
CHAPTER IV
RESULTS AND DISCUSSION

4.1 Catalyst Characterization

4.1.1 Crystal Structures
Figure 4.1 shows the XRD patterns of Ti0 2  (sol-gel), immobilized 

Ti0 2 , 0.1% Au-0.1% Ag/TiÛ2 and Ti02 (Degussa P25). Generally, there are three 
different forms of Ti0 2  namely anatase, mtile and brookite. For the XRD patterns of 
Ti02, the main peaks at 20 = 25.3°, 27.5° and 30.6° are for anatase, rutile and 
brookite, respectively. For Ti02 (sol-gel), immobilized Ti02 and 0.1% Au-0.1% 
Ag/Ti0 2 , there is only Ti02 in the anatase form and no peaks of Au, at 20 = 38.3° 
and 44.5°, and Ag, at 20 = 38.1° and 44.2°, were observed. For the Ti02 (Degussa 
P25), anatase and rutile phases were observed with anatase as the major phase and 
rutile as the minor phase. The anatase peak of Ti0 2  (Degussa P25) has higher 
intensity than that of Ti02 catalysts prepared by the sol-gel method. The XRD 
patterns of Au/Ti02 and Ag/Ti02 catalysts at different metal loadings are shown in 
Figures 4.2 and 4.3, respectively. For 1.5% and 1% Au/Ti02, the patterns indicate 
Ti02 in the anatase and mtile forms. The other catalysts only show the anatase 
phase. For all metal loading catalysts, the Au or Ag peaks cannot be observed 
indicating that Au and Ag can be dispersed well on TiC>2.

The crystallite size of the catalyst can be determined from the 
broadening of the anatase main peak by Debye-Scherrer equation. The crystallite 
sizes of all catalysts are given in Table 4.1. The crystallite size of the immobilized 
Ti02 and Ti02 (Degussa P25) are smaller than the Ti02 (sol-gel). When compared to 
the Ti02 (sol-gel), addition of either Au or Ag decreases the crystallite sizes. 
Flowever, the metal loading does not significantly affect the crystallite sizes of the 
catalysts.



2Theta [deg.]
Figure 4.1 X-ray diffraction patterns of TiÛ2 (sol-gel), Immobilized TiC>2, 0.1 % Au-0.1 % Ag/ TiÛ2, TiÛ2 (Degussa P25).
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Figure 4.2 X-ray diffraction patterns of Au/ TiC>2 catalysts at different Au loadings.
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Figure 4.3 X-ray diffraction patterns of Ag/ TiC>2 catalysts at different Ag loadings.
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Table 4.1 Calculated crystallite sizes of the studied catalysts

Catalyst Crystallite Size (nm)
TiC>2 (Degussa P25) 26.90
Ti02 (sol-gel) 34.90
Immobilized TiC>2 28.89
0.05% Au/Ti02 8.56
0 .1% Au/Ti02 10.43
1% Au/Ti02 8.95
1.5% Au/Ti02 19.76
0.05% Ag/Ti02 7.67
0 .1% Ag/Ti02 8.75
1% Ag/Ti02 7.66
1.5% Ag/Ti02 8.93
0.1% Au/0.1% Ag/ Ti02 7.81

4.1.2 Surface Morphology of Prepared Catalysts
The BET surface areas of all studied catalysts are shown in Table 4.2. 

Almost all catalysts prepared by the sol-gel method have higher BET surface areas 
than that of TiC>2 (Degussa P25). An addition of Ag into TiÛ2 increases the BET 
surface area up to the maximum level of 175.3 m2/g at 1% Ag. It is possible that Ag 
is dispersed well on the TiC>2 surface. However, a further increase in the Ag loading 
to 1.5% results in decreasing BET surface area. That could be a result from the 
agglomeration effect. In contrast, an increase in an amount of Au decreases the BET 
surface area. It is possible that the increase in the amount of Au loading results in 
blocking the pores of the catalyst. In the case of the bimetallic loading catalyst, Ag 
has stronger effect than Au on the BET surface area.
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Table 4.2 Surface areas of the studied catalysts

Catalyst BET Surface Area 
(m2/g)

