
Thermodynamic Properties 
and Environmental 
Chemistry of Chromium 

R. L. Schmidt 

July 1984 

Prepared for the U.S. Department of Energy 

under Contract DE-AC06-76RLO 1830 

Pacific Northwest Laboratory 
Operated for the U.S. Department of Energy 

by Battelle Memorial Institute 

dk 
qi Battelle 



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 

United States Government. Neither the United States Government nor any 

agency thereof, nor any of their employees, makes any warranty, express or 

implied, or assumes any legal liability or responsibility for the accuracy, com- 

pleteness, or usefulness of any information, apparatus, product, or process 

disclosed, or represents that its use would not infringe privately owned rights. 

Reference herein to any specific commercial product, process, or service by 

trade name, trademark, manufacturer, or otherwise, does not necessarily 

constitute or imply i t s  endorsement, recommendation, or favoring by the 

United States Government or any agency thereof. The views and opinions of 

authors expressed herein do not necessarily state or reflect thoseof the United 

States Government or any agency thereof. 

PACIFIC NORTHWEST LABORATORY 

operated by 
BATTELLE 

for the 
UNITED STATES DEPARTMENT OF ENERGY 

under Contract DE-AC06-76RLO 7830 

Printed in the United Stares of America 

Available from 

National Technical Information Service 

United States Department of Commerce 

5285 Port Royal Road 

Springfield, Virginia 22161 

NTlS Price Codes 

Microfiche A01 

Prinred Copy 

Price 

Pages Codes 



THERMODYNAMIC PROPERTIES AND 
ENVIRONMENTAL CHEMISTRY OF CHROMIUM 

J u l y  1984 

Prepared f o r  
t he  U.S. Department o f  Energy 
under Cont rac t  DE-AC06-76RLO 1830 

P a c i f i c  Northwest Labora to ry  
Rich1 and, Washington 99352 



SUMMARY 

Values o f  s tandard ent ropy,  s tandard en tha l  py o f  fo rmat ion ,  and 

s tandard f r e e  energy o f  f o rma t i on  f o r  C r  and i t s  s o l i d  and aqueous species 

a r e  t a b u l a t e d  i n  t h i s  r e p o r t .  These va lues were se lec ted  o r  r e c a l c u l a t e d  

a f t e r  c a r e f u l  e v a l u a t i o n  o f  t h e  bes t  a v a i l a b l e  c u r r e n t  thermochemical data.  

The b a s i s  f o r  s e l e c t i o n  o f  da ta  centered on conformat ion w i t h  t h e  recen t  

s t u d i e s  o f  Vas i l  l e v  e t  a l .  (1977a,b, 1978, 1980, 1981) f o r  cr3+ data  and 

OIHare and Boer io  (1975) f o r  cro4*- data. The thermodynamic da ta  presented 

i n  t h i s  r e p o r t  w i l l  be i nco rpo ra ted  i n t o  t h e  data base o f  t h e  geochemical 

computer model, MINTEQ. 

The d i s t r i b u t i o n  o f  C r  i n  t h e  environment among i t s  aqueous i no rgan i c  

species i s ,  accord ing  t o  t h e  thermodynamic data,  h i g h l y  dependent upon pH 

and Eh and t he  presence o f  complexing l i gands .  The s p e c i a t i o n  o f  C r  i n  

n a t u r a l  waters  i s  a l s o  c o n t r o l l e d  by r e d u c t i o n  and complexat ion by o rgan ic  

mat te r ,  adso rp t i on  and o x i d a t i o n  by Mn-oxide i n  suspended p a r t i c u l a t e  

m a t t e r  and sediment, and r e d u c t i o n  by H2S re leased  f rom anoxic  sediments. 
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THERMODYNAMIC PROPERTIES AND ENVIRONMENTAL 

CHEMISTRY OF CHROMIUM 

INTRODUCTION 

The thermodynamic p r o p e r t i e s  and environmental  behav io r  o f  chromium 

a r e  o f  concern because o f  i m p l i e d  adverse e f f e c t s  on human hea l t h .  

