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ABSTRACt 

T h e  i so thermal  d e h y d r a t i o n  o f  m a g n e s i u m  ox~-l~te d ihydra t e  has  been  s tud ied  
u n d e r  var ious  pressures  o f  water  v a p o u r  by use o f  a thermogravimetric balance.  T h e  
ra te  o f  d e h y d r a t i o n  was f o u n d  to  be  d e p e n d e n t  u p o n  the  wate r  v a p o u r  pressure .  

T h e  reac t ion  rate  a t  t empera tu res  be low 124°C dea:geases sharp ly  vd th  a n  increase 
in  water  v a p o u r  pressure  u p  to  0.5 m m  Hg.  Withe fu r the r  increase in pressure  an  
increase in ra te  is observed;  this  rises to  a m a x i m u m  a n d  then  falls a on;n as the  pressure  
is increased.  T h e  l imi ta t ion  o f  this p h e n o m e n a  to  a l imi ted  t empe ra tu r e  range  is 
s h o w n  in the  case o f  m a g n e s i u m  oxala te  d ihydra te .  A b o v e  124°C the  init ial  fall in 
ra te  is n o t  observed,  the  ra te  rises wi th  increas ing pressure  f r o m  v a c u u m  to  a m a x i m u m  
and  then  fails. X-ray  diffract ion s tudies  indica ted  tha t  the  a n h y d r o u s  p r o d u c t  p r epa red  
in the  second  region where  a decrease o f  ra te  o f  d e h y d r a t i o n  occur red  was  crystal l ine 
b u t  the  sample  d e h y d r a t e d  u n d e r  v a c u u m  o r  in the  first region p r o d u c e d  an  a m o r p h o u s  
a n h y d r o u s  s a i l  A c o m p e n s a t i o n  effect is d e m o n s t r a t e d  wi th  p lo ts  o f  t he  ac t iva t ion  
energ~ against  t he  loga r i thm o f  the  pro-exponent ia l  t e rm  in t he  Arrh~mius equa t ion .  

I~"I'RODUCrION 

T h e  unusua l  var ia t ion  in the  d e h y d r a t i o n  ra te  c o n s t a n t  wi th  the  par t ia l  pressure  
o f  wa te r  v a p o u r  has  been  r epo r t ed  by  several workers  2 - 4  b u t  has  n o t  been r epo r t ed  
fo r  m a g n e s i u m  ox~!ate- I n  the  r e p o r t e d  cases a t  low pressures  o f  wa te r  vapour ,  the  
d e h y d r a t i o n  ra te  c o n s t a n t  decreased  wi th  ira.leasing wa te r  v a p o u r  unt i l  a critical 
pressure  w a s  reached.  T h e  ra te  c o n s t a n t  then  increased sharp ly  a n d  in the  h igher  
pressure  range,  t he  behav iou r  in t he  presence o f  wa te r  v a p o u r  was normal .  I n  t h e  
first r eg ion  the  p r o d u c t  has  been  s h o w n  to  be  a m o r p h o u s ,  in  t he  second  reg ion- the  
p r o d u c t  was  crystall ine.  

T h e  t rans i t ion  f r o m  an  a m o r p h o u s  to  a crystal l ine f o r m  o f  d e h y d r a t e d  sal t  has  
been  r epo r t ed  by Del l  a n d  Whee le r  s us ing  D T A  a n d  X- ray  diffract ion t e c h n i q n ~ .  A 

* - ~ , t ~  ~ the 14aa:C.onfexe,n~on Vacuum ~ c r o ~ , , , ' ~  Te:tmiques. SaU'or~ UJ¢... 2",rth to 
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detai led examina t ion  o f  their  w o r k  reveals tha t  a l t h o u g h  the  general  concep t  is correct ,  
s o m e  o f  their  q u o t e d  examples  are  inaccurate ly  in terpreted.  I t  has  a lso been s h o w n  
tha t  the  existence o f  this p h e n o m e n a  in the  dehyd ra t i on  Of ca lc ium oxala te  m o n o -  
hydra te  m igh t  be  a fac tor  in the  a n a l ~ c a l  in te rpre ta t ion  o f  the  p roduc t s  o f  d e c o m -  
pos i t ion  6. O n  one  h a n d  the  decompos i t i on  migh t  lead to  a metas tab le  amorpho' t l .  5 
phase,  whils t  o n  the  o the r  i t  m igh t  lead to  a crystall ine s table phase .  In  a recent  
p a p e r  o n  the  subject ,  Wate l le -Mar ion  7 s u ~ e s t s  tha t  the  metas tab le  s tate  is set h p  
w h e n  the  initial cond i t ions  are  far  f rom the  pos i t ion  o f  c q u i l ~ r i u m .  