Ti02 (Degussa P25) 79.9
Ti02 (sol-gel) 103.6
0.05% A11/T1O2 137.8
0.1% AU/T1O2 120.3
1% Au/Ti02 98.4
1.5% Au/Ti02 73.8
0.05% Ag/Ti02 123.1
0.1% Ag/Ti02 155.6
1% Ag/Ti02 175.3
1.5% Ag/Ti02 150.7
0.1% Au/0.1% Ag/ Ti02 158.5

4.2 Photocatalytic Degradation of 4-CP

Some nomenclatures used throughout this section are the remaining fraction 
of 4-CP (C/C0) and the remaining fraction of TOC (TOC/TOCo). C/C0 is a ratio of 
4-CP concentration at any time to its initial concentration. Similarly, TOC/TOCo is a 
ratio of TOC concentration at any time to its initial concentration. The experimental 
data of the photocatalytic activities of all รณdied catalysts are shown in Appendix B.

4.2.1 Photocatalytic Degradation of 4-CP with TiO?
4.2.1.1 Effect o f Ti02 (Degussa P25)

Photocatalytic degradation of 0.5 mM 4-CP solution was 
carried out with a Ti02 (Degussa P25) loading of 0.5 g/1 under u v  irradiation. 
Samples were taken every 30 minutes for the quantitative and qualitative analysis of 
4-CP and other products. Figure 4.4 shows the remaining fractions of 4-CP and TOC 
and the concentration profiles of the intermediate products without any catalyst.
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Figure 4.4 Photocatalytic degradation of 4-CP as a function of irradiation time 
without catalyst (a) remaining fractions of 4-CP and TOC (b) concentration profiles 
of the intermediate products. Experimental conditions: 5 g/1 catalyst, 0.5 mM 4-CP 
and 298 K.
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4-CP decreased moderately and disappeared after 150 minutes but the TOC 
decreased only 14% after the irradiation for 360 minutes. In the presence of TiÛ2 
(Degussa P25), 4-CP decreases slightly and disappears after 180 minutes while the 
TOC decreases 97% from the initial TOC after the irradiation for 360 minutes as 
shown in Figure 4.5. Figure 4.5 (b) indicates that the concentration of 
hydroxyhydroquinone (HHQ) increases sharply and reaches the maximum level at an 
irradiation time of 120 minutes while the concentration of hydroquinone (HQ) 
increases and reaches a maximum after 60 minutes before its concentration decreases 
progressively. The shapes of the HHQ and HHQ curves are typical for compounds 
formed as intermediates in a consecutive reaction (Moonsiri, 2002). In addition, the 
concentrations of the intermediate products were much lower than those without 
catalyst. It can be concluded that the energy of the short wavelength generated from 
the u v  lamp is strong enough to destroy the chemical bond of the 4-CP molecule to 
form the intermediate products rather than cc>2. In the presence of Ti02, hydroxyl 
radical is generated on the TiC>2 surface excited by u v . As a result, the rate of 4-CP 
degradation is increased and the intermediate products (HHQ and HQ) are further 
oxidized to CO2 and H2O.

4.2.1.2 Effect o f HO2 (sol-gel)
The photocatalytic degradation of 4-CP using UO2 prepared 

by the sol-gel method is shown in Figure 4.6. Compared with the commercial TiC>2 
(Degussa P25), the decrease of 4-CP concentration with TiC>2 (sol-gel) was much 
faster and the 4-CP concentration disappeared within 90 minutes. However, the 
TOC degradation rate with UO2 (Degussa P25) was higher than that with the TiÛ2 
(sol-gel) catalyst. From the results, it can be concluded that the degradation rate of 
4-CP with TiÛ2 (sol-gel) is higher than that with TiÛ2 (Degussa P25). In contrast, 
the degradation rates of the intermediate products with Ti02 (Degussa P25) are 
higher than those with the TiÛ2 (sol-gel) catalyst. The reason is the high surface area 
of the Ti02 (sol-gel) catalyst results in a large amount of 4-CP adsorbed on the 
catalyst surface leading to the higher degradation rate of 4-CP as compared to the 
commercial TiC>2 (Degussa P25). TiC>2 (Degussa P25) gives a higher degradation 
rate in terms of TOC than Ti02 (sol-gel) because of its higher crystalinity than Ti02 
(sol-gel), which, in turn, inhibits the e7h+ recombination. When the recombination
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Figure 4.5 Photo catalytic degradation of 4-CP as a function of irradiation time 
using TiC>2 (Degussa P25) (a) remaining fractions of 4-CP and TOC 
(b) concentration profiles of the intermediate products. Experimental conditions: 
5 g/1 catalyst, 0.5 mM 4-CP and 298 K.
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Figure 4.6 Photocatalytic degradation of 4-CP as a function of irradiation time 
using Ti02 (sol-gel) (a) remaining fractions of 4-CP and TOC (b) concentration 
profiles of the intermediate products. Experimental conditions: 5 g/1 catalyst, 
0.5 mM 4-CP and 298 K.
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decreases, there are more electrons and holes diffusing to the catalyst surface and 
reacting with the substrate molecules adsorbed on the surface at the faster rate (Jung 
and Park, 2000 and Tharathonpisutthikul, 2000). The results are also consistent with 
the work by Guillard et al. (1999), who investigated the 4-CP degradation using 
different Ti02 catalysts including Degussa P25. Although Degussa P25 has the 
lowest surface area, it gave the highest TOC degradation rate. It was explained that 
Ti02 (Degussa P25) decreased the readsorption rate of the intermediate products.