Chromium i s  apparen t l y  absorbed by organisms i n  t h e  hexavalent  form and 

reduced t o  t h e  t r i v a l e n t  s t a t e ,  l i k e l y  by r e a c t i o n  w i t h  asco rb i c  a c i d  

(Be1 i l e s ,  1979). T r i v a l e n t  chromium i s  an e s s e n t i a l  element f o r  glucose 

and 1 i p i d  metabolism, perhaps through p o t e n t i a t i o n  o f  i n s u l i n  a c t i v i t y  

(Shamberger, 1979). However, i n h a l e d  chromium has been imp1 i c a t e d  as a 

cause o f  l u n g  cancer through i n d u s t r i a l  exposure, and chromium i n  cement, 

p a i n t  and de te rgen t  i s  r espons ib l e  f o r  a l l e r g i c  d e r m a t i t i s  (Be1 i l e s ,  1979). 

The predominant m inera l  form o f  chromium i n  rocks  i s  chromi te ,  

FeCr204. Other  s p i n e l  s t r u c t u r e s ,  such as magnesiochromite, MgCr204, a r e  

a l s o  found (Bowen, 1979). Compared t o  o t h e r  m ine ra l  c o n s t i t u e n t s  o f  s o i l s  

o r  sediments, chromium m ine ra l s  appear t o  be r e s i s t a n t  t o  weather ing. For  

example, chemical e x t r a c t i o n  o f  deep-sea p e l a g i c  c l a y  removed 80% o f  t h e  

t o t a l  manganese, 90% o f  t h e  copper, 40% o f  t h e  z i n c  and 50% o f  t he  n i c k e l ,  

b u t  o n l y  7% o f  t h e  t o t a l  sediment chromium (Schmidt, 1982). 

The l a r g e s t  sources o f  chromium t o  t h e  environment a r e  min ing  and 

sme l t ing ,  which account f o r  over  75% o f  t h e  annual t r a n s f e r  o f  t h e  element 

(Bowen, 1979). Weathering, r u n o f f ,  and combustion c o n s t i t u t e  o t h e r  sources 

t h a t  c o n t r i b u t e  t o  concen t ra t ions  i n  t h e  environment. 

The geochemical behav io r  o f  t r a c e  elements i n  t h e  environment can be 

est imated w i t h  a mult icomponent p r e d i c t i v e  model hav ing an ex tens ive  

thermodynamic da ta  base ( B a l l  e t  a l . ,  1979). T h i s  r e p o r t  con ta ins  thermo- 

dynamic da ta  f o r  chromium se lec ted  f rom t h e  l i t e r a t u r e  as i n p u t  t o  t h e  

geochemical computer model, MINTEQ, which i s  be ing  developed a t  t h e  P a c i f i c  



Northwest Labora to ry  (Felmy e t  a1 . , 1983). -From t h e  pub1 i shed  thermo- 

chemical da ta  f o r  chromium, I se lec ted  o r  r e c a l c u l a t e d  va lues t o  p rov ide  a  

c o n s i s t e n t l y  accura te  s e t  o f  thermodynamic values f o r  t h e  model. The 

r e l a t i o n s h i p  f o r  t h e  f o rma t i on  r e a c t i o n ,  

was used t o  v e r i f y  i n t e r n a l  cons is tency.  As much as p r a c t i c a b l e ,  A G O  and 

AH" were assumed t o  be c o r r e c t  f o r  aqueous species and So  was computed. 

For  s o l i d  spec ies I g e n e r a l l y  took  AH" and So  as c o r r e c t  and r e c a l c u l a t e d  

A G O .  However, f o r  many s o l i d s ,  A G O  and AH" were r e p o r t e d  f r om s o l u b i l i t y  

de te rmina t ions  and So was der ived.  The c a l c u l a t i o n s  were made, a r b i t r a r i l y  

i n  many cases, t o  t h r e e  decimal p laces and rounded t o  two p laces  t o  

ma in ta i n  cons is tency  w i t h i n  t h e  data.  

