
CHAPTER IV
R E S U L T S  A N D  D IS C U S S IO N

4.1 R o ta tin g  D isc  P h o to ca ta ly t ic  R e a c to r  (R D P R )

4 .1 .1  R o ta t in g  D isc  P h o to ca ta ly tic  R ea c to r  (R D P R ) m a ter ia ls

A ll com p on en ts o f  this reactor w ere the com m ercial typ es w h ich  w e ll known:

- T he u ltraviolet lam p configuration  in th is reactor type w as 3 8 0  nm  
(T L K  4 0  W att /0 5 , 3 8 0  nm ), in the length o f  60  cm . It w a s applicable for 4 0  w att and  
2 2 0  v o lta g es  from  F illip  C om pany w ere used  as the source o f  photoactiv ity  energy.

- T he aquarium  pum ps w h ich  provide the f lo w  rate o f  9 0 0  liter/hours (LIFE  
T E C H -A T 1 6 0 0 ,1.1 H m ax, A C 2 0 0 /2 4 0  Volt, 50  H z and 5 1 /6 0  Watt) w ere u sed  for 
supported the con tin u ou s f lo w  o f  w astew ater in  this work.

- T he sp eed  controllab le m otor in  the sp ecifica tion  o f  1/3 hp (horse p ow er) 
w h ich  appropriate for 2 2 0  vo ltages w as se lected  for control the rotation speed  o f  all 
catalyst d isc s  p late in  R D P R . (O R IEN T A L M O T O R -2G N , 7 .5K , M ax output 6  Watt, 
2 2 0  V olt, 5 0 /6 0  H z  and 9 0 -1 4 0 0 /9 0 -1 6 0 0  R PM )

- T he brass v a lv es  w h ich  corrosive durable w ere se lected  for control the f lo w  
rate o f  w astew ater.

- R eactor r o o f  w a s designed  in  the arc shape w h ich  can m ax im ize  centralized  
light energy.



4 .1 .2  R o ta tin g  D isc  P h o to ca ta ly tic  R ea c to r  (R D P R ) d es ig n .

For R D P R , alum inum  w as appropriate for produced the b od y o f  th is reactor as 
it provides h igh  reflection  o f  light to the system . The d esigned  o f  R otating D isc  
Photocatalytic R eactor (R D P R ) as show n b e llo w  in Figure 4 .1 , Figure 4 .2  and Figure
4.3 represent the schem atic o f  R D P R  for chrom ium  (V I) rem oval.

The lab sca le  R D P R  con sists o f  3 major parts including: the w astew ater  
containm ent, the rotating d isc  plate w hich  m ade from  sta in less steel that had TiC>2 

deposited  on  its surface and the light energy source as u ltraviolet lam ps.
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(d)

F ig u re  4.1 The sch em atic  o f  RDPR:

(a) The top v ie w  o f  R D P R  (b) T he front v ie w  o f  R D P R

(c) The front v ie w  inside R D P R  (d) The side v ie w s  o f  R D P R

T a b le  4.1 Sum m ary o f  the d im en sions o f  the R D P R  sh ow n  in F igure 4.1 

F unction am ount
Length o f  reactor (cm ) 52
W idth o f  reactor (cm ) 38
N um ber o f  d iscs 2 0

D iam eters o f  d iscs  (cm ) 1 2

T h ick n ess o f  d iscs  (cm ) 0.1
Subm erge fraction  o f  d iscs (cm ) 4.5
A ctiv e  surface s id e  (m 2) 0.234
D istan ce b etw een  d iscs  (cm ) 9.5
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F ig u r e  4 .2  T he lab sca le  o f  R otating D isc  P hotocatalytic  R eactor (R D P R )

Gas N2

F ig u r e  4 .3  T he system  o f  chrom ium  (V I) w astew ater treatm ent w ith  R D P R



4 .2  T h e  m ech a n ism  o f  c h ro m iu m  (V I) rem ov a l b y  la b  sc a le  R D P R .
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T he m ech an ism  o f  ch rom ium  (V I) rem oval by lab sca le  R D P R  w as exp lain ed  
beneath the photoreduction  reaction. T his process related to the reduction potential o f  
the pollutant and the catalyst. In th is w ork, the study pollutant w as chrom ium  (V I) and  
the catalyst w as TiC>2 . T he reduction potential o f  chrom ium  (V I) and TiC>2 present in  
Figure 2 .5 .

T he m ech an ism  o f  chrom ium  (V I) rem oval w a s started w h en  the thin film  
TiC>2 d isc  rotate. T he chrom ium  (V I) w astew ater carried on  the d isc  p late and the 
ultraviolet lam p provid ed  the energy to TiC>2 w h ich  d ep osited  on  the d isc  p late to let 
the p h otocata lysis reaction  occur. Then, chrom ium  (V I) in  the w astew ater reacted w ith  
thin film  TiC>2 . W hen  TiC>2 received  the energy m ore than the band gap (3 .2  eV ), the  
electron  from  va len ce  band (V B ) jum ped  to conduction  band (C B ). In th is รณdy, the  
รณdy w astew ater con tains chrom ium  (V I) w as rece ive  e lectron  from  C B  o f  TiC>2 . 
Then, the ch rom ium  ch an ges ox id ation  state from  h exava len ce  to triva lence w h ich  
w as le ss  to x ic  sp ec ies . A fter reaction , the rem oval o f  ch rom ium  (V I) from  the solution  
w as d on e b y  rem oved  the d isc  plates.