4.2.2 Photocatalvtic Degradation of 4-CP with Au/TiQ2
For this study, the photocatalytic degradation of 0.5 mM 4-CP on a 

series of Au/Ti02 with various amounts of Au from 0.05-1.5 wt.% was carried out. 
Figures 4.7-4.10 show the 4-CP degradation with different Au loadings. 4-CP 
degradation with 1% and 1.5% Au/Ti02 shows the same results as pure Ti02 
catalysts. HQ is first formed and reaches the maximum before degrading to HHQ. 
In addition, maximum concentration of HQ was found to be higher than HHQ. In 
contrast, the 4-CP degradation with 0.05% and 0.1% Au/Ti02 showed different 
results, i.e., concentration profiles of HQ and HHQ are parallel without an 
intersection and the maximum concentration of HHQ was higher than HQ. The 
results imply that HQ is degraded into HHQ rapidly with 0.05% and 0.1% Au/Ti02 
catalysts because of the high surface areas of these two catalysts (see Table 4.2) 
resulting in the increase of the intermediate products adsorption on the catalyst 
surface.

The remaining fractions of 4-CP at different Au loadings are 
compared in Figure 4.11. It is clearly seen that the amount of Au does not 
significantly affect the 4-CP degradation. Figure 4.12 shows the remaining fraction 
of TOC at 360 minutes as a function of Au loading. It was found that the amount of 
Au loadings affected the intermediate products and TOC degradation. 0.1% 
Au/Ti02, could degrade 4-CP faster than the other Au/Ti02 catalysts and had the 
minimum TOC at 360 minutes. With Au loadings greater than 0.1%, the remaining 
TOC increased with increasing the Au loadings. The less TOC indicates that more 
organic compounds react and convert into C02. The results indicate that a small 
amount of Au added can slightly improve the photocatlytic activity of Ti02 and the
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Time (ท:lin)
Figure 4.7 Photocatalytic degradation of 4-CP as a function of irradiation time 
using 0.05% Au/Ti02 (a) remaining fractions of 4-CP and TOC (b) concentration 
profiles of the intermediate products. Experimental conditions: 5 g/1 catalyst, 
0.5 mM 4-CP and 298 K.
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Figure 4.8 Photocatalytic degradation of 4-CP as a function of irradiation time 
using 0.1% Au/Ti02 (a) remaining fractions of 4-CP and TOC (b) concentration 
profiles of the intermediate products. Experimental conditions: 5 g/1 catalyst, 
0.5 mM 4-CP and 298 K.
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Figure 4.9 Photocatalytic degradation of 4-CP as a function of irradiation time 
using 1% Au/Ti02 (a) remaining fractions of 4-CP and TOC (b) concentration 
profiles of the intermediate products. Experimental conditions: 5 g/1 catalyst, 
0.5 inM 4-CP and 298 K.
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Figure 4.10 Photocatalytic degradation of 4-CP as a function of irradiation time 
using 1.5% Au/TiÛ2 (a) remaining fractions of 4-CP and TOC (b) concentration 
profiles of the intermediate products. Experimental conditions: 5 g/1 catalyst, 
0.5 mM 4-CP and 298 K.
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Figure 4.11 Comparison of remaining fraction of 4-CP at different %Au loadings.

