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A B S T R A C T  

The effect  of  super impos ing  sinusoidal,  t r iangular ,  and square-wave  a l ternat ing vol tage (aV) on the  potent ios ta t ic  re- 
duc t ion  of  salicylic acid to sa l icyla ldehyde has been  studied. Polar izat ion curves  wi th  aV modu la t ion  were  measu red  wi th  
an ama lgama ted  copper  rotat ing disk electrode.  E n h a n c e d  dc current  densi t ies  were  observed  wi th  increas ing  magn i tude  
of  supe r imposed  aV. However ,  aV f requency  and type  did not  have  signif icant  effect  on the  resul t ing dc current  densit ies.  
Ba t ch  cell  e lec t ro lys is  e x p e r i m e n t s  were  c o n d u c t e d  wi th  a H- type  cell. The  c o n v e r s i o n  of  sal icyl ic  ac id  and  yie ld  of  
sa l icy la ldehyde  were  measu red  as funct ions  of  electrolysis  t ime, aV magni tude ,  type,  and f requency.  The  supe r imposed  
aV signif icantly enhanced  the  react ion rate, convers ion  of  salicylic acid, and the  yield of  sal icylaldehyde.  The  energy  con- 
sumpt ion  of  ac electrolysis  was h igher  than  that  of  dc electrolysis.  

In  r ecen t  years,  a l t e rna t ing  cu r r en t  (ac) e lec t ro lys i s  has  
b e e n  used  as a t e c h n i q u e  to e n h a n c e  the  rate  of  o rgan ic  
e l e c t r o c h e m i c a l  r eac t ions .  T w o  m e t h o d s  m a y  be  em-  
p l o y e d  in t he  ac e l ec t ro lys i s .  T h e  first  m e t h o d  is a 
ga lvanos t a t i c  a l t e rna t ing  cu r ren t  m o d u l a t i o n  t e chn ique ,  
in w h i c h  a cons t an t  a l t e rna t ing  cu r r en t  c o m p o n e n t  is su- 
p e r i m p o s e d  on to  a d i r ec t  c u r r e n t  (dc) c o m p o n e n t ,  and  
the  resu l t ing  c o m p o s i t e  cu r r en t  is app l i ed  to the  e lec t ro-  
c h e m i c a l  cell .  The  s e c o n d  m e t h o d  is a p o t e n t i o s t a t i c  
a l t e rna t ing  vo l t age  (aV) m o d u l a t i o n  t e c h n i q u e ,  in wh ich  
the  e lec t ro lys is  is car r ied  out  by con t ro l l ing  the  po ten t i a l  
o f  t h e  w o r k i n g  e l ec t rode ,  w i t h  r e s p e c t  to a r e f e r e n c e  
e l e c t r o d e  at a c o n s t a n t  d i r ec t  p o t e n t i a l  (dc), s u p e r i m -  
p o s e d  w i t h  an  a l t e r n a t i n g  v o l t a g e  c o m p o n e n t .  Ch in  and  
C h e n g  (1) c o n d u c t e d  an e x p e r i m e n t a l  s t u d y  on t h e  
e l e c t r o - o x i d a t i o n  of  pheno l ,  and  f o u n d  tha t  ac and  aV 
s t r o n g l y  m o d i f i e d  t h e  s h a p e  of  t he  p o l a r i z a t i o n  cu rves .  
T h e i r  b a t c h  cel l  e x p e r i m e n t s  s h o w e d  an i n c r e a s e  in t h e  
c o n v e r s i o n  o f  p h e n o l  w i th  i nc rea s ing  aV m a g n i t u d e  and 
d e c r e a s i n g  aV f r e q u e n c y .  A l k i r e  a n d  Tsa i  (2) inves t i -  
ga ted  the  e l ec t ro syn thes i s  o f  p r o p y l e n e  ox ide  f rom a pro- 
p y l e n e  s a t u r a t e d  b r o m i d e  s o l u t i o n  w i t h  ac. T h e y  f o u n d  
tha t  t h e  c u r r e n t  e f f i c i ency  d e c r e a s e d  w i t h  i n c r e a s i n g  ac 
f r equenc ie s .  F e d k i w  and Chao (3) s tud ied  the  r e d u c t i o n  
o f  n i t r o b e n z e n e ,  u s ing  s q u a r e  w a v e  p u l s a t i n g  cu r r en t s ,  
and  r e p o r t e d  an  i n c r e a s e d  y ie ld  and  s e l e c t i v i t y  of  
p - a m i n o p h e n o l  wi th  ac e lec t ro lys is .  