4 .3  T h in  film  c h a r a c te r is tic

4 .3 .1  T h in  f ilm  c h a r a c te r is tic  m o rp h o lo g y  a n a ly s is  b y  sc a n n in g  e lec tro n  
m ic r o sc o p e  (S E M )

T he surface m orp h ology  o f  thin  film  T i0 2  w as an a lyzed  b y  SE M  as sh ow n  in  
Figure 4.4 and 4.5. F igure 4.4 sh ow s the original m acroscop ic  m orp h ology  o f  original 
sta in less stee l w ith ou t any d ep osition  o f  TiC>2 on  the surface. A fter coa ted  w ith  3 
cy c le s  o f  TiC>2 th in  film  w h ich  prepared in  the ratio o f  titanium  (IV ) butoxide: ethanol: 
HC1: acety laceton e o f  1: 30: 0.5: 1 and calcite  at 500°c for 30 m inutes (F igure 4.5), 
the boundary w a s sh a llo w  as TiC>2 f ilm  covered  on  sta in less grain and surface. T his  
thin film  exh ib its sm ooth  surface w ithout any crack.
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F ig u re  4 .4  sta in less  stee l surfaces w ithout TiC>2 thin film  at 3 5 0 0  X m agn ifications.

F ig u re  4 .5  S E M  o f  the 1ไ(ว2 thin film  surface prepared w ith  3 cy c le s  coa ted  and  
ca lc ite  at 5 0 0 ° c  for 30  m inutes w ith  3 5 0 0  X m agn ifications.
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4 .3 .2  T h in  f ilm  ch a ra c te r is tic  m o rp h o lo g y  a n a ly s is  b y  X -R a y  

D iffr a c t io n  (X R D )

T he TiC>2 th in  film s in  this w ork  w ere prepared b y  the fo llow in g: 3 coating  
cy c le s  and ca lc in ed  at 500 °c calcin ations temperature. T h e X -ray D iffraction  (X R D )  
pattern o f  thin f ilm s in  th is w ork is  sh ow n  in Figure 4 .6 . W ith the h igh  am ount o f  
anatase sh o w in g  here, it is exp ected  that th is thin  film  TiC>2 can provide high  
ach ievem en t in  ch rom ium  (V I) rem oval.

F ig u re  4 .6  T he X -ray  d iffraction (X R D ) pattern o f  thin film  TiC>2 w h ich  3 cy c le  
coa tin g  at 5 0 0 ° c  ca lc in ations temperature for 30  m inutes

Figure 4 .6  sh o w s the X R D  pattern o f  the TiC>2 th in  film s w h ich  are coated  for 
3 c y c le s  at 500°c calcin ations tem perature for 30 m inutes. T he peak  o f  TiC>2 

crystalline w a s appears as anatase phase w ith  20 equal to  2 5 .4  degree. T h is X R D  
pattern w a s u sed  for the crystallite s iz e  calcu lation  by lin e  broadening m easurem ents  
in  th is equation  (D ebye-Scherrer):



KX (4 .1 )
42

L  =
ficosd

w h ere ,

L  =  th e  c ry s ta llite  s ize  (nm )

K  =  th e  D eb y e -S c h e rre r  c o n s ta n t (u su s lly  ta k e n  as  0 .8 9 )

X =  th e  w av e le n g th  o f  th e  X -ra y  ra d ia tio n  (C u  K a  =  0 .1 5 4 1 8  nm )

/? =  th e  lin e  w id th  a t h a lf-m a x im u m  h e ig h t o f  th e  b ro a d e n e d  p eak

6  =  th e  h a l f  d iffrac tio n  an g le  o f  th e  c e n tro id  o f  th e  p e a k  (d eg ree )

F ro m  F ig u re  4 .6 , c ry s ta llite  s ize  o f  TiC>2 p re p a re d  w ith  3 co a tin g  cy c le s  c a n  be 
c a lc u la ted  as  fo llo w s:

L =  0 .8 9 x 0 .1 5 4 1 8  =  1 0 .0 7 6  n m
0 .0 1 3 9 6  * cos (2 5 .4 /2 )

T h ic k n e ss  o f  TiC>2 th in  f ilm  91 n m  w h ich  a n a ly s t b y  sc a n n in g  e lec tro n  
m ic ro sc o p e  (S E M ) as p re se n t in  F ig u re  4 .7 .

F ig u re  4 .7  M o rp h o lo g y  o f  th in  f ilm  TiC>2 o b ta in ed  fro m  S E M  sh o w in g  th e  th ick n ess  
o f  th in  film  T iÛ 2 in  th is  w ork .



M a ss  o f  T i0 2  p e r  d isc  p la te  w as o b ta in ed  b y  w e ig h in g  m e a su re m e n t w h ich  
is  a p p ro x im a te  0 .2 2 6  m g /cm 2. A s o n e  d isc  p la te  h a s  a re a  m e a su re d  b y  g eo m etric  
m e th o d  a s  9 7 .4 8  c m 2, T h u s  th e  TiC>2 d ep o s ited  o n  th e  s ta in le ss  s tee l d isc  p la te  sh o u ld  
b e  e q u a l to  2 2 .0 3  m g .
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4 .4  E ffe c t  o f  in it ia l p H  o f  w a ste w a te r  in  th e  o p era tin g  o f  R D P R .

