
Applied Surface Science 605 (2022) 154696

Available online 1 September 2022
0169-4332/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Full Length Article 

Heteropolyacids supported on zirconia-doped γ, θ and α alumina: A 
physicochemical assessment and characterisation of supported solid acids 

Luke Forster a,*, Zhipeng Qie a,b, Min Hu a, Aristarchos Mavridis a, Cameron Price a,c, 
Christopher M.A. Parlett a,c,d,e, Xiaolei Fan a,f, Carmine D’Agostino a,g,* 

a Department of Chemical Engineering, School of Engineering, The University of Manchester, Oxford Road, Manchester M13 9PL, United Kingdom 
b Faculty of Environment and Life, Beijing University of Technology, Beijing 100124, China 
c Catalysis Hub, Research Complex at Harwell, Rutherford Appleton Laboratory, Oxfordshire OX11 0FA, United Kingdom 
d Diamond Light Source Ltd, Harwell Science and Innovation Campus, Didcot, Oxfordshire OX11 0DE, United Kingdom 
e University of Manchester at Harwell, Diamond Light Source, Didcot, Oxfordshire OX11 0DE, United Kingdom 
f Nottingham Ningbo China Beacons of Excellence Research and Innovation Institute, 211 Xingguang Road, 315191, Ningbo, China 
g Dipartimento di Ingegneria Civile, Chimica, Ambientale e dei Materiali (DICAM), Alma Mater Studiorum – Università di Bologna, Via Terracini, 28, 40131 Bologna, 
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A B S T R A C T   

In this paper we carry out a surface study of promising supported solid acid catalysts commonly used for the 
production of high value chemicals derived from glycerol. In particular, γ, θ and α alumina (Al2O3) were 
modified by (i) grafting with 5 wt% zirconia, (ii) doping with 30 wt% silicotungstic acid (STA), and (iii) using 
both zirconia and STA. The aim is to rationalise the effect of these different parameters on structural properties 
and surface adsorption through a comprehensive multi-technique approach, including recently developed NMR 
relaxation techniques. XRD and laser Raman spectroscopy confirmed a strong interaction between STA and the 
γ-/θ-Al2O3 resulting in a distortion of the supported STA Keggin structure relative to that of bulk STA. 
Conversely, a much weaker interaction between the supported STA and α-Al2O3 was measured. NMR relaxation 
demonstrated that the STA doping increases the adsorption properties of the catalyst, particularly for γ-/θ-Al2O3. 
For catalysts based on α-Al2O3, such effect was negligible. Thermogravimetric/differential thermogravimetry 
(TGA/DTG) analysis suggested that zirconia-grafted and non-grafted θ-Al2O3 and γ-Al2O3 are suitable materials 
for increasing the thermal stability of STA whereas α-Al2O3 (both grafted and non-grafted) does not improve the 
thermal stability of STA.   

1. Introduction 

As crude oil prices continue to increase and supplies become scarcer, 
it is increasingly apparent that new processes based on renewable 
feedstocks must be developed for more sustainable production of 
chemicals and materials. Biofuels (e.g., bio-diesel) are widely regarded 
as one of the most promising renewable feedstock and as such their 
production has increased dramatically in recent years. In fact, biofuels 
and advanced biofuels are projected to account for >17% of total de-
mand for transport fuels by 2050 [1]. Production of 1st and 2nd gen-
eration fatty acid methyl esters (the most common biodiesels) results in 
the generation of large amounts of raw glycerol (50–70% purity, 10 kg 
per 100 kg of biodiesel) as the main by-product. In the UK and Ireland 

alone, 58 ktons of waste glycerol is produced annually, which is either 
incinerated on-site or sent to make fertilizers and biogas [2]. Due to the 
massive abundance of glycerol produced and the relatively high amount 
of glycerol that is wasted, many efforts have been made to find ways of 
upgrading glycerol to value-added platform chemicals such as acrolein 
[3]. 

