OPTICAL PROPORTIES OF THE CATALYSTS
Diffuse reflectance studies were carried out in the ultraviolet/visible/near-infrared

(UV/Vis/NIR) spectral regions to provide information on the electronic structure, the degree

of hydration, and presence of hydroxyl groups of zirconia, tungstena/zirconia, and sulfated

zirconia samples.

Spectral Data and Analysis. The optical spectra of the three dehydrated samples

were collected over the range of 4,500-50,000 cm™. The diffuse reﬂectance spectra (DRS)- -

over this full spectral range are shown in Figure 9. Itis clear that the optical properties of

the three samples reflect the structure and composition of the catalysts.

Kubelka-Munk Function
3 g

T

o

] 1 ] ] ] U
50000 45600 40600 35000 30000 25600 20000 15000 10000 5000

Wavenumber (cm™)

Figure 9. The diffuse reflectance spectra of monoclinic zirconia (m-ZrO7) tetragonal SO,-
impregnated zirconia (SO4/t-ZrOZ) and tetragonal W03-1mpregnated zirconia (WO,/t-ZrO,)
between 4,500 and 50,000 cm
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Th_e spectra in the NIR region are shown in Figure 10. For the three samples, the two
particular bands of interest in the NIR region are the H,O (v + §) band at about 5,250 cml,
which is a combination of stretching and bending modes, and the mixed H,O (2v) + OH (2v)
overtone band of the OH stretch at approximately 7,200 cm™. The former can be used to
monitor the degree of dehydration, while the latter can be used to monitor the hydroxyl
groups, which are Bronsted acid sites. These groﬁps are present on ZrO,. Upon sulfating
the zirconia, a larger peak at 7159 cm™was observed, corresponding to an increased numb‘e;
of hydroxyl groups (Brensted acid sites). Upon tungstating the zirconia, a high optical
background was observed and the number of free hydroxyls detected greatly decreased, as

indicated by the low intensity of the 7092 cm™ band compared with the ZrO, bands.
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Figure 10. DRS in the NIR region of monoclinic zirconia, .tetragonal SO,-impregnated
mcoma, and tetragonal WO,-impregnated zirconia in the spectral range of 4,500 and 8,000
cm!. Peak positions are labelled, but accurate calibration needs to be carried out.
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The difference spectrum in the OH NIR region of the WO,/Z1O, catalyst was derived
for comparison with the distinct spectrum of ZrO, that exhibits two peaks. The absorption

spectrum for WO,/ZrO, is shown on the same scale as for ZrO, in Figure 11. Also shown

is the difference spectrum for WO,/ZrO, that was obtained by magnifying the Kubelka-.

Munk transformed spectra by a factor of 10 and subtracting the background. The diminished
intensity of the OH frequencies upon surface impregnation of the zirconia with tungstate
indicates bonding of the tungstate species to the sﬁace of the zirconia via the surface
hydroxyl groups and that it. is spread on the surface. There are relatively few hyd:oxyfs

present on the tungstated zirconia surface, and those exhibit a shift from =7205 cm™! on

monoclinic zirconia to ca. 7120 cm™ on the tungstated zirconia surface, perhaps arising from

low-concentration Brensted acid sites on the tungstate overlayer.
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FIGURE 11. The NIR-DRS spectra of the hydroxyl absoxﬁtion region for monoclinic
zirconia and tetragonal tungstated zirconia on the same relative scale, along with the
magnified difference spectrum obtained for the latter sample.

25




The areas of the two bands in the NIR region at about 5,250 cm™ [H,0 (v + &)
combination band] and at approximately 7,200 cm™ [mixed H,O (2v) + OH (2v) overtone
band] were calculated for each sample by subtmcﬁng a linear background and fitting multiple
. (usually 3-5) Gaussians to the bands. The areas of the Gaussians in the peak were then
summed, and the results of the Gaussian fitting are shown in Table 1.

The approximate concentrations of hydroxyls on the three samples were then
calculated based on the'assumption that the relative intensities of the H,O (v + 8) and H,0
(2v) bands were in the ratio of 5/1, as in earlier studies [15]. The equation, derived from
this work, to calculate the intensity of the OH (2v) band from the intensities of the mixed
H,0 (2v) + OH (2v) overtone band and the H,0 (v + 5) combination band is

I 120 (2v) + OH (2v) mixed bend] =1 oew + Mmow+s) /51 (6)
where I = the intégrated intensity or peak area. | |

The hydroxyl concentratipn of 1;he tetragonal zirconia impregnated with surface
Sulfate was &etermjned in this laborat_:m;y [13] using a methoci of controlled incremental
adéorpﬁon and. desorption of different nitrogen-containing bases.. The surface sulfate
concenﬁaﬁon was found to be 0.55 monolayer. The concentrations of hydroxyls on the
tetragonal WO3-i{r}pregnated zirconia and on mionoclinic zirconia were calculated by using
the known hy/;h;(yl concentration of the tetragonal SO -impregnated zirconia, calculated as
I oy (ov) intensities, and Equation 6 given above. The calculated hydroxyl concentrations are
given in Table 2. In all cases, the OH surface concentration was determined to be

appreciably less than one monolayer.
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Table 1. The Gaussian fitting results of the H,0 (v + 8) combination bands and the mixed
H,0 (2v) + OH (2v) overtone bands in the NIR regions of monoclinic zirconia, tetragonal
SO, -impregnated zirconia, and tetragonal WO,-impregnated zirconia as determined by DRS.