This  pape r  is c o n c e r n e d  wi th  a s tudy  of  the  e f fec t  o f a V  
m o d u l a t i o n  on the  r e d u c t i o n  of  sal icyl ic  acid  to sal icylal-  
d e h y d e  on an a m a l g a m a t e d  c o p p e r  e l e c t rode .  Sa l icy-  
l a l d e h y d e  is m a n u f a c t u r e d  as an i n t e r m e d i a t e  in the  syn- 
t he s i s  of  c o u m a r i n ,  p e r f u m e s ,  and  o t h e r  f l avo r ing  
ma te r i a l s .  I t  is a lso  u s e d  as e l e c t r o p l a t i n g  and  agr icu l -  
tura l  chemica l s .  Sa l i cy l a ldehyde  is p r o d u c e d  by e lec t ro-  
ly t ica l ly  r e d u c i n g  sal icyl ic  ac id  on a m e r c u r y  e l ec t rode  

OH OH 
i I Hg/Cu  

I~G[ -CHO + H~O r ~  COOH + 2H + + 2e- 
18~ 

pH 5.5 

[1] 

The  p rocess  has  m a n y  diff icult ies.  In  a q u e o u s  solu t ions ,  
t he  r e d u c t i o n  r e a c t i o n  u s u a l l y  p r o c e e d s  w i t h  a s imul t a -  
n e o u s  h y d r o g e n  e v o l u t i o n  r eac t ion .  T h e  a l d e h y d e  m a y  
be  fu r t he r  r e d u c e d  to t he  a lcohol ,  i f  t he  e lec t ro lys i s  con-  
d i t i o n  is n o t  c a r e f u l l y  c o n t r o l l e d  (4). In  dc  e l ec t ro lys i s ,  
t he  y ie ld  of  s a l i cy l a ldehyde  is abou t  30-50% (5). 

I n  t he  p r e s e n t  work ,  t he  m e t h o d  of  aV m o d u l a t i o n  is 
u s e d  to car ry  out  t he  e l e c t r o r e d u c t i o n  of  sal icyl ic  ac id  to 
s a l i c y l a l d e h y d e .  Th is  p a p e r  d e s c r i b e s  t h e  r e su l t s  on:  (i) 
t he  dc  cu r r en t  vs. dc po ten t i a l  re la t ions ,  for t he  r e d u c t i o n  
o f  sa l icyl ic  ac id  u n d e r  the  s u p e r i m p o s e d  aV condi t ions ;  
and  (it) t h e  e f f ec t  of  aV on  the  c o n v e r s i o n  of  sa l i cy l ic  
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acid,  t h e  y i e ld  of  s a l i c y l a l d e h y d e ,  and  the  e n e r g y  con-  
s u m p t i o n  of  a po ten t io s t a t i c  ba tch  e lect rolys is .  

Experimental 
Exper imenta l  setup and ins t rumenta t ion . - -A  t h r e e  

c o m p a r t m e n t  H - t y p e  glass  ce l l  (The E l e c t r o s y n t h e s i s  
C o m p a n y  I n c o r p o r a t e d ,  M o d e l  C-200) was  u s e d  in t h e  
p r e s e n t  i n v e s t i g a t i o n .  A m a l g a m a t e d  c o p p e r  s e r v e d  as 
t h e  w o r k i n g  e l ec t rode .  A s a t u r a t e d  c a l o m e l  e l e c t r o d e  
s e rved  as t he  r e fe rence  e lec t rode ,  and a p l a t i n u m  sc reen  
was  used  as the  coun te re l ec t rode .  P rov i s i ons  were  m a d e  
to i n s e r t  a pH  e l e c t r o d e  and  a t h e r m o m e t e r  in to  t h e  
w o r k i n g  e l ec t rode  c o m p a r t m e n t ,  to m o n i t o r  the  pH  and 
e l e c t r o l y t e  t e m p e r a t u r e .  A s a m p l i n g  Por t  was  a lso  pro-  
v i d e d  on the  cel l  c o v e r  to w i t h d r a w  s a m p l e s  of  t h e  
ca tho ly t e  for c h e m i c a l  analysis .  The  en t i re  cel l  a s s e m b l y  
was  i m m e r s e d  in a cons t an t  t e m p e r a t u r e  wa te r  bath.  