In  th is  e x p e rim e n t p a rt, th e  e ffec t o f  in itia l p H  o f  w a s te w a te r  w as  in v es tig a ted  
b y  v a ry in g  th e  p H  v a lu e  in  th e  ra n g e  o f  ac id  (p H  3), n eu tra l (p H  7 ) a n d  b a s ic  (p H  11). 
T h e  in itia l p H  o f  sy n th e s is  w a s te w a te r  w as  ab o u t 7 , th u s , in  th e  n e u tra l sy s te m  it w as 
n o  n e e d  to  a d ju s t  th e  in itia l p H . T h e  ad ju s tm en t o f  p H  3 w as  p e rfo rm e d  b y  a d d in g  o f  
su lfu r ic  a c id  (H 2S O 4) an d  to  a d ju s t th e  in itia l p H  to  11; th e  c h e m ic a l u se d  w as so d iu m  
h y d ro x id e  (N a O H ) w h ic h  w as th e  s tro n g  b asic . T h e  e x p e rim e n ta l c o n d itio n  fo r each  
p H  w a s  sh o w n  in  T ab le  4 .2 .

T a b le  4 .2  E x p e rim e n ta l d e ta ils  in  th e  s tu d y  o f  th e  e ffec t o f  in itia l p H  o f  w a s te w a te r  o n
c h ro m iu m  (V I) rem o v a l efficiency .

F u n c tio n __________________________________________________________________ a m o u n t
C o n c e n tra tio n  o f  w as tew a te r, p p m  25

C h ro m iu m  (V I) lo a d in g  in  o n e  e x p e rim en t (25  m g /L  * 2 0  L ), m g  500

W a ste w a te r  f lo w  ra te  (Qw), m L /se c  90

R o ta tin g  d is c  sp e e d  ( K ) ,  rp m  2 00

TiC>2 c o a tin g  su rfa c e  a rea , m 2 0 .2 3 4

H e ig h t o f  w a s te w a te r  in  R D P R , c m  5

R a te  o f  N 2 G as  in p u t, L /m in 4 .5



44

F ig u re  4 .8  R e s id u a l f ra c tio n  o f  c h ro m iu m  (V I) in  d if fe re n t p H  o f  w a s te w a te r

F ig u re  4 .9  K in e tic  c o e ff ic ien ts  (k ) o f  re s id u a l c h ro m iu m  (V I) w ith  d iffe re n t p H  o f
w astew a te r.
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T a b le  4 .3  E x p e rim e n ta l c o n d itio n s  o f  each  e x p e rim e n t in  v a ry in g  in itia l p H  o f  

w astew a te r.

E x p e r im e n ta l co n d itio n E x p e r im e n t  IN0 .
1 2 3

In itia l p H  o f  w a s te w a te r 3 7 1 1
C r (V I) re m o v a l p e rc e n ta g e  
I f  re a c tio n  p e r io d  is  105 m in , % 1 0 0 0 .715 0 .0 5 2 5

K in e tic  c o e ff ic ie n t (k ), m g /L .m in 0 .2492 0 .0183 0 .0 0 0 9

F ig u re  4 .8  p re se n ts  th e  e ffec t o f  in itia l p H  o f  w a s te w a te r  o n  p h o to re d u c tio n  o f  
c h ro m iu m  (V I). T h e  re su lt  w as  sh o w n  th a t w h en  th e  in itia l p H  o f  w a s te w a te r  w as 
b a s ic  (p H  11) th e  re a c tio n  c a n n o t rem o v e  ch ro m iu m  (V I) a t a ll. In  n a tu ra l p H  (p H  7), 
th e  p h o to c a ta ly s is  re a c tio n  can  be  o ccu rred  b u t th e  re a c tio n  ra te  w a s  re la tiv e ly  low. 
T h en , th e  re m o v a l o f  c h ro m iu m  (V I) n eed  lo n g er tim e  to  co m p le te . In  c o n tra s t p H  3 
p ro v id e d  th e  h ig h e s t e ff ic ie n cy  rem o v a l o f  ch ro m iu m  (V I) w h ic h  re q u ire d  th e  reac tio n  
tim e  to  c o m p le te  in  c h ro m iu m  (V I) rem o v al as  105 m in u te s  w ith  0 .2 4 9 2  m g /L .m in  o f  
k in e tic  c o e ff ic ie n t as  sh o w n  above .