Acrolein is a key intermediate produced from glycerol dehydration 
and is commonly used at very low concentrations as a biocide for water 
treatment to limit the growth of aquatic weeds in irrigation waterways 
[4] or in the oil and gas industries as a biocide in oil-field brines [5]. 
Arguably the most important application of acrolein, however, is as an 
intermediate to the production of acrylic acid via catalytic oxidation [6]. 
Acrylic acid is a key bulk chemical used as an intermediate for the 
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production of many valuable chemicals and materials, such as in various 
polymers and coatings [7]. Global production of acrylic acid from crude 
oil is currently in excess of several million metric tons annually [8,9] and 
this is increasing by 3 – 5% every year [10]. As such, it should be clear 
that the production of acrylic acid by sustainable processes, such as the 
catalysed oxidation of acrolein produced by waste glycerol dehydration, 
is highly desirable in terms of creating a circular economy using sus-
tainable processes. 

For the dehydration of glycerol to take place effectively, acidic spe-
cies are required [11–13]. Due to their relative ease of separation, solid, 
heterogeneous acid catalysts are generally desirable from an industrial 
perspective. As such, the development of such catalysts is an important 
area of research. One such class of materials attracting much research 
interest are heteropolyacids (HPAs), such as silicotungstic acid (STA) 
[12,14,15]. HPAs are highly acidic and generally considered as green 
catalysts [16] but possess a relatively low surface area and porosity 
[17,18]. In order to circumvent these issues, HPAs are generally 
dispersed on supports with relatively high surface areas, thermal sta-
bility and porosities [18]. Porous silica [19], zirconia [20,21], and 
alumina [22,23] have been used for this purpose amongst others 
[24–26]. The nature of the support will significantly change the nature 
of the resultant catalyst, through both chemical and physical means. 
Therefore, elucidation of support effects is of vital importance for an 
effective catalyst design and few studies have so far been reported in this 
area. 

Recent studies have demonstrated both the effectiveness of HPAs 
supported on aluminas doped with different metals (particularly zirco-
nia) [27] and the significant impact that the alumina phase has on the 
overall catalysts effectiveness by changing various catalyst properties 
[28]. This study aims to gain in-depth knowledge of these materials 
using a variety of characterisation techniques to determine the effect of 
alumina phase on the textural, structural and chemical properties of 
zirconia doped-alumina supported STA catalysts. 

2. Experimental 

2.1. Materials 

Materials were used as delivered, without any additional purifica-
tion, unless otherwise specified: γ, θ, and α-Al2O3 (Johnson Matthey), n- 
octane (Merck), pyridine (Sigma-Aldrich), silicotungstic acid hydrate 
(STA, H4SiW12O40⋅18H2O, Sigma-Aldrich), zirconyl (IV) nitrate hydrate 
(ZrO(NO3)2⋅6.8H2O, Sigma-Aldrich). Deionised water was obtained 
from a laboratory water purification system. 

2.2. Synthesis of solid catalysts 

A typical preparation was carried out to prepare 5 g of catalyst. The 
catalyst preparation method is based on that of a previously reported 
study [28]. Silicotungstic acid (STA, 30 wt%, 1.500 g, 4.675 × 10− 4 

mol) was dissolved in an appropriate volume of water and supported on 
to each different alumina phase using an incipient wetness impregnation 
method. The appropriate volume of aqueous STA solution to completely 
fill the pores of γ, θ, and α-Al2O3, respectively, was added to the 
appropriate support and the resultant slurry was stirred for 20 h. The 
slurry was then dried at 110 ◦C for 16 h in static air. 

Zirconia (5 wt%) was grafted to each alumina support by dissolving 
the appropriate mass of zirconyl (IV) nitrate hydrate (0.933 g, 7.350 ×
10− 4 mol) in deionised water (~10 mL). The desired alumina support 
was mixed with deionised water (10 mL) and the aqueous metal salt 
solution was added dropwise to the alumina slurry with stirring at 60 ◦C 
until a semi-solid paste was formed. The resultant paste was dried at 
110 ◦C for 3 h before calcination at 500 ◦C for 3 h using a ramp rate of 
6 ◦C min− 1 from room temperature. 

STA (30 wt%) was supported on the zirconia grafted alumina sup-
ports using an incipient wetness impregnation method. STA (1.500 g, 

4.675 × 10− 4 mol) was dissolved in deionised water to prepare an 
appropriate volume of aqueous STA solution to completely fill the pores 
of the desired support. The resultant slurry was stirred for 20 h before 
drying at 110 ◦C for 16 h in static air. 