Figure 4.12 Remaining fraction of TOC at 360 minutes for different %Au loadings in 
Ti02.

£  M o  r u m
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optimum amount of Au loading is 0.1%. It can be explained that the Au particles on 
the Ti02 surface cause a strong increase of the rate of oxygen reduction in the 
reduction route of the photoreaction. However, the small decrease of the 
photoactivity at a higher metal loading (>0.1%) is caused by the so-called screening 
effect that the deposited metal makes part of the catalyst surface less accessible for 
photons (Dobosz and Sobcznski, 2001).

4.2.3 Photocatalvtic Degradation of 4-CP with Ag/TiO?
Effects of adding Ag in Ti02 on the degradation of 4-CP were 

investigated systematically. A series of Ag/Ti02 was prepared at different Ag 
loadings from 0.2-1.5%. The degradation rates of 4-CP at different Ag loadings are 
shown in Figures 4.13-4.16. As shown in the figures, the addition of Ag in Ti02 
does not alter the breakdown pathway of 4-CP (See Appendix A) compared to 0.05% 
and 0.1% Au/Ti02 catalysts. There was, however, a slight difference in the 
intermediate products formed between with 1-1.5% Au/Ti02 and Ag/Ti02. For the 
two Au-loaded Ti02 catalysts, during the reaction, HQ concentration was higher than 
HHQ, which is opposite to what was observed with all Ag-loaded Ti02 catalysts. It 
is not clear at this point how both metals contribute to such the difference. In any 
case, 4-CP was first degraded into HQ, after that HQ degraded rapidly into HHQ 
resulting from the high surface areas of the Ag/Ti02 catalysts as compared to 
Au/Ti02 catalysts especially at Au loadings.

The remaining fractions of 4-CP at different Ag loadings are 
compared in Figure 4.17. As can be seen in Figure 4.17, the amount of Ag does not 
significantly affect the degradation of 4-CP. The remaining fractions of TOC at 360 
minutes and the metal loadings are plotted to compare the effect of the Ag loadings 
on the TOC reduction rates as shown in Figure 4.18. As can be seen in Figure 4.18, 
the amount of Ag has the effect on the intermediate products and TOC degradation. 
The minimum TOC at 360 minutes was achieved with 0.1 % Ag/Ti02 catalyst. The 
remaining TOC further increased with increasing Ag loading. The results indicate 
that a small amount of Ag added could improve the photocatalytic activity of Ti02 
and the optimum amount of Ag loading is 0.1%. The reason is that a small amount 
of Ag on Ti02 attributes to the acceleration of superoxide radical anion, 0 2*',
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Figure 4.13 Photocatalytic degradation of 4-CP as a function of irradiation 
time using 0.05% Ag/TiC>2 (a) remaining fractions of 4-CP and TOC 
(b) concentration profiles of the intermediate products. Experimental 
conditions: 5 g/1 catalyst, 0.5 mM 4-CP and 298 K.
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Figure 4.14 Photocatalytic degradation of 4-CP as a function of irradiation time 
using 0.1% Ag/TiCh (a) remaining fractions of 4-CP and TOC (b) concentration 
profiles of the intermediate products. Experimental conditions: 5 g/1 catalyst, 
0.5 mM 4-CP and 298 K.
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Figure 4.15 P h o to c a ta ly tic  d egra d ation  o f  4 -C P  as a fu n c t io n  o f  irra d ia tio n  tim e  
u s in g  1%  A g /T i0 2  (a ) rem a in in g  fra ctio n s o f  4 -C P  and T O C  (b )  co n cen tra tio n  
p r o f ile s  o f  th e  in term ed ia te  p rod u cts . E x p e r im en ta l c o n d it io n s:  5 g/1 c a ta ly st, 
0 .5  m M  4 -C P  and  2 9 8  K .
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Figure 4.16 P h o to c a ta ly tic  d egra d ation  o f  4 -C P  as a fu n c t io n  o f  irrad iation  
t im e  u s in g  1.5%  A g /T i0 2  (a ) rem a in in g  fra ctio n s  o f  4 -C P  an d  T O C  
(b ) co n ce n tr a tio n  p r o f ile s  o f  th e  in term ed ia te  p ro d u cts . E x p e r im en ta l  
co n d it io n s:  5 g/1 ca ta ly st , 0 .5  m M  4 -C P  and 2 9 8  K .
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Figure 4.17 C o m p a r iso n  o f  rem a in in g  fra ctio n  o f  4 -C P  at d ifferen t % A g  lo a d in g s.