EXPHRIMH~-rAL 

A Con t ro l  I n s t rumen t s  Limi ted ,  E.S.1. t he rmograv ime t r i e  balance  was  used  to  
s tudy  the  i so thermal  dehydra t i on  o f  m a g n e s i u m  o)cnlate d ihydra te .  Th is  ba lance  cou ld  
de tec t  chunges  in weight  to  an  accuracy  o f  10-  s g which  were  displayed o n  a po ten t io -  
metr ic  recorder .  M a g u e s i u m  oxalate  d ~ y d r a t e ,  H o p k i n  & Vz'illiams, F ine  Chemica l  
G r a d e  o f  160-200 mesh  was  o u t ~ e d  for  4 h be low I0  - ' t  m m  H g  p r io r  t o  the  
exper iment .  T h e  fo rm u la  o f  t he  initial mater ia l  was  s h o w n  by analysis  to  be 
M~C.zO~)-  2 H . O  a n d  as  used,  to  con ta in  n o  detectable  mois ture .  In  each  case a 
10-mg sample  was used. T h e  t empera tu re  o f  the  sample  was recorded  du r ing  the  
dehydra t i on  us ing a t h e r m o c o u p l e  pos i t ioned  j u s t  above  the  sample .  I t  was  s h o w n  
in b l ank  exper iments  tha t  in the  t empe ra tu r e  range invest igated here,  i so thermal  
cond i t ions  cou ld  be achieved in less t h a n  i min  f r o m  the  c o m m e n c e m e n t  o f  the  
h e a t i n ~  

T h e  v ,~ter -vapour  pressure  o f  the  sys tem was ma in t a ined  cons t an t  by  us ing  
t he rmos t a t ed  su lphur ic  acid so lu t ions  o f  k n o w n  c o n c e n t r a t i o n s  a a n d  measu red  o n  a 
t he rmos ta t ed  oil m a n o m e t e r .  X-ray  diffract ion analysis was carr ied o u t  by  use  o f  a 
Van  Arkel  c amera  wi th  a Cu-K.  target.  

RESULTS 

Studies using the thermograrimetric balance 
T h e  w~ztat  loss d u r i n g  the  i so thermal  dehydra t i on  o f  magnez ium oxala te  

d ihydra te  w~s m o n i t o r e d  unti l  comple te .  T h e  dehyd ra t i on  was  s tud ied  u n d e r  v a p o u r  
pressures o f  0, 0.124, 1.03, 3.97 a n d  8.45 m m  ~ Figure  I shows  weight-loss d a t a  
f o r  t he  comple t e  dehydra t i on  a t  a wa te r -vapour  pressure  o f  3.97 m m  H g  a t  t empera -  
tures  be tween  123 a n d  136~C. T h e  da t a  recorded  a t  the  o the r  pressures  was  s imi lar  and  
isokinetic.  T h e  comple t e  dehyd ra t i on  co r r e sponded  to  wi th in  1.0~/. o f t h e  theoret ical  
weight  loss o f  24.6 ~/o- A n  examina t ion  o f  the  kinetics o f  these curves  by  the  use  o f  
r educed  t ime  plots  as advoca t ed  by  S h a r p  e t  aL 9 showed  the  d e h y d r a t i o n  to  fo l low 
fairly closely first o rde r  kinetics.  

However ,  a n  inspect ion o f  all the  i so thermal  curves  s h o w e d  tha t  u p  to  a b o u t  
1 5 - 1 g ~  they  were  linear.  A rate  c o n s t a n t  (k) cou ld  be ob ta ined  fo r  thi~ initial l inear  
region a n d  plo ts  o f  log  k agains t  I / T ¢ o n s t r u c t e d ,  (where  T i s  the  t e m p e r a t u r e  o f  the  
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Fig.  1. Weight  loss d~t~ for  the  dehydra t ion  o f  r r ~ t e s i t t r n  o:~l~t,, ,  d i h y d r a ~  a t  a wa te r -vzpour  
pressure o f  3.97 m m  H g  a t  temperazurcs  of:  a = 136°C; b = 126°C; c = 123=C. Abscissae,  t ime  
(rain);  o r d i r ~ e ,  percentage de~.ydration. 
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Fig.  2. DchycL,'ation a t  va r ious  pressures o f  wax¢~- vapour ,  log k v ~  l i T :  a = v a c u u m ;  b - ~ 0 _ 1 2 4  
m m  Hg;  c = 1.I03 n u n  Ia.g; d ---- 3.97 m m  Hg ;  e ----- 8.45 m m g  Hg- Abscissae,  T -x x 103; ord ina te ,  
log jr(. 