T h e  e l e c t r o l y t e  in t h e  c a t h o d i c  c o m p a r t m e n t  was  an  
a q u e o u s  so lu t ion  o f  0.1M sal icyl ic  acid,  0.75M bor ic  acid,  
0.1M s o d i u m  sulfite, and  10% (by weight )  s o d i u m  sulfate.  
A 10% s o d i u m  su l fa t e  a q u e o u s  s o l u t i o n  was  u s e d  as t he  
anolyte .  The  pH  of  the  ca tho ly t e  was 5.5, and was main-  
t a ined  at th is  va lue  du r ing  the  e x p e r i m e n t s  by the  addi-  
t i on  of  sma l l  a m o u n t s  of  d i l u t e  su l fu r i c  ac id  or  s o d i u m  
hyd rox ide .  Close  con t ro l  o fpH was neces sa ry  to s tabi l ize  
an  a l d e h y d e  c o m p l e x  wi th  s o d i u m  sulfi te and bor ic  acid, 
a n d  to p r e v e n t  f u r t h e r  r e d u c t i o n  of  t he  a l d e h y d e .  The  
a m o u n t  of  su l fur ic  acid  or  s o d i u m  h y d r o x i d e  added  into  
the  cell  was so smal l  tha t  its e f fec t  on the  e l ec t ro ly te  con- 
c e n t r a t i o n  was  neg l ig ib l e .  The  cel l  t e m p e r a t u r e  was  
m a i n t a i n e d  at 18 ~ +- 2~ t h r o u g h o u t  th is  s tudy.  

F i g u r e  1 shows  the  e lec t r ica l  c i rcu i t  d iagram.  A po ten-  
t i o s t a t  (Wenking ,  H P  72) was  u s e d  to c o n t r o l  t h e  dc  po- 
t en t i a l  level .  A f u n c t i o n  gene ra to r ,  ( H e w l e t t  P a c k a r d  
3311A) c o n n e c t e d  ac ross  a v a r i a b l e  r e s i s t o r  R1 was  u s e d  
to s u p e r i m p o s e  s inuso ida l ,  t r i angu la r ,  and  square=wave  
aV, onto  the  dc potent ia l .  A m i c r o c o m p u t e r  ( C o m m o d o r e  
P E T  4032) in te r faced  wi th  a digi ta l  data  acqu i s i t i on  uni t  
( H e w l e t t  P a c k a r d  3421A) was  u s e d  to m o n i t o r  t he  dc  
e l e c t r o d e  po t en t i a l ,  dc cu r ren t ,  r o o t - m e a n - s q u a r e  (rms) 
ac cur ren t ,  d c c e l l  vol tage ,  and rms  ac cell  vol tage .  

Polarization measurements.--An a m a l g a m a t e d  c o p p e r  
r o t a t i n g  d i sk  e l ec t rode ,  h a v i n g  an e x p o s e d  a rea  of  0.505 
cm 2, was  used  to d e t e r m i n e  the  dc  cu r r en t  vs. dc poten-  
t ia l  re la t ion ,  for the  r e d u c t i o n  o f  sal icyl ic  acid  u n d e r  the  
s u p e r i m p o s e d  aV c o n d i t i o n s .  The  p r o c e d u r e  i n v o l v e d  
t h e  p o l i s h i n g  o f  a c o p p e r  r o t a t i n g  d i s k  e l e c t r o d e  to 600 
m e s h  s m o o t h n e s s ,  and  a m a l g a m a t i n g  the  c o p p e r  sur face  
by  t r e a t i n g  it  w i t h  d i l u t e  n i t r i c  ac id  and  m e r c u r y .  The  
e l e c t r o d e  was  e l e c t r o l y t i c a l l y  c l e a n e d  in d i l u t e  su l fu r i c  
ac id  be fo re  be ing  t r ans fe r red  into  the  tes t  cell. The  work-  
ing  e l e c t r o d e  was  t h e n  set  at a d e s i r e d  r o t a t i o n a l  s p e e d  
and  t h e  o p e n - c i r c u i t  e l e c t r o d e  p o t e n t i a l  (vs. SCE)  was  
no t ed .  A c o n s t a n t  aV of  k n o w n  w a v e f o r m ,  m a g n i t u d e ,  
and  f r e q u e n c y  was  a p p l i e d  to t h e  cel l  t h r o u g h  the  
p o t e n t i o s t a t .  The  dc  p o t e n t i a l  was  t h e n  i n c r e a s e d  s tep-  
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Fig. 1. Electrical circuit diagram for ac electrolysis 

m 

w i s e  f r o m  - 2 . 0 V  to 0 V vs .  SCE,  at  a s t ep  r a t e  of  100 m V  
p e r  m i n u t e .  T h e  r e s u l t i n g  dc  c u r r e n t  w as  m e a s u r e d  as a 
f u n c t i o n  o f  dc  p o t e n t i a l s .  T h e  p o l a r i z a t i o n  m e a s u r e -  
m e n t s  w e r e  p e r f o r m e d  ove r  a r a n g e  of  r o t a t i o n a l  speeds ,  
f r o m  600 to 2000 r p m .  T h e  s u p e r i m p o s e d  aV v a r i e d  f r o m  
0 to  1.0V r m s ;  t h e  aV f r e q u e n c y  r a n g e d  f r o m  20 to  2000 
Hz; a n d  t h e  t y p e s  of  aV w a v e f o r m  u s e d  w e r e  s i n u s o i d a l ,  
t r i a n g u l a r ,  a n d  s q u a r e  waves .  