F ig u re  4 .1 0  S h o w  th e  c o m p o u n d  o f  ch ro m iu m  (V I) in  th e  so lu tio n  w h ic h  d iffe re n t pH  
( K u e t .  ฝ . ,  2 0 0 1 )



In  g en e ra l, th e  c h ro m iu m  (V I) c a n  fo rm  m a n y  c o m p le x  c o m p o u n d s  as 
C 1O 42' a n d  H C rC V  d e p e n d  o n  th e  c o n c e n tra tio n  o f  c h ro m iu m  (V I) an d  p H  v a lu e  o f  
th e  so lu tio n . T h e  in fo rm a tio n  fro m  F ig u re  4 .1 0  fo u n d  th a t  a t s tro n g  a c id ic  co n d itio n , 
p H  0 - 1.8, th e  p re d o m in a n t sp ec ies  o f  c h ro m iu m  (V I) w as  H 2C 1O 4 . In  th e  p H  ran g e  
o f  1.8 -  7, c h ro m iu m  (V I) w as  in  th e  fo rm  o f  H C rC V  a n d  a t b a s ic  p H , p H  m o re  th a n  7, 
c h ro m iu m  (V I) w as  in  th e  fo rm  o f  CrC>42'. A cco rd in g ly , in itia l p H  o f  w a s te w a te r  is 
d irec tly  a ffe c ted  to  th e  e ff ic ien cy  o f  c h ro m iu m  rem o v a l.

R e su lt fro m  th is  ex p e rim en ta l co u ld  b e  su p p o r te d  b y  th e  s tu d y  o f  L in  e t al.
(1 9 9 3 ) w h o  p re se n te d  th e  c h a n g in g  in  th e  p o te n tia l v a lu e  o f  v a len ce  b a n d  (V B ) and  
c o n d u c tio n  b an d  (C B ) o f  TiC>2 w a s  ch an g ed  fo llo w in g  th e  p H  o f  th e  so lu tio n . It co u ld  
b e  ex p la in e d  th a t  w h e n  in c rea s in g  p H  o f  th e  so lu tio n , it  w a s  re d u c e d  th e  p o ten tia l 
v a lu e  o f  th e  b a n d  g ab  o f  TiC>2 as  ca ll N ersta in  a s  c h a n g e  -5 9  m v  in  e v e ry  c h a n g in g  p H  
a t 25  ° c  ( -5 9  m v / p H  U n it a t 25 °C). T h e re fo re , p H  o f  th e  so lu tio n  a ffec ts  to  th e  
e ff ic ien cy  in  c h ro m iu m  (V I) rem o v a l b y  th e  d iffe re n c e  b e tw e e n  th e  red u c tio n  
p o te n tia l o f  c h ro m iu m  (V I) in  e a c h  fo rm s an d  c o n d u c tio n  b a n d  (C B ) o f  TiC>2 .

In  b a s ic  p H , th e  d iffe re n t v a lu e s  b e tw e e n  th e  re d u c tio n  p o te n tia l o f  C rÛ 42' an d  
c o n d u c tio n  b a n d  (C B ) o f  U O 2 w as  sm a lle r  th a n  a c id ic  p H  as sh o w n  in  F ig u re  2 .2 . In  
th e  sam e  w ay , th e  d iffe re n t v a lu e s  b e tw e e n  th e  re d u c tio n  p o te n tia l o f  H C rC V  and  
c o n d u c tio n  b a n d  (C B ) o f  TiC>2 in  ac id ic  p H  is h ig h . T h e n  th e  p h o to re d u c tio n  o f  
c h ro m iu m  (V I) p ro v id e  h ig h  e ffic ien cy  in  a c id ic  pH . T h u s , C r6+ w as  ch a n g e d  to  C r3+ 
w h ic h  le ss  to x ic  sp ec ie s  a t a c id ic  p H  as sh o w n  in  th e  e x p e rim e n t.
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4 .5  E ffe c t  o f  w a s te w a te r  f lo w  ra te  ( Q w) in  th e  o p e r a tin g  o f  R D P R

F lo w  ra te  o f  w a s te w a te r  is an  im p o rta n t p a ra m e te r  in  th e  o p e ra tin g  o f  
co n tin u o u s  m o d e  reac to r. T h e  v a lu e s  o f  f lo w  ra te  a re  re la tiv e  to  tre a tin g  cy c le  o f  
w a s te w a te r  w h ic h  is  d ire c t p ro p o rtio n  to  th e  e ff ic ie n c y  o f  c h ro m iu m  (V I) rem o v a l. In  
th is  e x p e rim e n t se t, f lo w  ra te s  o f  w a s te w a te r  w e re  e x p e rim e n te d  w ith  o th e r  fix ed  
p a ra m e te rs  p re se n te d  in  T ab le  4 .4 . T h e  v a ry in g  w a s te w a te r  f lo w  ra te s  c o n s is te d  o f  20 ,



4 0 , 60 , 80  a n d  9 0  m L /sec . T h e  re su lts  o f  th is  e x p e rim e n t se t in v e s tig a te d  b y  th e  
a n a ly s is  o f  re s id u a l c h ro m iu m  (V I) co n cen tra tio n  in  w as tew a te r.

T h e  re s id u a l f ra c tio n  o f  c h ro m iu m  (V I) w as ca lcu la ted  a s  fo llo w :
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R e s id u a l fra c tio n  =  c ,  (4 .2 )
~ c 7

W h ere ,

c ,  is  th e  c o n c e n tra tio n  o f  ch ro m iu m  (V I) in  w a s te w a te r  a t t im e , p p m  

C 0 is  th e  in itia l co n cen tra tio n  o f  ch ro m iu m  (V I) in  w a s te w a te r, p p m

T a b le  4 .4  E x p e rim e n ta l d e ta ils  in  th e  s tu d y  o f  th e  e ffec t o f  w a s te w a te r  f lo w  ra te  (Q w) 
o n  c h ro m iu m  (V I) rem o v a l effic iency .