Fig.  3. T h e  energy  o f  a~Liv~6on F_4t CcJ tool -z) a s a func t ion  o f  water  v a p o u r  pressure ( m m  Hg)  for  
m a g n e s i u m  ox:~bt,- d ihydra te  a n d  ca lc ium o ~ ! ~ t ~  monohydr=J_e_ (1 m m H g  = O . 1 3 3 3  k N  m-2~) 
A = magnes iurn  oxaIate  d ihydra te ;  B = cak:itrm o~ l= f t -  monohydra t e .  At/< " ~ ¢ ~ - w a t e r : v a p o u r  
pressure  in  n n n  H 8. Ord ina te ,  F-4, ac t iva t ion  encrSy in  kJ  tool  - l .  -- - - 
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Fig_ 4 .  T h e  v ' ax ia t ion  o f  r e a c t i o n  r a t e  w i t h  ~ a t e r  v a p o u r  p r e s s u r e  a t  t c m p e r a t u r e $  o f :  a ---- 1 1 4 = C ;  
b = I I g ' C ;  c = 1 2 2 " C ;  d = 1 2 6 = C ;  e = 130~C-  Abaa : i_~a~  ~a-a te r -vapour  p ~  i n  m m  H g .  
O r d i n a t e .  spe~___'~__ r e a ~ i o n  r a t e  k .  

i so thermal  run  in de  oxees Kelvin),  and  these are s h o w n  in Fig. Z T h e  var ia t ion  o f  the  
Ar rhen ius  act ivat ion energy formal ly  calculated in this m a n n e r  is presented  in Fig.  3. 
T h e  i m p o r t a n t  observat ion  here  is the  change  observed  with the  var ia t ion  in pressure.  
A c o m p a r i s o n  can  be m a d e  o f  these da ta  with the  co r r e spond ing  da ta  fo r  the  change  
in ac t ivat ion energ3, for  the  dehydra t ion  o f  ca lc ium oxalate  m o n o h y d r a t e  s which  is 
also p lo t ted  on  the  same  figure. 

T h e  l inear  plots  o f l o g t o  k a ~ n s t  I / T ( F i g .  2) m a k e  it  possible to read o f fva lues  
o f  k at  specific values o f  T and  so a l low p lo t t ing  o f  k agains t  v a p o u r  pressure  a t  
specific tempera tures .  Piots  o f k  a # n s t  the  pressure  o f  wa te r  v a p o u r  at  t empera tu res  
o f  114, 118, 122, 126 a n d  130*C arc  given in Fig. 4. 

X-ray diffraction data 
P o w d e r  diffract ion p h o t o g r a p h s  were t aken  o f  samples  p repa red  in v a c u u m  a n d  

ue.der water  v a p o u r  in excess o f  I m m  Fig pressure.  T h e  dehydra t ions  were  carr ied  
ou t  in the  X-ray  tub¢~ so  the  sample prepared  in v a c u u m  cou ld  be sealed a n d  so  
have n o  con tac t  with  the  water  v a p o u r  present  in the  a tmosphere .  T h e  X-ray diffrac- 
t ion p h o t o g r a p h s  indicated tha t  the  sample  p repa red  u n d e r  wate r  v a p o u r  was  
crystalline whilst the s a m p l e  p r e p a r e d  i n  v a c u u m  w a s  a m o r p h o u s  t o  X - r a y s .  

DISCUSSION 

T h e  var ia t ion  o f  the  ra te  o f  dehyd ra t i on  o f  m a g n e s i u m  oxaIate dihydr~t~- as  a 
func t ion  o f  wa te r -vapour  pressure  descr ibed in this  s tudy  has  a lso be¢n f o u n d  by 
workers  invest igat ing the  dehydra t i on  o f  o the r  salt  sys tems e -4-  In  all cases, t he  
p h e n o m e n a  has  been a t t r ibu ted  to  the  difference in f o r m  o f  the  d e h y d r a t e d  p roduc t .  
T h a t  f o r m e d  in v a c u u m  is a m o r p h o u s  a n d  tha t  f o r m e d  in wate r  v a p o u r  above  a 
cer ta in  s ta ted  pressure  is crystalline. T h e  results fo r  m a g n e s i u m  oxalate  d ihydra t e  
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dehydra t i on  s h o w  exact ly the  expected  t rends  be low 124°C. In  Fig.  4 three  regions  
can  be  observed:  A,  B a n d  C.  