Sample 2v Bands (H,0 and OH) H,0 (v +5) Bands |
No. of Gaussian Peaks No. of Gaussian Peaks
In Band In Band
Peak Peak Peak Peak . Peak Peak
_ Center Area ~ Center Area
1 7424.095 | 0.0473 1 5364.610 | 0.0304
m-
2 7144.920 | 0.6076 2 5301.622 | 0.0278
710,
3 7348.438 | 0.1703 3 5228950 | 0.1210 .}
4 7208.340 | 0.6081 4 5158.892 | 0.0193
~ 5 | 5129900 | 02517

Total Peak Area: 1.4332

Total Peak Area: 0.4502

WO,/
t-Z10,

“No: of Gaussian Peaks

No. of Gaussian Peaks

In Band In Band
—Peak (ii;l;r' ii?: Peak g;ai.:l;r :212
1 7612.789 | 0.2289 1 5077.164 | 0.1458
2 7508.370 | 0.0415 2 5155256 | 0.4088
-3 7369.754 | 0.0699 3 5244.010 | 0.4266
4 7124.459 | 0.3093 -
5 6987.467 | 0.1835 - "
6 6842.649 | 0.1093 -- u

Total Peak Area: 0.9423

Total Peak Area: 0.9812 "
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Sample 2v Bands (H,0 and OH) H,O (v + 6) Bands
No. of Gaussian Peaks " No. of Gaussian Peaks
In Band In Band
Pk | Cover | men | P% | comer | A
SO,/ 1 7147.057 0.5412 1 5354.494 0.0060
t-Z10, 2 | 7116763 | 1.9706 2 | 5264.007 | 0.4595
-- 3 5197.272 0.0426
- 4 5181.609 | 0.7589
Total Peak Area: 2.5118 Total Peak Area: 1.2670

TABLE 2. The hydroxyl concentrations calculated from the diffuse
reflectance spectra, given in monolayers, of monoclinic zirconia, tetragonal
WO;-impregnated zirconia, and tetragonal SO,-impregnated zirconia.

u sample | Toua (monciayers

" “ 710, 0.74607 0.18
WO,/Z10, 1.34345 0.33

| - seyzo, 225835 0.55

Conclusions from Optical Spectroscopy. The samples have well-developed band

: >
edges, especiélly for the monoclinic ZrO, with a band edge at about 42,000 cm™'. For the

tetragonal SO,/ZrO, catalyst, the band edge is shifted to the UV region (=45,000 cm™),
while for the tetragonal WO,/Z1O, catalyst, the band edge is shifted toward the visible (VIS)

region (=35,000 cm™!) and has a very large intensity with an extended tailing. The spectra

can be used for diagnostics/quality control of preparation, in combination with XRD.
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The NIR peaks in the 5,000-5,500 cm™ region confirm the presence of water in these
samples. Assignment of the NIR bands is difficult when a sample is not fully dehydrated,
but the spectral shoulders below the peaks at 7159 and 7202 cm™! in the tetragonal SO,/Z1O,
and monoclinic ZrO,, respectively, are indicative of weakly bonded hydroxyls. A very slight
shoulder is barely detectable on the peak at 7092 cm™ in the tetragonal WO,/Zr0O, spectrum,
suggesting that this sample was only partially hydroxylated.

The NIR spectra give information about sample hydroxylation. It is shown that ZrO,
has a low degree of hydroxylation (= 18%) and has little water of hydration associated with
it. The hydroxyl concentration of the tetragonal.SO,/ZrO, catalyst was determined early
[13] and can be used as a “benchmark”, The tetragonal WO,/Zz0, catalyst has weak and
broad features in the hydroxyl region of the spectrum and is difficult to aﬁalysze. However,
itis clear Mt this catalyst is less hydtoxylated than the SO,/ZrO, ca@yst. It is noted that
the WO,/Z1rO, catalyst has a larger electronic l;ackground in the NIR regioﬁ than the other
two catalyst;. Quantitative analysis of the hydroxyl species in theée catalysts has been
carried out, but more calibration studies with reference systems are needed to achieve greater
accuracy.

The UV regions of the spectra reflect electronic band-to-band transitions and show
significant difaerences among the samples. Strong bands in the 35,000 to 48,000 cm’!
spectral range are observed. The spectral inflection point of tetragonal SO,/ZrO, occurs at
45,000 cm™’. The inflection points of the band edges of monoclinic ZrO, and tetragonal
WO,/ZrO, samples occur at about 42,225 and 34,300 cm™!, respectively. In addition, the

tetragonal WO,/ZrQ, sample shows a weak band near 25,000 cm™, while_ the monoclinic
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Z1O, shows a very weak band near 32,500 cm™!. These transitions giving rise to these bands

can be intrepreted theoretically based on electronic structure.