2.3. N2 adsorption-desorption analysis 

N2 physisorption analysis was performed at − 196 ◦C by using either 
an automatic 3H-2000 PM2 analyzer (Beishide Co. Ltd) or Quantach-
rome Quadrasorb Evo. Before N2 adsorption measurements, ~250 mg of 
samples were degassed at 300 ◦C for 6 h. Isotherms and total pore vol-
ume (Vp) were directly measured from the instrument. Total specific 
surface areas (Sa) were calculated from isotherms based on the 
Brunauer-Emmett-Teller (BET) theory. Pore size analysis was obtained 
from the desorption branch of the obtained isotherms using the BJH 
method. 

2.4. XRD 

X-ray diffraction patterns were obtained using a Bruker D8 Discover 
diffractometer equipped with a Cu K-alpha1 source and Lynxeye XE-T 
detector. The samples were scanned from 5-80◦ 2θ in 0.02 ◦ steps, 
with a count time of 1 s per step. 

2.5. Laser Raman spectroscopy measurements 

Raman spectra were obtained using a Horiba LabRAM spectrometer 
equipped with a 488 nm excitation laser. Spectra were obtained between 
the wavenumbers of 200 cm− 1 and 1800 cm− 1. 

2.6. NMR relaxation 2D T1-T2 correlation analysis 

Catalyst particles (~100 mg) were soaked in n-octane or pyridine for 
2 days prior to analysis. The particles were removed from the respective 
liquids and gently dried on a pre-soaked filter paper to remove excess 
liquid from the outer surface whilst avoiding removal of liquid from the 
internal pore structure. 

Following drying, the catalyst samples were transferred to 5 mm 
NMR tubes and tested using a T1-T2 NMR pulse sequence (Figure 1) to 
determine spin-lattice and spin-spin relaxation times. The typical error 
for all T1-T2 measurements was approximately 3 %. 

Sixteen recovery delays were used, from 500 ms to 5000 ms. The 
echo train of the CPMG sequence was composed between 64 and 1200 
echoes dependent upon the sample acquired, in a single shot with an 
echo spacing of 2τ = 1 ms. Each data set was acquired with 4 scans in 
approximately 2 min. The 2D data was processed using a Laplace 
inversion algorithm previously developed [29]. 

2.7. TGA/DTG analysis 

TGA/DTG analyses were performed using a thermograviemtric 
analyser (TGA 550) in the temperature range 30 – 800 ◦C with a heating 
rate of 10 ◦C/min− 1 in a flow of N2 (60 mL min− 1). 

3. Results and discussion 

3.1. N2 adsorption-desorption analysis 

The different phases of Al2O3 are known to have numerous differ-
ences both in terms of textural and chemical properties. Both textural 
and chemical differences, and indeed a combination of both, can have a 
significant impact upon the catalytic activity and selectivity when 
multiple different catalytic materials are considered for the same pro-
cess. Textural differences will generally impact mass transport processes 
whereas chemical differences will usually influence the different 
adsorption and desorption processes and chemical transformations 
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taking place on the surface of the catalytic materials. 
To assess the impact of the Zr and STA doping upon the textural 

properties of the alumina materials studied, N2 adsorption-desorption 
analysis was performed on all of the materials studied, the results of 
which can be seen in Table S1. 

The first point to note is that the average pore size, dpore, increases in 
the order γ-Al2O3 > θ-Al2O3 > α-Al2O3 whereas the surface area, Sa, 
decreases in the same order. This is typical of these alumina phases and 
is commonly reported for such materials [30,31]. 

Generally, dpore and Sa decrease slightly with each doping treatment, 
which can be attributed to deposition of dopants within the pores of the 
support, thereby reducing the average pore diameter and overall surface 
area. 

3.2. X-ray diffraction measurements 

Whilst it is indeed important to assess the changes in physical and 
textural parameters of these materials, it is also important to determine 
the nature of the interaction between the dopants (Zr and STA) and the 
alumina surface. As such, the catalysts were characterised using X-ray 
diffraction (Figure 2). 