P o t e n t i o s t a t i c  e l e c t r o l y s i s  w i t h  a b a t c h  c e l L - - F o r  t h e  
b a t c h  ce l l  e l e c t r o l y s i s  e x p e r i m e n t s ,  t h e  e l e c t r o c h e m i c a l  
cel l  was  a s s e m b l e d  in  t h e  s a m e  m a n n e r  as d e s c r i b e d  for  
t h e  p o l a r i z a t i o n  s t ud i e s .  H o w e v e r ,  t h e  w o r k i n g  e l e c t r o d e  
was  a s t a t i o n a r y  a m a l g a m a t e d  Cu shee t ,  5 • 3 • 0.04 cm.  
T h e  cel l  s o l u t i o n  wa s  s t i r r ed  w i t h  a m a g n e t i c  s t i r r e r  a t  a 
c o n s t a n t  rate .  T h e  e l e c t r o d e s  w e r e  c o n n e c t e d  to t h e  elec- 
t r i c a l  c i r c u i t ,  a n d  t h e  o p e n - c i r c u i t  e l e c t r o d e  p o t e n t i a l  
was  n o t e d .  P o w e r  was  t h e n  s w i t c h e d  on. T h e  dc elec- 
t r o d e  p o t e n t i a l  w a s  se t  a t  a d e s i r e d  l eve l ,  a n d  a n  aV of  
k n o w n  w a v e f o r m ,  m a g n i t u d e ,  a n d  f r e q u e n c y  was  supe r -  
i m p o s e d  o n t o  t h e  dc  po t en t i a l .  T h e  e l ec t r o l y s i s  w as  car-  
r i e d  o u t  for  3h  a n d  t h e  c o m p u t e r  a i d e d  d a t a  a c q u i s i t i o n  
u n i t  w a s  u s e d  to  r e c o r d  t h e  dc  e l e c t r o d e  p o t e n t i a l ,  dc  
c u r r e n t ,  r o o t - m e a n - s q u a r e  ( rms)  ac c u r r e n t ;  dc  cel l  vo l t -  
age., a n d  r m s  ac ce l l  v o l t a g e .  As  t h e  e l e c t r o l y s i s  p ro-  
c e e d e d ,  t h e  p H  of  t h e  c a t h o l y t e  t e n d e d  to  i n c r e a s e ,  a n d  
was  a d j u s t e d  to 5.5 -+ 0.1 b y  a d d i n g  d i l u t e  su l fu r i c  ac id  to 
t h e  c e l l  A 5 m l  s a m p l e  of  c a t h o l y t e  w as  w i t h d r a w n  f r o m  
t h e  cel l  e v e r y  45 ra in  for  t h e  c h e m i c a l  a n a l y s i s  of  sa l icy l ic  
a c i d  a n d  s a l i c y l a l d e h y d e ,  u s i n g  t h e  h i g h  p e r f o r m a n c e  
l i q u i d  c h r o m a t o g r a p h y  ( H P L C )  t e c h n i q u e .  T h e  s a m p l e  
was  e x t r a c t e d  t w i c e  w i t h  10 m l  of  e t h e r  a n d  t h e  r e s u l t i n g  
e t h e r  s o l u t i o n  w a s  d i l u t e d  to  50 m l  w i t h  m e t h a n o l .  T h e  
H P L C  u n i t  c o n s i s t e d  of  a c h r o m a t o g r a p h y  p u m p  (Waters  
A s s o c i a t e s ,  M o d e l  6000A), a ~ - B o n d a p a k  C,8 ( c o n t a i n i n g  
b o u n d  Si-(CH~),TCH3 g r o u p s )  r e v e r s e  p h a s e  c o l u m n ,  a n d  
a U V  a b s o r b a n c e  (254 n m )  d e t e c t o r  ( Wa t e r s  A s s o c i a t e s ,  
M o d e l  440). A 25% m e t h a n o l  s o l u t i o n  in  d i s t i l l e d  w a t e r  

was  u s e d  as t h e  so lven t ,  a n d  t h e  f low r a t e  was  f ixed  at  1.5 
m l / m i n .  T h e  s a l i cy l i c  a c id  a n d  s a l i c y l a l d e h y d e  p e a k s  
w e r e  wel l  s e p a r a t e d  a n d  t h e  m a x i m u m  e r r o r  of  t h e  c h e m -  
ica l  a n a l y s i s  was  -+ 10%. 