0.0 .5 1.0 1.5
% A g  lo a d in g

Figure 4 .1 8  R e m a in in g  fraction  o f  T O C  at 3 6 0  m in u te s  for  d iffe r e n t % A g  lo a d in g s  
in  T i0 2 -
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fo rm a tio n  resu ltin g  in  d e crea sin g  th e rec o m b in a tio n  p r o c e ss  as w e l l  as en h a n c in g  th e  
o x id a tio n  r ea c tio n  b y  it s  o x id a t iv e  property. B u t  w h e n  th e  a m o u n t o f  A g  in cr e a se s  to  
a certa in  le v e l, th e  p h o to e le c tr o n  w il l  tran sfer from  th e  se m ic o n d u c to r  to  m eta l 
p artic le s  as w e l l  as th e  d ecrea se  o f  O 2 *' re su ltin g  in  th e  in c r e a se  o f  re c o m b in a tio n  and  
lo w e r in g  th e  p h o to ca ta ly tic  a c tiv ity  (B la z k o v a  et al., 1 9 9 8 ). A n o th e r  p o ss ib le  
e x p la n a tio n  is  that A g  in c r e a se s  th e  rate o f  d irect h o le  o x id a t io n  p a th w a y  le a d in g  to  
im p r o v in g  th e  p h o to c a ta ly tic  a c tiv ity  ( I l is z  and D o m b i, 1 9 9 9 ).

4 .2 .4  P h o to c a ta ly tic  D eg r a d a tio n  o f  4 -C P  w ith  0 .1 %  A u - 0 ,1% A g/T iC b
T o  stu d y  th e  e f fe c t  o f  b im e ta llic  ca ta ly s t  o n  th e  4 -C P  d egrad ation , th e  

o p tim u m  am o u n ts  o f  A u  and A g  m e n tio n ed  earlier  w e r e  ad d ed  to  TiC>2 ( so l-g e l) .  
F ig u re  4 .1 9  sh o w s  th e  d egra d ation  u s in g  0 .1%  A u -0 .1 %  Ag/TiC>2 . N o  s ig n ifica n t  
im p r o v e m e n t o f  th e  d egra d ation  w ith  A u -A g  b im e ta ll ic /T i0 2  c a ta ly s t  w a s  ob served . 
It is w o r th  to  n o te  that 4 -C P , H Q , and H H Q  co n cen tra tio n  p r o f ile s  o f  th e  sy s te m  w ith  
0 .1%  A u -0 .1 %  A g /T i 0 2 w e r e  sim ila r  to  th o se  w ith  0 .1%  Ag/TiC>2 . T h e  rea so n  m ay  
b e th e  s im ila r ity  o f  th e  B E T  su rface  areas o f  th e se  tw o  ca ta ly sts . T h is  resu lt im p lie s  
that th e  a d d itio n  o f  A g  h as stron ger e f fe c t  than A u  r e su lt in g  in  th e  a p p ro x im a te ly  th e  
sa m e  p h o to c ta ly tic  a c tiv ity  o f  0 .1%  A u -0 .1 %  A g /T iC h  and 0.1%) A g /T i 0 2. It is  
p o s s ib le  th at 0 .1%  Au-0.1% 0 A g/T iC >2 sh o w s  th e  b etter  T O C  resu lt than 0.1%o 
A g /T iÛ 2  as in crea ses  t im e  m o re  than  3 6 0  m in u tes . A s  s e e n  in  F ig u re  4 .2 0 , ex c e p t  
T iÛ 2  (D e g u s s a  P 2 5 ), 0.1%) A g /T iÛ 2 and 0.1%) A u-0.1% ) A g /T iC >2 g iv e  th e  h ig h e st  
p h o to c a ta ly tic  a c tiv ity  in  term s o f  th e  lo w e s t  rem a in in g  fra c tio n  o f  T O C  at 3 6 0  
m in u tes.