The XRD patterns for 30STA-α and 30STA-5Zr-α (Figure 2c and 2d 
for α-Al2O3) showed distinct reflections typical of bulk STA (Figure S1a, 
ca. 10◦-20◦ and ca. 25◦-35◦). The presence of bulk STA peaks 
(Figure S1a) in the 30STA-α and 30STA-5Zr-α diffraction patterns sug-
gests a poor distribution of STA on the α-Al2O3 surface which, in turn, 
suggests a weak interaction between STA and α-Al2O3. However, it is 
important to note that this could also be due to the build-up of large STA 
clusters on the α-Al2O3 surface as 30 wt% STA is spread over a relatively 
small surface area. When the diffraction patterns of the γ-Al2O3 and 
θ-Al2O3 catalysts are considered, only the broad diffraction peaks 
characteristic of γ-Al2O3 and θ-Al2O3 are present, respectively. 

Therefore, XRD measurements can be seen as a clear indication that STA 
has a greater degree of dispersion over γ-Al2O3 and θ-Al2O3 than when 
compared to α-Al2O3. 

Similarly, when the diffraction patterns of 5Zr-γ, 5Zr-θ and 5Zr-α are 
considered (Figure 2b), there is little to no change in the diffraction 
pattern when compared to that of the pure aluminas. Again this would 
suggest a high degree of dispersion of zirconia on the alumina surface as 
peaks indicative of bulk zirconia (Figure S1b) are not seen in the 
diffraction pattern. The same is true of the diffraction patterns of 30STA- 
5Zr-γ, 30STA-5Zr-θ and 30STA-5Zr-α which would seem to further 
support the presence of dispersed Zr on the catalyst surfaces. It is 
possible that mixed oxide phases may be present, however, these are not 
detected by XRD and further work would be required to determine their 
presence. 

3.3. Laser Raman spectroscopy measurements 

To investigate the nature of the interaction between STA and the 
different alumina phases Raman spectroscopy was performed. Laser 
Raman spectroscopy has been shown to be capable of both confirming 
the presence of the catalytically active Keggin structure of STA and the 
strength of the interaction between the Keggin species and the support 
surface [14]. The presence of the Keggin species can be confirmed by the 
presence of the characteristic peak in the Raman spectra at ca. 1000 
cm− 1 [32]. Such a peak is present in the Raman spectra of all STA doped 
catalysts (Figure 3) indicating that the Keggin species of STA is present 
on all catalyst surfaces. Bands characteristic of Keggin structure STA are; 
~1000 cm− 1 attributed to the W=O stretch and ~974 cm− 1 to W-O-W 
bending [14,32,33]. 

It is interesting to note the difference in the Keggin signature bands 
between the catalysts made using different alumina phases. In the cat-
alysts with greater STA dispersion (γ-Al2O3 and θ-Al2O3 as evidenced by 

Fig. 1. T1-T2 NMR pulse sequence. The thin and thick vertical bars represent 90◦ and 180◦ radiofrequency (RF) pulses, respectively. T1 relaxation is encoded in the 
variable time tdelay. T2 relaxation is encoded in the train of n 180◦ pulses. A single data point is acquired at the centre of each echo time, τ. 

Fig. 2. X-ray diffraction patterns of (a) pure phase alumina, (b) alumina doped with 30 wt% STA, (c) alumina doped with 5 wt% Zr and (d) alumina doped with both 
5 wt% Zr and 30 wt% STA. Alumina phases are shown above their respective diffraction patterns. 
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XRD) it can be seen that the W-O-W bending shoulder peak at 974 cm− 1 

is merged with the W=O stretch peak at 998 cm− 1. This has previously 
been attributed to a slight distortion and bond weakening of the Keggin 
species resulting from a strong binding between the Keggin structure 
and the support [28]. This peak merging is more prevalent in the γ-Al2O3 
catalyst Raman spectra indicating that the strongest STA-surface in-
teractions are achieved when γ-Al2O3 is used as support. The opposite is 
true of α-Al2O3 and θ-Al2O3 is intermediate between the two. 

3.4. NMR relaxation 2D T1-T2 correlation measurements 

Whilst the textural and structural properties of a supported solid acid 
catalyst for alcohol dehydration is essential to their performance, it is of 
course vital to also consider the chemical properties of such materials. 
Arguably the most important chemical factor to consider is the inter-
action with the acid sites of the catalysts, as the alcohol group must be 
protonated to be removed from the reactant for dehydration. 