T h e  b a t c h  ce l l  e l e c t r o l y s i s  e x p e r i m e n t s  w e r e  con-  
d u c t e d  o v e r  a r a n g e  of  dc  p o t e n t i a l s  f r o m  - 1 . 7 5 V  to  
- 2 . 2 V  vs.  SCE,  aV m a g n i t u d e  f r o m  0 to 750 m V  rms ,  a n d  
a V  f r e q u e n c y  f r o m  20 to 400 Hz. T h e  e x p e r i m e n t s  w e r e  
c a r r i e d  o u t  w i t h  s i nuso ida l ,  s y m m e t r i c a l  t r i a n g u l a r ,  a n d  
s q u a r e  w a v e  aV. 

Results and Discussion 
P o l a r i z a t i o n  m e a s u r e m e n t s . - - F i g u r e  2 s h o w s  t h e  ef- 

f e c t  o f  aV m a g n i t u d e  o n  t h e  c a t h o d i c  c u r r e n t - p o t e n t i a l  
r e l a t i o n  o b t a i n e d  w i t h  60 Hz s i n u s o i d a l  aV a t  2000 r p m ,  
p H  5.5, a n d  a t  18~ T w o  p l a t e a u s  w e r e  o b s e r v e d  o n  t h e  
p o l a r i z a t i o n  cu rve ,  w i t h o u t  a n y  s u p e r i m p o s e d  aV (so l id  
l ine).  T h e  f i rs t  c u r r e n t  w a v e  w a s  d u e  to  t h e  r e d u c t i o n  of  
s a l i c y l i c  a c id  to  s a l i c y l a l d e h y d e .  T h e  s e c o n d  c u r r e n t  
w a v e ,  b e g i n n i n g  a p p r o x i m a t e l y  a t  - 1 . 2 V  vs .  SCE,  w a s  
d u e  to t h e  r e d u c t i o n  of  SO32- i ons  in  t h e  s u p p o r t i n g  elec- 
t r o l y t e  to  S~O42- i ons  (6). T h e  p o l a r i z a t i o n  c u r v e s  w i t h  su-  
p e r i m p o s e d  aV, v a r y i n g  f r o m  250 m V  to 1000 m V  ( rms )  
a re  g i v e n  as t h e  d a s h e d  l ines .  S u p e r i m p o s i t i o n  of  aV en-  
h a n c e d  t h e  dc  c u r r e n t  d e n s i t i e s  for  t h e  r e d u c t i o n  of  sali- 
cy l i c  a c i d  a n d  s u p p r e s s e d  t h e  r e d u c t i o n  r e a c t i o n  of  t h e  
SO32- ion,  b e c a u s e  t h e  s e c o n d  c u r r e n t  w a v e  d i s a p p e a r e d  
o n  t h e  p o l a r i z a t i o n  c u r v e s  w i t h  s u p e r i m p o s e d  aV. T h e  
e n h a n c e m e n t  in  dc  c u r r e n t  i n c r e a s e d  as  t h e  m a g n i t u d e  
o f  aV d id .  W i t h  1000 m V  r m s  aV, t h e  dc  c u r r e n t  d e n s i t y  
w a s  a p p r o x i m a t e l y  o n e  o r d e r  of  m a g n i t u d e  h i g h e r  t h a n  
t h a t  w i t h o u t  aV. Th i s  i n c r e a s e  in  t h e  r a t e  of  r e d u c t i o n  of  
sa l icy l ic  ac id  c a n  be  a t t r i b u t e d  to t h e  ab i l i t y  of  aV to be-  
h a v e  as a depo l a r i z e r ,  w h i c h  r e d u c e d  t h e  o v e r p o t e n t i a l s  
a n d  e n h a n c e d  t h e  a p p a r e n t  e l e c t r o k i n e t i c s  (1). S u p e r i m -  
p o s e d  aV also  s h i f t e d  t h e  r e s t  p o t e n t i a l  of  t h e  e l e c t ro ly t i c  
s y s t e m .  T h e  r e s t  p o t e n t i a l s  m e a s u r e d  w i t h  s u p e r i m -  
p o s e d  aV w e r e  m o r e  p o s i t i v e  t h a n  t h a t  w i t h o u t  s u p e r i m -  
p o s e d  aV. 