In  A the  rate falls f r o m  an  ext remely  fast  ra te  a t  v a c u u m  to  a s lower  rate as the  
water  v a p o u r  pressure  is increased,  t hen  in region B as the  wate r  v a p o u r  pressure  
is fu r the r  increased the  ra te  increases to  a m a x i m u m ,  a n d  then  falls in reg ion  C 
where  the  wa te r -vapour  pressure  is increased still fur ther .  T h e  region B is a reg ion  
in which  s o m e  o f  the  a n h y d r o u s  mater ia l  is f o u n d  in a crystall ine f o r m  a n d  s o m e  
in an  a m o r p h o u s  form.  Reg ion  A co r r e sponds  to  a m o r p h o u s  p r o d u c t  a n d  reg ion  C 
to  a crystal l ine product_ 

In  this s tudy,  we have  shown  tha t  there  is a t empe ra tu r e  l imi ta t ion  to  the  
p h e n o m e n o n ,  a nd  above  124°C it can  be seen tha t ,  fo r  the dehyd ra t i on  o f  m a g n e s i u m  
oxala te  dihyd~ate r e ,  on  A,  no  longer  exists. Since region B still exists, it seems likely 
that ,  a t  this h igher  t empera ture ,  there  is effectively a pressure  o f  water  v a p o u r  a t  the  
surface even in v a c u u m  since the  water  is evolved m o r e  quick!y and  dif fusion f r o m  
the  sample  will be a finite process.  This  is p robab ly  why  the  "Smi th-Topley ' "  effect 
has  n o t  c o m m o n l y  been n o t e d  in " r i s ing- tempera tu re"  exper iments .  

T h e  Smi th -Top ley  effect has  in the  pas t  been  expla ined  in t e rms  which  t e n d  to  
concen t ra te  in the  appea rance  o f t h e  a m o r p h o u s  phase .  However ,  i f t h e  effect i l lus t ra ted 
in Fig.  4 is examined  carefully,  it  is seen to  consis t  o f  two  separa te  systems each  
behaving  perfect ly normal ly  wi th  respect  to  the  effect o f  wa te r  vapour ;  e.g., Sys tem A 
(in Fig.  4) 
hydra t ed  salt --. a m o r p h o u s  a n h y d r o u s  sal t  + water  v a p o u r  
Sys tem C (-m Fig.  4) 
hydra t ed  salt  -~ crystall ine a n h y d r o u s  sal t  + wate r  v a p o u r  

T h e  speo l l a t i on  m u s t  there fore  be why  the  a m o r p h o u s  phase  appears  u n d e r  
condi t ions  o f  h igh  v a c u u m  a n d  low wa te r -vapour  pressure  whils t  the  crystal l ine 
phase  appears  a t  h igher  pressures  o f  wate r  vapour .  Here  the  exp lana t ions  o f  V o l m e r  
and  Seydell t °  a nd  o f  T o p l e y  t l  a re  very helpful .  T h e  cond i t ions  u n d e r  which  wa te r  
v a p o u r  is dr iven of f  in the  first sys tem cause  the  react ion  interface to  be d i s to r ted  
a n d  i r regular  a nd  in partioll:~r the  appea rance  o f  m i c r ~ k s  he lp  in  this  d is tor t ion .  
T h e  ne t t  effect is to  p r o d u c e  a n  i r regular  a m o r p h o u s  p r o d u c t  because  such  cond i t ions  
impede  the  f o r m a t i o n  o f p e f f e c t  crystallites f o rming  a bar r ie r  to  the  di f fus ion processes  
n___~essary for  the  f o r m a t i o n  o f  perfec t  crystals.  However ,  the  appea rance  o f  a critical 
a m o u n t  o f  w'~ter v a p o u r  w o u l d  cause  the  di f fus ion process  to  be  e n h a n c e d  ( m a n y  
s inter ing s tudies  s h o w  the  accelerntory effect o f  wa te r  vapou r )  a n d  the  c o m b i n e d  
effect o f  the  back  react ion  a n d  re-deposition o f  mater ia l  in  cracks  f r o m  the  wa te r  
p r o d u c e d  by  d e h y d r a t i o n  cou ld  cause  cracks ,  espec/aUy t h e  micro-cracks  to  be  
annea led  o u t  o f  t he  sys tem so  t ha t  in  the  second  s y ~ m  the  p r o d u c t  is crystalline. 