F u n c tio n a m o u n t
C o n c e n tra tio n  o f  w a s te w a te r, p p m 25

C h ro m iu m  (V I) lo a d in g  in  o n e  e x p e rim en t (25 m g /L  * 2 0  L ), m g 500

R o ta tin g  d isc  sp e e d  (V r), rp m 50

H e ig h t o f  w a s te w a te r  in  R D P R , cm 5

TiC>2 c o a tin g  su rfa c e  a rea , m 2 0 .2 3 4

In itia l p H  o f  w a s te w a te r 3

R a te  o f  N 2 G as  in p u t, L /m in 4 .5

R e su lts  o f  th e  p h o to c a ta ly tic  red u c tio n  o f  c h ro m iu m  (V I) u s in g  R D P R  u s in g  
th e  w a s te w a te r  f lo w  ra te  as  o f  20 , 40 , 60 , 80 a n d  9 0  m L /se c e c  a n d  th e  k in e tic  
co e ffic ien ts  (k )  o f  e a c h  w a s te w a te r  f lo w  ra te  are  sh o w n  in  F ig u re  4.11 a n d  F ig u re  4 .12  
re sp ec tiv e ly . T ab le  4 .5  sh o w s  th e  ex p e rim en ta l co n d itio n s  u se d  in  e a c h  w a s te w a te r  
f lo w  ra tes.
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F ig u re  4.11 R esid u a l f ra c tio n  o f  c h ro m iu m  (V I) c o n c e n tra tio n  in  d iffe ren t w a s te w a te r  
f lo w  ra te .

F ig u re  4 .1 2  K in e tic  c o e ff ic ien ts  (k ) o f  re s id u a l c h ro m iu m  (V I) w ith  d iffe ren t 
w a s te w a te r  f lo w  ra te .



T a b le  4 .5  E x p e rim e n ta l c o n d itio n s  o f  each  e x p e rim e n t in  v a ry in g  w a s te w a te r  f lo w  
ra te s .

4 9

E x p e r im e n ta l co n d it io n s E x p é r im e n ta N o .
1 2 3 4 5

F lo w  ra te , m L /se c 2 0 40 60 80 90
C o n ta c t tim e , m in /c y c le  
i f  re a c tio n  p e r io d  is  143 m in 8.41 4 .2 2 . 8 2 . 1 1 . 8 6

T re a tin g  cy c le , cy c le  
i f  re a c tio n  p e r io d  is  143 m in 17 34 51 6 8 77
C r (V I) re m o v a l p e rc e n ta g e  
i f  re a c tio n  p e r io d  is  143 m in , % 68.75 77.3 8 3 .1 4 9 1 .6 7 1 0 0

K in e tic  c o e ff ic ie n t (k ), m g /L .m in 0 .1174 0 .1 3 5 9 0 .1 4 5 2 0 .1601 0 .1 7 6
R e a c tio n  tim e  to  c o m p le te  
p h o to re d u c tio n  o f  C r  (V I), m in 208 185 172 156 143

F ig u re  4.11 w as sh o w n  th e  re la tio n  o f  re s id u a l f ra c tio n  o f  c h ro m iu m  (V I) as  a  
fu n c tio n  o f  tim e . T h e  re su lts  c a n  be  n o ted  th a t h ig h  e ff ic ie n cy  in  c h ro m iu m  rem o v a l is 
o b ta in e d  w ith  th e  h ig h  f lo w  ra te  o f  w astew ater.

In  k in e tic  c o n s id e ra tio n , th e  ch ro m iu m  (V I) re m o v a l w a s  re p re se n tin g  in  ze ro  
o rd e r  p a tte rn  w h ic h  c a n  b e  re p re se n te d  by  th e  fo llo w in g  eq u a tio n :

ร^3 (4 .3 ) a t z e ro  o rd e r, ท =  0

c  - Co =  -k .t (4 .4 )

F ig u re  4 .1 2  p re se n te d  th a t  th e  h ig h est o f  w a s te w a te r  f lo w  ra te  b r in g  h ig h e s t 
k in e tic  c o e ff ic ie n t (k ) a n d  T ab le  4 .5  p resen ted  th e  e x p e rim e n ta l c o n d itio n  o f  e a c h  f lo w  
ra te . F ro m  T ab le  4 .5  w as fo u n d  th a t th e  sp ec ifican t p a ra m e te r  th a t  p la y s  a  m a jo r  ro le  
in  e ffe c t o f  w a s te w a te r  f lo w  ra te  in  th e  o p e ra tin g  o f  R D P R  w as  tre a tin g  cy c le . A t th e  
h ig h e s t f lo w  ra te  90  m L /se c e c , th e  trea tin g  cy c le  w e re  7 7  cy c le s  le a d  to  th e  v a lu e  o f  
k in e tic  c o e ff ic ie n t as 0 .1 7 6  m g /L .m in . W hile  a t  th e  lo w e s t f lo w  ra te  2 0  m L /se c  in  th e  
sam e  e x p e r im e n ta l tim e  w h ic h  h ad  17 trea tin g  cy c le , th e  k in e tic  c o e ff ic ie n t w as 
re d u c e d  to  0 .1 1 7 4  m g /L .m in .