F i g u r e  3 s h o w s  t h e  p o l a r i z a t i o n  c u r v e s  w i t h  d i f f e r e n t  
f r e q u e n c i e s  (20-2000 Hz) of  a s i n u s o i d a l  aV a t  500 m V  
( rms) .  F o r  c o m p a r i s o n ,  t h e  p o l a r i z a t i o n  c u r v e  o b t a i n e d  
w i t h  dc  a l o n e  is s h o w n  as t h e  so l id  l ine.  T h e  f r e q u e n c y  of  
s u p e r i m p o s e d  aV d id  n o t  h a v e  a s i gn i f i c an t  e f fec t  o n  t h e  
dc  c u r r e n t  vs.  dc p o t e n t i a l  b e h a v i o r ,  for  t h e  r e d u c t i o n  of  
s a l i cy l i c  a c i d  o n  a m a l g a m a t e d  c o p p e r  e l e c t r o d e .  T h e  
c u r r e n t - p o t e n t i a l  m e a s u r e m e n t s  w e r e  a l so  m a d e  w i t h  
s y m m e t r i c a l  t r i a n g u l a r  a n d  s q u a r e  w a v e  aV a t  500 m V  
( rms)  m a g n i t u d e  a n d  60 Hz f r e q u e n c y .  I t  was  f o u n d  t h a t  
t h e  aV w a v e f o r m  d id  n o t  h a v e  a n y  s i g n i f i c a n t  e f f e c t  o n  
t h e  dc  c u r r e n t  d e n s i t i e s  a n d  t h e  r e s t  p o t e n t i a l  c h a n g e s .  

B a t c h  cell  e l e c t r o l y s i s . - - F i g u r e  4 s h o w s  t h e  e f fec t  of  aV 
m a g n i t u d e  o n  t h e  dc  c u r r e n t  d e n s i t y  of  a b a t c h  e lec t ro ly -  
s is  ce l l  as  a f u n c t i o n  of  t ime ,  w h e n  t h e  cel l  was  s u p e r i m -  
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Fig. 2. DC current vs .  dc potential curves for the reduction of sali- 
cylic acid when the electrode was superimposed with 60 Hz sinusoidol 
oV ranging from 0-1000 mV rms. An amalgamated copper rotating disk 
electrode at 2000 rpm was used for the measurement. 
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oidal aV at 500 mV rms (20-2000 Hz), and the measurements were 
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Fig. 4. DC cell current density, as a function of time, for a poten- 
tiostatic batch electrolysis of the reduction of salicylic acid to salicy- 
laldehyde on an amalgamated copper electrode. The electrode poten- 
tial was controlled at - 2 . 0 u  vs .  SCE and was superimposed with 60 Hz 
sinusoidal aV varying from 0 to 500 mV rms. 

p o s e d  wi th  60 Hz s inuso ida l  aV. In  these  runs,  the  dc  po- 
t en t i a l  of  the  w o r k i n g  e l ec t rode  was set  at - 2 . 0 V  vs.  SCE 
and  t h e  s u p e r i m p o s e d  aV v a r i e d  f r o m  0 to 500 m V  rms.  
S i m i l a r  to the  po la r iza t ion  resul ts ,  t he  dc cu r r en t  dens i ty  
for  t he  r e d u c t i o n  of  sal icyl ic  acid i nc rea sed  as the  magni -  
t u d e  o f  t h e  s u p e r i m p o s e d  aV did. The  dc  cu r r en t  dens i ty  
d e c r e a s e d  wi th  t ime,  due  to t he  dec rea se  in t he  concen -  
t r a t ion  o f  sa l icyl ic  ac id  as t he  e lec t ro lys i s  pro-  
ceeded .  The  c o n c e n t r a t i o n s  of  sal icyl ic  acid  and  salicy- 
l a l d e h y d e  du r ing  the  e lec t ro lys is  are s h o w n  in Fig. 5. Fo r  
a g i v e n  e l e c t r o l y s i s  t ime ,  t he  c o n c e n t r a t i o n  of  sa l i cy l ic  
ac id  w i t h  aV m o d u l a t i o n  was  l o w e r  t h a n  t h a t  of  t h e  dc  
e lec t ro lys i s .  The  ra te  of  dec rease  in t he  c o n c e n t r a t i o n  of  
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Fig. 5. Concentrations of salicylic acid (a} and salicyloldehyde (b), as 
functions of time, during a potentiostatic batch electrolysis for the re- 
duction of salicylic acid to salicylaldehyde on an amalgamated copper 
electrode. The electrode potential was controlled at •  v s .  SCE 
and was superimposed with 60 Hz sinusoidol aV, ranging from 0-500 
mV rms. 
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Fig. 6. Conversion of salicylic acid (a) and yield of salicylaldehyde 
(b), as functions of electrolysis time, when the potential of an amalga- 
mated copper electrode was controlled at - 2 . 0 V  vs.  SCE, and was su- 
perimposed with sinusoidol aV ranging from 0-500 mV rms. 