NMR relaxation measurements have been shown to be a fast, easy 
and non-destructive method of determining relative liquid molecule- 
solid surface interaction strengths of guest molecules imbibed within 
porous media (i.e. catalytic materials) [34–38] to unravel and explain 
various relevant phenomena occurring during catalytic processes. 
Recently such measurements have been used to determine the acidity of 
solid catalysts [39,40]. As such, NMR relaxation measurements using 
pyridine, which is commonly used as a probe molecule to measure the 
acidity of a solid catalyst [41–43], were performed on the catalysts 
studied. The plots obtained can be seen below in Figure 4 and results 
obtained seen in Table S2. 

Whilst the individual relaxation times can be determined from the 
peaks in Figure 4, it is T1/T2 that has been shown to be an effective 
measurement of the strength of interaction between a guest molecule (in 
this case pyridine) and a solid surface [44]. In brief, the greater the value 
of T1/T2, the stronger the interaction between the guest molecule and 
the surface. Pyridine is basic in nature so will interact strongly with 
strong acidic sites on the catalyst surface. Therefore, it follows that a 
relatively high T1/T2 of pyridine confined within the pores of the cata-
lysts studied will indicate a surface with relatively strong acidity. It is 
important to note that T1/T2 of pyridine confined within the pores of the 
catalysts is generally indicative of the strength of interaction with the 
catalyst surface [45]. However, T1/T2 is effectively a measure of the 
surface interaction which will be weighted towards the strongest sites of 
pyridine adsorption. Therefore, an increase in acid site density can also 
indirectly be reflected in T1/T2 [39]. 

The results of these measurements can be visualised graphically 
below in Figure 5. 

In the pure/non-doped aluminas, the relative acid site strength of 
both γ-Al2O3 and θ-Al2O3 is approximately the same. In the case of non- 

doped α-Al2O3, the acidity is much higher than the other phases. This is 
consistent with previous measurements on the acidity of single alumina 
phases and further confirms the utility of this technique [46]. 

Upon doping with 30 wt% STA, the relative strength of acidity of γ 
and θ phase alumina is increased considerably whereas there is little to 
no increase in the acidity of the α phase. In combination with the find-
ings of XRD and Raman, this suggests that a strong interaction between 
the alumina surface and STA, as well as presence of the Keggin structure 
on the alumina surface, leads to catalytic materials with a higher acidity. 
Therefore, a key conclusion is that it is important to maximise the 
interaction between STA and the support surface to produce catalysts 
with a high acidity to facilitate effective dehydration performance. In 
the α-Al2O3 doped with 30 wt% STA, bulk STA is present on the Al2O3 
surface (shown by XRD, Figure 2) and it is clear that the lack of inter-
action between the two makes little difference to the strength of acidity 
of the resultant material. 

Upon doping with 5 wt% Zr, there is very little change in the strength 
of acidity relative to the non-doped aluminas. However, when the Zr- 
doped aluminas are subsequently doped with 30 wt% STA, there is a 
substantial increase in acid strength relative to both the non-doped 
aluminas and those doped with STA only. This would suggest that the 
presence of the Zr monolayer on the alumina surfaces acts to enhance 
the interaction between the support and STA thereby increasing the 
acidity of the resultant catalyst. Similarly to the alumina doped with 30 
wt% STA only, the γ and θ phase materials are approximately the same 
in terms of acid site strength whereas α is weaker. Again, this can be 
attributed to the strength of interaction between the STA and alumina 
support as discussed previously. 

The addition of Zr and STA to alumina in this way has previously 
been theorised to modify catalyst acidity by weakening the acidity of 
STA [14,28,47]. It has been suggested that during catalyst preparation, 
hydroxyl groups on the surface of metal oxide supports (i.e. Al2O3, ZrO2, 
SiO2) are protonated forming M-OH2

+ groups. These groups interact with 
the heteropolyanion [48] and the strength of this interaction is thought 
to influence the Brønsted acidity of the supported HPA, where a stronger 
interaction will distort the Keggin structure, thereby decreasing the HPA 
acid strength [14,28,47]. 

