a band gap 
of ~ 3⋅18 eV, but their catalytic activities were found 
to be lower compared to TiAlPO-5. This observation 
can be rationalized by comparing the photolumines-
cence (PL) spectra for all the compounds. Thus, PL 
 
 

 
 

Figure 15. XAFS of Ti-HMS and TiAlPO-5 (4, 8 and 
12 at% doped). 
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Figure 16. Photoluminescence spectra of (a) (i) TiO2 and 8% Ti doped; (ii) 
AlPO-5; (iii) AlPO-18; (iv) AlPO-11 and (v) AlPO-36. (b) (i) TiO2 and (ii) 
4%, (iii) 8%, (iv) 12% doped TiAlPO-5. 

 
spectroscopic studies were carried out using an exci-
tation wavelength of 260 nm and the results were 
compared with Degussa P25 (TiO2) catalyst. The PL 
studies have been used as a probe for understanding 
the primary excitation processes in many semicon-
ductor photocatalysts.33 The results of the present 
study clearly show that the intensity of the emission 
band at ~ 484 nm and the bands at 405 and 419 nm 
are the highest for the TiO2 catalyst and reduces 
consistently for the Ti-doped AlPOs (figure 16a). 
The band at 484 nm corresponds to the emission 
from the Ti+4–OH group,33 while the bands at 405 
and 419 are due to the exciton emission from excited 
state.34 In addition, the PL intensity also increases 
with the increasing dopant concentration of Ti in 
AlPO-5 (figure 16b). Thus, the difference in the 
photocatalytic activity between the AlPOs could be 
due to the electron transfer between the excited and 
the ground state levels of Ti and follows the PL  
intensity. The comparison between the data in  
figures 6b and 16b clearly shows that the photocata-
lytic activity increases with increasing PL intensity 
for different atom % doping of Ti in AlPO-5. Simi-
larly, Figures 7b and 16a show that the photocata-
lytic activity increases with increasing PL intensity 
of Ti doped AlPO-n (n = 5, 11, 18 and 36). 

4. Conclusions 

The photocatalytic studies of the metal substituted  
AlPOs for the degradation of a variety of organic 

dyes have been investigated and compared to that of 
Degussa P25 catalyst. The present study suggests 
that the metal doped aluminophosphates could be 
employed as a photocatalyst for degradation of  
organic dyes. Among the AlPOs, AlPO-5 structure 
seems to be better for photocatalytic activity. 
Among the metal doped AlPOs, only Mg and Ti 
substituted AlPOs show significant photocatalytic 
activity. The photocatalytic activity can be enhanced 
by the increasing of doped metal ion concentration. 
The degradation rate coefficients of the dyes in 
presence of Ti doped AlPOs are higher than that of 
Mg doped AlPOs. The photocatalytic activity of the 
Ti-substituted AlPOs has been reasoned with the PL 
studies. 

Supplementary information 

Powder XRD pattern of all MeAlPOs in as prepared 
form and calcined form by comparing with simu-
lated pattern (figures S1–S10 can be seen in the 
website as supplementary information. See www.ias. 
ac.in/chemsci). 
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