sal icyl ic  ac id  i nc rea sed  as the  m a g n i t u d e s  of  aV did. The  
r e su l t s  i n d i c a t e  t ha t  t he  a p p l i e d  aV i n c r e a s e d  t h e  reac-  
t i on  ra te  for  t he  r e d u c t i o n  of  sa l i cy l ic  acid.  F i g u r e  5b 
s h o w s  the  s a l i c y l a l d e h y d e  c o n c e n t r a t i o n s  as a f u n c t i o n  
o f  t ime .  As e l e c t r o l y s i s  p r o c e e d s ,  t h e  s a l i c y l a l d e h y d e  
concentration in the cell increases. For any given time, 
the concentration of salicylaldehyde with the ac electrol- 
ysis was higher than that in the dc electrolysis. At the 
end of a 90 min electrolysis, with 500 mV rms sinusoidal 
aV, the concentration of salicylaldehyde was four times 
the concentration obtained without superimposed aV. 
The concentration of salicylaldehyde increased as aV 
magnitude did. The results indicate that aV modified the 
selectivity and enhanced the yield of salicylaldehyde. 

The conversion of salicylic- acid, X, is defined as 

X = C a c i a ' i -  Cac id ( t )  [ 2 ]  

Cacid, i  

w h e r e  Cacid,i is t h e  in i t i a l  c o n c e n t r a t i o n  of  sa l i cy l ic  ac id  
a n d  C,cia(t) is t h e  c o n c e n t r a t i o n  o f  sa l i cy l ic  ac id  at t he  
t i m e  t. T h e  c h e m i c a l  y i e ld  of  s a l i c y l a l d e h y d e ,  Y, is de- 
f ined as 

y = Cald(t) 
[3] 

Cacid,i --  Cacjd(t) 

w h e r e  Cald(t ) is t h e  c o n c e n t r a t i o n  o f  s a l i c y l a l d e h y d e  at 
t he  t i m e  t. Us ing  Eq. [2] and [3] and the  resu l t s  of  chemi -  
cal  ana lys i s  for  t he  c o n c e n t r a t i o n s  of  sa l i cy l ic  ac id  and  
sa l i cy la ldehyde ,  t he  conve r s ion  of  sal icyl ic  ac id  and  the  
y i e ld  o f  s a l i c y l a l d e h y d e  w e r e  c o m p u t e d .  F i g u r e  6 pre-  
sen ts  t he  conve r s ion  and yie ld  da ta  for w h e n  the  cell  was  
o p e r a t e d  w i t h  60 Hz  s i n u s o i d a l  aV, r a n g i n g  f r o m  0-500 
m V  r m s  at a dc  e l ec t rode  po ten t i a l  of  - 2 . 0 V  vs.  SCE.  T h e  
c o n v e r s i o n  o f  sa l icyl ic  ac id  i nc rea sed  wi th  i nc rea s ing  aV 
(Fig. 6a). T h e  s lopes  of  t h e  c u r v e  d e c r e a s e d  w i t h  
i nc r ea s ing  t i m e  because  of  the  loss of  cu r r en t  eff ic iency.  
T h e  c h e m i c a l  y ie ld  of  s a l i c y l a l d e h y d e  in dc  e l ec t ro ly s i s  
was  o n l y  30% and  was  i n c r e a s e d  to 70% by  m o d u l a t i o n  
w i t h  500 m V  rms  aV (Fig. 6b). The  yie ld  inc reased  as t he  
aV m a g n i t u d e  did, and dec reased  wi th  the  t ime.  F i g u r e  7 
s h o w s  t h e  c o n v e r s i o n  and  y ie ld  o b t a i n e d  at t h e  dc  elec-  
t r ode  po ten t i a l  o f  -1 .75V vs.  SCE and  wi th  60 Hz sinus- 
o idal  aV, r ang ing  f rom 0-750 m V  rms.  In  t he se  runs,  on ly  
a t r ace  a m o u n t  of  sa l i cy la ldehyde  was  o b t a i n e d  wi th  the  
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Fig. 7. Conversion of salicylic acid (a) and yield of salicylaldehyde 
(b), as functions of electrolysis time, when the potential of an amalga- 
mated copper electrode was controlled at - 1.75V vs.  SCE, and was su- 
perimposed with sinusoidal aV ranging from 0-750 mV rms. 