I t  is wor thwhi le  examin ing  the  pre-exponent ia l  t e rm to  the  Ar rhen iu s  equa t ion ,  
w h e n  a p lo t  o f  this t e rm  aga ins t  the  ac t ivat ion energy  shou ld  p rov ide  an  example  o f  
the  c o m p e n s a t i o n  effecL 
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F'~,_ 5. Plot o f  loge A vs. F_¢. (kJ tool-X). A _b~_'¢~e, loge A; ordinate, F_~. 

From the Arrhenius equation we have: 

log~l  = log~ K + E~ 
R T  

hence from plots of  loge K vs. l / T ( I = ' i g .  2) the intercept on the loge Kaxis  is equal to 
l o ~  A. The values of  A varied from 103 to 102o in going from vacuum to~8 rnrn Hg 
w~ter-vapour pressure. This indicates a surface reaction z z. 

A plot of  I o ~  A vs. E a (Fig. ~ showed two finear portions, the change in slope 
occurring between E= = 60 and E. = 65 k.l tool-  l which is found, from the plot o f  
E a vs. water vapour pressure (Fig. 3), to correspond to a water-vapour p _res_sure of  
0.I to 1.0 turn Hg- This pressure is approximately the limiting pressure for the 
amorphous product. Thus each r e ,  on in the system showing the Smith-Topley 
phenomena produces a compensation effect whereby a change in the activation 
energy is reflected by a compensating change in the pre-exponential term. The effect 
has been discussed by Laidler ~a for homogeneous reactions. The energy o f  activation 
and the pre-exponential terms in the Arrhenius equation may be identified with the 
heat of  reaction and the entropy change associated with the formation of  the activated 
complex, i.e., 

K _ __RT e _ a ¢ . i R  r 
N h  

where K is the specific reaction rate; R is the ~ a ~ o  nstant; N is Avogadro's number;, 
h is Planck's constant; TIS the temperature in degrees absolute; and z i G  ~ i s  t h e  Gibbs 
free energy for the formation of  the activated complex (kJ tool -  ~). 
but A G  ~ = A H *  - -  T A S  ~" 

where 3 H  * is the heat of  reaction for the formation of  the activated complex; and 
A S "  is the entropy change associated with the formation of  the activat¢~, complex. 

A H  ~ is equated with E,, while A is given by 

A R T  - -  _ _  e A S ~ I  £ 

Nh 

O1" 
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R T  A S  ~ 
log A = l o g  ~ q- 

a n d  

T A S  ~ = R T l n A  -- In 
R T  

h 

Set t ing  T a t  400 K ~ v e s  T A S  ~ = 5.545 logzo A - -  71.65 a n d  A G  ~ = A H  ~ ÷ 

71.65 - -  5.545 iog to  A. 
T h e  l inear  re la t ionships  s h o w n  be tween  log~ A a n d  Ea ( F i ~  5) a re  d u e  even tua l l y  

to  l inear  re la t ionships  be tween  ? ' A S *  a n d  A H  ~ fo r  b o t h  the  " a m o r p h o u s  p roduc t ' "  

sy s t em a t  v a c u u m  a n d  a t  low w a t e r - v a p o u r  pressures  a n d  the  "c rys ta l l ine  p roduc t ' "  
sys tem a t  h igher  pressures  o f  wa te r  vapour .  

T h e  c o m p e n s a t i o n  effect  is a n  expe r imen ta l  obse rva t ion .  I t  has  been  applied, 

to  h o m o g e n e o u s  reac t ions  b u t  is n o w  increas ingly  app l ied  t o  he t e rogeneous  reac t ions .  
This  cou ld  m e a n  tha t  fo r  it  to  app ly  in these  la t te r  c i r cums tances  cer ta in  o f  the  c~3ndi- 

l ions  ape r t a in ing  to  h o m o g e n e o u s  reac t ions  m i g h t  still a p p l y  in these  s tudies  o n  
he te rogeneous  dehyd ra t i ons .  
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