The grafting of zirconia has previously been shown to tune the 
catalyst acidity to between − 2 and − 8 on the Hammett acidity (HA) 
scale, which is favourable for the formation of acrolein from glycerol 
[49,50]. Again, this is due to an increased interaction strength between 
the hetreopolyanion and the support resulting in a Keggin structure 
distortion and a decreased overall acidity. This has been proven for 
mixed phase δ, θ-Al2O3 and for α-Al2O3 supported HPA catalysts [28]. 
Therefore, the results reported herein appear to suggest that the inter-
action between STA and non-grafted γ-Al2O3 and θ-Al2O3 is weaker than 
the interaction between STA and zirconia-grafted γ-Al2O3 and θ-Al2O3 

Fig. 3. Laser Raman spectra of (a) pure phase alumina, (b) alumina doped with 5 wt% Zr, (c) alumina doped with 30 wt% STA and (d) alumina doped with both 5 wt 
% Zr and 30 wt% STA. Alumina phases are shown above their respective Raman spectra. An excitation laser with a wavelength of 488 nm was used. 
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Fig. 4. 2D T1-T2 correlation plots obtained using pyridine imbibed within the pores of (a) pure phase alumina, (b) alumina doped with 5 wt% Zr, (c) alumina doped 
with 30 wt% STA and (d) alumina doped with both 5 wt% Zr and 30 wt% STA. Alumina phases are shown above their respective plots. The black line represents T1 =

T2. Dashed black lines indicate the peak maxima where T1/T2 is calculated from. 
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thereby the overall acidity is increased upon doping the support with 
STA. The interaction of STA with α-Al2O3 is minimal (as shown by XRD, 
Fig. 2) therefore this effect is less pronounced and no significant changes 
in acidity are detected. 

It is important to note the differences in acidity determination be-
tween the acidity determination techniques and previous similar work. 
NH3-TPD is commonly used to measure the acidity of such materials and 
when compared to pyridine NMR relaxation measurements there are 
significant differences between these two methods, although there is a 
proven correlation between the two [39,44]. The use of a liquid probe 
molecule (pyridine) as opposed to a gaseous probe molecule (ammonia), 
their relative differences in basicity, confinement effects (relevant in 
NMR relaxation measurements) and the use of elevated temperatures 
(room temperature for NMR relaxation whereas higher temperatures are 
used for NH3-TPD) can possibly contribute to differences in results be-
tween the two techniques. 

3.5. Thermogravimetric analysis 

One limitation to the use of heteropolyacids, such as STA, as effective 
catalysts for the dehydration of glycerol to acrolein, is their relatively 
poor thermal stability. Analysis of the TGA-DTG data for bulk STA 
(Figure S2) shows three clear regions of weight loss. The weight loss at 
77 ◦C occurs due to the desorption of physisorbed water whilst the 
weight loss at 203 ◦C occurs due to the loss of crystalline water from the 
STA structure. The third region of weight loss at 469 ◦C is related to the 
decomposition of the STA Keggin structure. The different steps of STA 
thermal decomposition can be seen in Scheme 1. 

Deposition of heteropolyacids upon the surface of support materials 
has previously been shown to improve the thermal stability of hetero-
polyacids, particularly, the thermal stability of the Keggin structure 
[21,51,52]. To investigate the impact of the alumina phase upon this 
increased STA thermal stability, TGA-DTG data were collected, the re-
sults of which can be seen in Fig. 6. 

Firstly, it should be noted that, in terms of overall weight loss, the 
materials studied generally had thermal stabilities in the order; α-Al2O3 

> θ-Al2O3 > γ-Al2O3. This is typical of differing aluminas phases with 
α-Al2O3 being the most thermally stable of the phases and γ-Al2O3 the 
least. 