Information obtained from this graph shown that the increasing of rate 
constant corresponds to the increasing of flow rate. The values of rate constant were 
slowly increased with the flow rate of waste stream in the range of 20 -  80 mL/sec. 
Beyond 80 mL/sec, the rapid increase of chromium removal rate was clearly seen. 
This behavior may result from the increase of treatment cycle of wastewater. The 
more cycles for wastewater in one batch, the high amount of chromium could be 
removed from wastewater. The highest flow rate (90 mL/sec) provided highest 
efficiency in chromium removal depending on the high number of treatment cycle of 
wastewater in one batch.

Treatment cycle of wastewater is directly depend on the flow rate of wastewater, 
as at 90 mL/sec has 77 treating cycles in contrast at 20 mL/sec has 17 treating cycles. 
Treating cycle is the important point which provides the increasing of chromium (VI) 
removal. Wastewater velocity is the function of flow pattern which is related to the 
degree of wastewater mixing, turbulence type, cause to the high mass transfer 
coefficient. Then, the increase of wastewater flow rate is the increase of chromium 
(VI) removal efficiency for RDPR reactor.
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4.6 Effect of rotating disc speed ( vr) in the operating of RDPR

In this part, flow rate of wastewater 90 mL/sec were fixed as the initial 
conditions because this flow rate give high efficiency result from previous part, while 
rotating disc speed were varied from 10 to 50, 100, 150 and 200 rpm respectively as 
shown in Table 4.6. Results of this experiment set are shown in Figure 4,13.



Table 4.6 Experimental details in the study of the effect of rotating disc speed ( vr) 
in on chromium (VI) removal efficiency.
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Function amount
Concentration of wastewater, ppm 25
Chromium (VI) loading in one experiment (25 mg/L * 20 L), mg 500
Wastewater flow rate (Qw), mL/sec 90
Height of wastewater in RDPR, cm 5
TiC>2 coating surface area, m2 0.234
Initial pH of wastewater 3
Rate of N2 Gas input, L/min 4.5
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Figure 4.13 Residual fraction of chromium (VI) on time in varies rotating disc speed



It was found that the rotating disc speed promoted the photocatalytic 
reaction of chromium (VI) removal in the difference results. The faster of rotating 
disc speed affects on the increasing of chromium (VI) removal rate. With 10 rpm 
rotating disc speed, the chromium (VI) was completely removed within 182 minutes, 
while the reaction period was reduced to approximately 100 minutes with 200 rpm 
rotating disc speed. The fastest rotating disc speed 200 rpm provided the best result of 
the photoactivity.

As described earlier, the kinetic pattern in chromium (VI) removal using 
rotating disc photoreactor was performed as zero order; the plotted of kinetic 
coefficient versus rotating disc speed is shown in Figure 4.14 and the values of kinetic 
coefficient from each condition were calculated and shown in Table 4.7.
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Figure 4.14 Kinetic coefficients (k) of residual chromium (VI) with different rotating 
disc speed.
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Table 4.7 Experimental conditions of each experiment in varying rotating disc 

speed.

Experimental conditions Experimental No.
1 2 3 4 5

Rotating speed disc, rpm 10 50 100 150 200
Total rotating round in 105 min, round 1050 5250 10500 15750 21000
Contact time for each round, min 0.1 0.02 0.01 0.0067 0.005
Ti02 coating surface area for 105 min, m2 245.65 1228.25 2456.5 3684.75 4913
Cr (VI) removal percentage 
If reaction period is 105 min, % 57.69 68.18 82.03 91.3 100
Kinetic coefficient (k), mg/L.min 0.1384 0.1620 0.1958 0.2173 0.2489
Reaction time to complete 
photoreduction of Cr (VI), min 182 154 128 115 105

Information obtained from Figure 4.14 and Table 4.7 shown that the values of 
kinetic coefficient are continuously increased as a function of rotating disc speed, in 
the range of 10 -200 rpm. The major parameter which plays an important role here 
was the rotating rounds of TiC>2 disc plate as shown in Table 4.7. The total rotating 
rounds of disc plate increase from 1050 to 21000 in the rotating speed disc in the 
range of 10 to 200 rpm. As same the increasing of wastewater flow rate, the 
increasing of rotating rounds can provide the increasing of wastewater mixing pattern. 
The completely mix of wastewater (CSTR, continuous stirred tank reactor) is the 
important parameter that necessary for continuous mode reactor. It is the major 
parameters which provide the high efficiency of chromium (VI) removal. The more 
rotating round of TiC>2 disc plate, the high amount of chromium can be removed from 
wastewater. The highest rotating disc speed at 200 rpm provided the highest value of 
chromium removal rate constant as equal to 0.2489 mg/L.min. The results from this 
experiment part suggested that, at high rotating disc speed, the rotating speed of disc 
was directly effect to the removal efficiency of chromium (VI) in this type reactor.

Finding from this work was well agreement with the research works of Noel et 
al (2000) and Dionysiou et al (2002). They found that the rate constant increased with 
increasing of disc angular velocity. The increasing in rotating speed of disc in the 
range of 10 -  200 rpm could promote the photoreaction rate in this work. Moreover 
the highly efficiency degradation rate will respond to the intensity of light and the



increasing of contaminant concentration.
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4.7 Effect of T1O2 coating surface area in the operating of RDPR.