dc electrolysis; whereas the yields increased to 60% with 
750 mV rms aV. A s imilar  e x p e r i m e n t  was also con- 
ducted at the dc electrode potent ia l  of -2 .2V vs. SCE. It 
was found that the yield of sal icylaldehyde decreased at 
h igh dc potent ials .  The low yields of sa l icy la ldehyde  in 
dc e lec t ro lys is  can be a t t r ibu ted  to secondary  parasi t ic  
react ions  of salicylic acid and sal icyla ldehyde.  Some  of 
the possible  secondary  react ions include:  e lect rochemi-  
cal r educ t ion  of  sa l icy la ldehyde  to sal icyl  a lcohol  (5), 
aceta l  fo rmat ion  by a chemica l  reac t ion  be tween  salicy- 
la ldehyde and salicyl alcohol, ester formation by a chem- 
ical react ion be tween  salicyl a lcohol  and salicylic acid 
(7), one electron reduct ion of the - -COOH group in sali- 
cyl ic  acid wi th  a subsequen t  d imer iza t ion  of  the reduc-  
t ion p roduc t  (8), and other  unident i f ied  reduc t ion  prod- 
ucts  and tar fo rmat ion  (6). S ince  the p r imary  in teres t  of  
this work was to study the synthesis of salicylaldehyde, 
no a t t empt  was made  to examine  the secondary  reac- 
tions and in termediate  products.  

The total energy consumption,  Wtotal, in the ac electrol- 
ysis is given by 

I 0  t Wtota I = [E(t)I(t) + Erms(t) �9 Irms(t)] dt [4] 

where  I and i r m s  a r e  the total dc cell current  and the root- 
mean-square  of the ac cell current, respectively;  E is the 
dc cell voltage, and Erm~ is the rms ac cell voltage. The to- 
tal energy consumed per mole of sal icylaldehyde formed 
may be computed  as 

W t o t a l  

esa l i cy la ldehyde  = moles of sal icylaldehyde formed [5] 

Normalizing the energy consumed in the ac electrolysis 
wi th  the energy  consumed  in the dc electrolysis ,  a di- 
mensionless  energy consumpt ion  is defined as 

E* - -  e a c  Electrolysis  [6] 
Edc Electrolysis  

Figure  8 shows the d imens ion less  energy consumpt ion  
(as given by Eq. [6]) based on the yield of sal icylaldehyde 
w h e n  the cell was supe r imposed  with  60 Hz s inusoidal  
aV vary ing  from 0 to 500 mV rms. The dc e lec t rode  po- 
tential  was set at -2 .0V vs. SCE. With low aV of 125 mV 
rms or less, the enhanced  yields of  sa l icy la ldehyde  re- 
sulted in the energy requi rements  being less than that  in 
dc electrolysis .  However ,  wi th  increas ing  magn i tude  of  
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Fig. 8. Dimensionless energy consumption for a set of potentiostatic 
batch electrolyses, when the potential of an amalgamated copper elec- 
trode was set at - 2 . 0 u  vs. SCE superimposed with sinusaidal aV, rang- 
ing from 125-500 mV rms. 

supe r imposed  aV, the energy consumpt ion  in the ac 
electrolysis became higher  than that  of the dc electroly- 
sis. The energy  consumpt ion  increased  with increas ing  
aV magni tude .  This was due to the fact that  a large 
amount  of the energy was consumed by the ac cell volt- 
age and ac cell current  during the electrolysis. 

The batch cell exper iments  were also conducted  to in- 
ves t iga te  the effect  o f a V  f r equency  and aV wavefo rms .  
The results showed that aV frequency and aV waveforms 
did not  have a significant effect on the convers ion of sali- 
cylic acid and the yield of salicylaldehyde. The trend was 
s imilar  to that  observed  in the polar izat ion measure-  
ments.  

Conclusions 
An expe r imen ta l  inves t iga t ion  has been  made  of the 

effect  of  aV on the potent ios ta t ic  r educ t ion  of salicylic 
acid to salicylaldehyde. It was found that  super imposed  
aV modif ied  the dc cur ren t  vs. dc potent ia l  re lat ion for 
the reduct ion of salicylic acid on an amalgamated copper  
e lectrode,  aV enhanced  the dc cur ren t  densi ty,  and 
shifted the apparent  rest potential  toward the posit ive di- 
rect ion,  aV increased the rate of  convers ion  of  salicylic 
acid and improved  the se lec t iv i ty  for the p roduc t ion  of 
salicylaldehyde. The yields of sal icylaldehyde increased 
from 30% to 80% with the super imposi t ion of aV. The en- 
ergy consumpt ion  in the ac electrolysis was higher  than 
tha t  in the dc electrolysis. 
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