Secondly, DTG thermograms for the θ-Al2O3 and γ-Al2O3 samples 
show two broad peaks at ca. 70 ◦C and 355 ◦C, which are attributed to 
the loss of physisorbed water and structural water, respectively 
[21,51,52]. Most importantly, the DTG thermograms show no signifi-
cant change in the rate of weight loss at temperatures above 400 ◦C. As 
the Keggin structure decomposes at temperatures above 500 ◦C 
(Figure S2), this indicates that the STA Keggin structure is retained at 
high temperatures when supported on θ and γ-Al2O3 and therefore the 
overall thermal stability of STA is increased. When the α-Al2O3 catalysts 
are considered, the DTG profile is similar to that of the bulk STA 
(Figure S2) with 3 peaks seen at ca. 54 ◦C, 163 ◦C and 445 ◦C, respec-
tively, attributed to the loss of physisorbed water, structural crystalline 
water and the decomposition of the Keggin structure respectively. This 
would suggest that the thermal stability of STA is not improved when 
supported on α-Al2O3 (both zirconia-grafted and non-grafted), most 
likely due to the poor dispersion of STA on the α-Al2O3 (as shown by 
XRD, Figure 2) and weak interaction between the heteropolyanion and 
α-Al2O3 surface (as shown by Raman, Figure 3). 

4. Conclusions 

Several phases of alumina, γ, θ and α, were grafted with 5 wt% zir-
conia and then doped with 30 wt% silicotungstic acid (STA). The 
different phase aluminas were also doped with 30 wt% STA without 
zirconia grafting. Several characterisation techniques were performed 
on the listed catalytic materials to fully assess the textural and chemical 
properties of the alumina catalytic materials. 

Textural and structural properties of the catalytic materials were 
determined using N2 adsorption-desorption analysis. This suggested the 
presence of a zirconia monolayer on the support surface, which en-
hances the thermal stability of the catalytic materials by suppressing 
high temperature phase transformations thereby maintaining a high 
catalytic surface area, which can be beneficial for catalysis. N2 
adsorption-desorption analysis confirmed blockage of the support pores 
upon doping with STA, resulting in an overall loss of surface area, pore 
volume and average pore diameter. 

X-ray diffraction measurements confirmed a strong interaction be-
tween STA and γ and θ-Al2O3 (both zirconia grafted and non-grafted) 
whilst the presence of bulk STA on the surface of α-Al2O3 suggested 
little to no interaction between STA and this alumina support. The lack 
of diffraction peaks indicative of bulk zirconia across all diffraction 
patterns confirmed a good dispersion of zirconia across the alumina 
surfaces. 

Laser Raman spectroscopy provided further confirmation of the 
strong interaction between both γ and θ-Al2O3 (grafted and non-grafted) 
and STA, which results in a distortion of the STA Keggin structure. The 
strength of this interaction was shown to be of the order α < θ ≤ γ 
regardless of zirconia grafting. 

NMR relaxation measurements using pyridine imbibed within the 
catalyst pores demonstrated that doping the alumina supports with STA 
significantly increased catalyst acidity whereas grafting with zirconia 
had no significant impact on the overall acidity of the resultant catalytic 
material. Subsequent doping of the zirconia-grafted aluminas with STA 
resulted in catalysts with an increased acidity relative to those prepared 
using the non-grafted aluminas for the γ and θ phase alumina supported 
catalysts whereas the effect on α phase alumina materials was negligible. 
The increase in acidity seen is due to a greater interaction between non- 

Fig. 5. T1/T2 measured using pyridine imbibed within the pores of the catalysts 
studied. A high T1/T2 indicates a relatively strong acid site is present on the 
catalyst surface. 

Scheme 1. The thermal decomposition of STA with increasing temperature.  
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grafted γ and θ phase alumina and the STA heteropolyanion when 
compared to the equivalent zirconia-grafted materials. This increased 
interaction strength distorts the STA Keggin structure thereby reducing 
the relative overall catalyst acidity. 

TGA-DTG analysis suggested that zirconia-grafted and non-grafted 
θ-Al2O3 and γ-Al2O3 are suitable materials for increasing the thermal 
stability of STA. The catalytically active Keggin heteropolyanion struc-
ture was preserved at temperatures greater than 400 ◦C, where it would 
otherwise be expected to decompose when unsupported. α-Al2O3 
showed significant decomposition of the STA Keggin structure at ca. 
445 ◦C indicating that it is not a suitable support for increasing the 
thermal stability of STA. This was thought to occur due to the presence 
of bulk STA on the α-Al2O3 surface owing to the relatively weak inter-
action between the heteropolyanion and the α-Al2O3 surface as well as 
the relatively poor dispersion of STA on this support material. 
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