TiCh coating surface area is the available area on the disc plate that coated with 
the catalyst or Ti02 providing the photocatalysis reaction in RDPR as shown in Figure 
4.15.

Figure 4.15 Shown the disc plate that use in RDPR.
a. TiÛ2 coating surface area of disc plate that coated with ÜO2 in 3 cycles 

and calcite at 500°c for 30 minutes

b. Disc plate without any TiC>2 thin film



In this experimental part, the fixed parameters used in all experiments were 
presented in Table 4.8. To รณdy effect of TiC>2 coating surface area on chromium (VI) 
removal efficiency, the optimum flow rate of wastewater as of 90 mL/sec from the 
previous section and the optimum rotating disc speed as of 200 rpm were used in this 
section. TiC>2 coating surface areas of rotating discs plate were varied as 0.117 m2,
0.1754 m2, 0.234 m2, 0.263 m2 and 0.2924 m2. Figure 4.16 was shown the results of 
chromium (VI) removal using RDPR in the different amount of TiC>2 coating surface 
area. The information of this experimental part which was used in photocatalytic 
reduction process can be explained in Table 4.9.
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Table 4.8 Experimental details in the รณdy of the effect of TiC>2 coating surface area 
on chromium (VI) removal efficiency.

Concentration of wastewater, ppm 50
Chromium (VI) loading in one experiment (50 mg/L * 20 L), mg 1000
Wastewater flow rate (Qw), mL/sec 90
Rotating disc speed (Vr), rpm 200
Height of wastewater in RDPR, cm 5
Initial pH of wastewater 3
Rate of N2 Gas input, L/min 4.5
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Figure 4.16 Residual fraction of chromium (VI) on time in varies TiC>2 coating 
surface area

Figure 4.17 Kinetic coefficients (k) of residual chromium (VI) with different TiÛ2 
coating surface area



The interested experimental condition which can identify the efficiency of 
the photoreduction reaction is the kinetic coefficient (k). It was found that the kinetic 
coefficient (k) was a function of TiC>2 coating surface area as represented that 
increasing of TiC>2 coating surface area was more respond to the increasing of kinetic 
coefficient (k) values which shown in Figure 4.17.

Table 4.9 Experimental conditions of each experiment in varying TiC>2 coating 
surface area
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Experimental condition Experimental No.
1 2 3 4 5

TiC>2 coating surface area, m2 0.1170 0.1754 0.234 0.263 0.2924
Amount of TiC>2 used in one 
experiment, mg 264 396 528 595 661
Cr (VI) removal percentage 
If reaction period is 370 min, % 57.69 68.18 82.03 91.3 100
Kinetic Coefficient (k), 
mg/L.min 0.0544 0.0868 0.1148 0.1215 0.1308
Reaction time to complete 
photoreduction of Cr (VI), min 909 588 435 400 370

The information relative to the result of this part was presented in Table 4.9. 
The best condition providing highest efficient was found when the TiC>2 coating 
surface area was 0.2924 m2. That was coated with 661 mg of TiC>2 which the 
maximum TiC>2 was coating surface area using in this work. The kinetic coefficient 
values of each condition were shown in Table 4.9 presented that TiC>2 coating surface 
area was also the important parameters controlling the efficiency of chromium (VI) 
removal because TiC>2 coating surface area was the direct function of amount of 
catalyst which provide photoactivity.

However, the increasing of TiC>2 coating surface area provided the increasing 
of reaction rate or kinetic coefficient value. However, the photoreaction was limited 
by the inputting energy which came from the ultraviolet lamps and the capacity of the 
light emitting to the discs plate, which related to the positions between the light 
source and the disc plates. These reasons as well agree with the result of previous 
worked by Dionysiou (2002) research.
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4.8 Effect of initial concentration of synthesis wastewater in the operating of

RDPR.

To study effect of initial concentration of synthesis wastewater on chromium 
(VI) removal efficiency, the experimental conditions used in all concentrations 
represented in Table 4.10. From the results of previous parts, they have shown that all 
รณdies parameters (initial pH of wastewater, flow rate of wastewater, rotation of disc 
and TiC>2 coating surface area) were affected to the chromium (VI) removal efficiency 
by using RDPR. In this part, initial concentration of wastewater was varied as of 25, 
40, 50, 80, 100,150, 250, 300 and 500 ppm.

Table 4.10 Experimental details in the รณdy of the effect of initial concentration of 
wastewater on chromium (VI) removal efficiency.

Function amount
Wastewater flow rate (Qw), mL/sec 90
Rotating disc speed (Vr), rpm 200
TiC>2 coating surface area, m2 0.234
Height of wastewater in RDPR, cm 5
Initial pH of wastewater 3
Rate of N2 Gas input, L/min 4.5

4.8.1 Effect of initial concentration of synthesis wastewater in the range of 
25 - 100 ppm to the operating of RDPR.

T he photoreduction  o f  chrom ium  (V I) in the varying in itial concentration  o f
syn th esis w astew ater in  the range o f  25 -  100 ppm  w ere sh ow n  in  F igure 4 .1 8 . The
results co u ld  exp la in  that the reactions needed  longer tim e to co m p lete  th e rem oval o f



chromium (VI) in the high concentration. As the concentration of chromium (VI) 
100 ppm, it needed 585 minute for complete removed. Otherwise, 25 ppm of 
synthesis wastewater used merely 105 minute for successfully treatment. The reaction 
rates of all concentrations were presented in Figure 4.19. The reaction rates of 
photoreduction in chromium (VI) rapidly decrease between 25 to 40 ppm. And it 
slowly decreased in the range of 50 to 100 ppm. Then, the results were shown that the 
kinetic coefficient constants (k) were decrease when increased the initial 
concentration of wastewater as shown below.
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Figure 4.18 Residual fraction of chromium (VI) on time in different initial
concentration of synthesis wastewater in the range of 25 - 100 ppm.
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Figure 4.19 Kinetic coefficients (k) of residual chromium (VI) with different
concentration of synthesis wastewater in the range of 25 to 100 ppm.