4 .2 .5  E ffe c t  o f  M o b ility
In  th e  m o b iliz e d  sy stem , p h o to c a ta ly tic  d eg ra d a tio n  o f  4 -C P  w a s  

carried  o u t w ith  T i0 2  ( s o l-g e l)  p artic le s  o f  0 .5  g/1 su sp e n d e d  in  0 .5  m M  4 -C P  
so lu t io n  o f  4 5 0  m l s o lu t io n  w h ile  in  th e  im m o b iliz e d  sy ste m , 1 0 0  m l 4 -C P  so lu tio n  
w ith  5 g la s s  p la tes  c o a te d  w ith  T i0 2  ( s o l-g e l)  o f  0 .2 8 6 5  g/1 w a s  u se d . F ig u res 4 .2 1  
sh o w s  th e  rem a in in g  fraction  and co n cen tra tio n  p r o f ile s  o f  in term ed ia te  p rod u cts  in  
th e  im m o b iliz e d  sy s te m s . T ab le  4 .3  co m p a res  th e  in it ia l d e g ra d a tio n  rates o f  th e
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Figure 4.19 P h o to c a ta ly tic  d eg ra d a tio n  o f  4 -C P  as a  fu n c t io n  o f  irra d ia tio n  t im e  
u s in g  0 .1 %  A u -0 .1 %  A g /T i 0 2 (a) r e m a in in g  fra c tio n s  o f  4 -C P  an d  T O C  
(๖ ) c o n c e n tr a tio n  p r o f ile s  o f  th e  in term ed ia te  p ro d u cts . E x p e r im en ta l 
c o n d it io n s:  5 g/1 ca ta ly st , 0 .5  m M  4 -C P  and 2 9 8  K .
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Figure4.20 R e m a in in g  fr a c tio n  o f  T O C  at 3 6 0  m in u te s  fo r  d iffe r e n t c a ta ly s ts  in  p h o to d e g r a d a tio n  o f  4 -C P . Ji-4̂
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(a )
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Figure 4.21 P h o to c a ta ly tic  d eg ra d a tio n  o f  4 -C P  as a  fu n c t io n  o f  irrad iation  
t im e  u s in g  th e  im m o b iliz e d  T 1O 2 (a ) r em a in in g  fra c tio n s  o f  4 -C P  an d  T O C  
(b ) c o n c e n tr a tio n  p r o f ile s  o f  th e  in term ed ia te  p ro d u cts . E x p e r im en ta l  
c o n d itio n : 0 .2 8 6 5  g/1 c a ta ly st, 0 .5  m M  4 -C P , 2 9 8  K .
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o f  d egrad ation . W ith  th e  im m o b iliz e d  ca ta ly st, th e  in term ed ia te  p ro d u cts  in crea se  in  
th e  fir st p er io d  u n til 2 4 0  m in u tes  and rem ain  co n sta n t a fterw ard s, w h ile  th ey  are 
d ra m a tica lly  red u ced  in  th e  su sp en d ed  sy stem . It im p lie s  th at th e  in term ed ia te  
p rod u ct d egra d ation  e f fe c t iv e n e s s  o f  th e  im m o b iliz e d  T i0 2  ( s o l- g e l )  is  m u c h  lo w e r  
than th at o f  th e  su sp en d ed  sy stem . B u t in  c a se  o f  im m o b iliz e d  sy s te m , n o  ca ta ly sts  
lo s e  and e a sy  sep ara tio n  fro m  th e  sy stem . In ad d itio n , th e  r e a so n  w h y  m o b iliz e d  
sy s te m  is  b etter  than  im m o b ih z e d  sy s te m  b e c a u se  o f  b etter  h o m o lo g o u s  m ix in g  and  
m o re  su r fa ce  area to  b e  e x p o se d  to  th e  uv for  th e  im m o b iliz e d  sy stem .

Table 4.3 C o m p a riso n  o f  th e  p h o to ca ta ly tic  d egra d ation  o f  4 -C P  in  th e  su sp en d ed  
and im m o b iliz e d  sy s te m

S u sp en d ed
S y ste m

Im m o b iliz e d
S y s te m

C a ta ly st lo a d in g  (g/1) 0 .5 0 .2 8 7

In itia l ra te  o f  4 -C P  d egra d ation  
(m o le /(m in .g  c a t .)) 2 .6 6 x 1  O'5 1 .6 5 x l0 '5
In itia l rate o f  T O C  d egra d ation  
(p p m /(m in .g  c a t.)) 0 .9 4 7 0 .5 3 7
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