Table 4.11 Experimental conditions of each experiment in varying initial 
concentration of wastewater in the range of 25 -  100 ppm.

Experimental condition Expériment No.
1 2 3 4 5

Initial concentration of 
wastewater, ppm 25 40 50 80 100
Cr (VI) removal percentage 
If reaction period is 105 min, % 100 33.33 24.14 20 17.95
Kinetic coefficient (k), mg/L.min 0.2375 0.08 0.055 0.0475 0.0425
Reaction time to complete 
photoreduction of Cr(VI), min 105 315 435 525 585



4.8.2 Effect of initial concentration of synthesis wastewater in the range 
of 150 -  500 ppm to the operating of RDPR.

The residual fraction of chromium (VI) in the varying initial concentration of 
synthesis wastewater in the range of 150 -  500 ppm was show in Figure 4.20.

To compare the photocatalytic activity of the initial concentration of 
wastewater, the efficiency and the kinetic coefficient (k) or reaction rate of chromium 
(VI) removal were determined by fitting the statistically with the experimental 
information. The photocatalytic reaction with respect to initial concentration of the 
solution can be explained as the kinetic coefficient (k) with the equation below.
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d[CJ/dt = -kobs [C]n (4.3)

Where kobs is the kinetic coefficient or reaction rate 
ท is the order of the reaction
When ท -  0, the reaction is Zero-order. Zero-order reaction is one in the rate 

of reaction independent of the concentration of solution. Zero-order equation present 
in equation (2).

d[CJ/dt = -kobsfCJ0

C -C 0 = -kobs.t (4.4)

When n = 1, the reaction is First-order. First-order reaction is respect to the 
concentration (C) of the solution, First-order equation show below in equation (3).

d[C]/dt = -kobs [C]1

d[C]/ [C] = -kobs-dt

InfC/CoJ = -kobs.t (4.5)
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Figure 4.20 Residual fraction of chromium (VI) on time in different initial 
concentration of wastewater in the range of 150 - 5 0 0  ppm.

Figure 4.21 Show the relation between -ln(C/Co) and time in different initial 
concentration of wastewater in the range of 150 - 5 0 0  ppm.
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Figure 4.22 Kinetic coefficients (k0fo) of residual chromium (VI) with different
concentration of synthesis wastewater in the range of 150 -  500 ppm.

Table 4.12 The comparison of reaction order in the different concentration of 
synthesis wastewater in the range of 150 -  500 ppm.

Concentration
(ppm)

Zero order pseudo-first order
kinetic coefficient 

(k), mg/L.min r2 kinetic coefficient 
(kobs), min'1 r2

150 0.2136 0.9991 0.0021 0.9896
250 0.2581 0.9967 0.0015 0.9989
300 0.1456 0.9815 0.0010 0.9952
500 0.1679 0.9885 0.0007 0.9921

In this experimental part, the results exhibited that the maximum concentration 
of chromium (VI) which this reactor could completely removal was approximated 100 
ppm, the result from Figure 4.18. In the condition of 90 mL/secec, rotation disc speed 
200 rpm and initial pH of wastewater was 3 can completely remove 100 ppm of



chromium (VI) in about 10 hours as shown in Figure 4.18. Moreover, when 
increasing the initial concentration of wastewater it was reduced the efficiency in the 
removal rate which the same condition as shown in Figure 4.20. In kinetic 
consideration, the chromium (VI) removal was representing in zero order pattern with 
the capacity of this reactor less than and equal to 150 ppm. And the chromium (VI) 
removal was representing in pseudo-first order pattern with the capacity of this reactor 
more than 150 ppm as shown the consideration in Table 4.12.
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The Langmuir Hinshewood rate expression has been successfully used for 
heterogeneous photocatalytic degradation to determine the relationship between the 
initial degradation rate and the initial concentration of chromium (VI) (Chen et al., 
1998):

[Cr(VI)\
' obs k . K Cr (ท)

(4.6)

Where [Cr (VI)]0 is the initial concentration of chromium (VI) in the unit of m/1,

K cr (VI) is the Langmuir Hinshewood adsorption equilibrium constant 
in the unit of 1/mg

k is the second order rate constant of surface reaction in the unit
of mg/L.min
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Figure 4.23 Determination of the adsorption equilibrium constants and degradation 
rate constants for chromium (VI).

From Figure 4.23, the second order rate constant of chromium (VI), k in the 
range of initial concentration of 150 to 500 ppm can determine 0.3592 mg/L.min and 
the adsorption equilibrium constant, Kcr(V!) was 0.0482 1/mg.
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