Th i s  r e p o r t  a l s o  rev iews severa l  s t u d i e s  on t h e  e f f e c t s  t h a t  pH, redox 

p o t e n t i a l ,  and o rgan i c  and i n o r g a n i c  m a t e r i a l s  have on t h e  behav io r  o f  

chromium. Examples a r e  c i t e d  t o  i l l u s t r a t e  t h e  importance o f  t h e  a b i l i t y  

o f  geochemical model ing t o  p r e d i c t  t h e  environmental  behav io r  o f  

po l  1  u tan t s .  

ESTIMATION OF UNKNOWN THERMODYNAMIC VALUES 

For  some impo r tan t  chromium compounds, thermodynamic da ta  were n o t  

a v a i l a b l e  i n  t h e  l i t e r a t u r e  reviewed. However, va lues can be es t imated  by 

employing t h e  r e l a t i o n s h i p  o f  ano ther  known v a r i a b l e  t o  t h e  thermodynamic 

p r o p e r t i e s .  Langmuir (1979) suggested t h a t  t h e  thermodynamic p r o p e r t i e s  o f  

compounds o f  c a t i o n s  and a  common l i g a n d  w i l l  va ry  1  i n e a r l y  w i t h  c a t i o n  

valence and c a t i o n  rad ius .  Th i s  approach was s u c c e s s f u l l y  employed by 

Turner  e t  a l .  (1981) t o  es t ima te  t h e  s p e c i a t i o n  o f  58 t r a c e  elements i n  

model sea and f r e s h  waters.  

Us ing an approach s i m i l a r  t o  t h e  Fuoss model (Langmuir, 1979), 1 

developed an equat ion  t h a t  r e l a t e s   AS;^^ f o r  t he  d i s s o l u t i o n  o f  BaCr04 and 



SrCr04 t o  t h e  i o n i c  r a d i i  o f  t h e  ca t i on .  A va lue  o f   AS^^^ f o r  t h e  d i s s o l u -  

t i o n  o f  CaCr04 was then es t imated  f rom t h i s  r e l a t i o n s h i p  t h a t  conforms 

q u i t e  c l o s e l y  t o  another  model t h a t  a l s o  r e l a t e s  thermodynamic p r o p e r t i e s  

d i r e c t l y  t o  i o n i c  r a d i i  (see F igu re  1). 

S h i d l o v s k i i  e t  a l .  (1971a) demonstrated t h a t  t h e  sum o f  t h e  d i f f e r -  

ences between t h e  heats  o f  f o rma t i on  and s o l u t i o n  o f  t h e  s u l f a t e s  and 

chromates o f  t h e  a l k a l i n e  ea r ths  a r e  s i m i l a r .  Us ing t h i s  approach f o r  t he  

chromates and tungs ta tes  ( i n  Table I ) ,  I found t h a t  t h e  d i f f e r e n c e s  between 

Crystal Ionic Radius. A 

FIGURE 1. Thermodynamic Data f o r  t h e  D i s s o l u t i o n  o f  Ba, Sr, 

Ca and Mg Chromates 

Open Symbols: da ta  de r i ved  f rom l i t e r a t u r e  values 

S o l i d  Symbols: es t imated  values. 



TABLE 1. Heats o f  Format ion and Heats o f  S o l u t i o n  i n  Water o f  - 
Ba, Sr,  Ca and Mg Chromates and Tungstates. 
F igures  i n  parentheses i n d i c a t e  es t imated  values. 

Cation 

Ion ic  

Radius, A0 

(a  1 

- 1 -1 
AH;298, kcal mol AHoSol, kcal mol 

2 - 
CrO 

( b f  

2- 
CrO 

( b f  

bIg2+ 0.66 (- 301.25) -366.8 65.50 (- 21.27) 0.10 (- 21.37) ( d )  44.18 

( a )  Weast 1972. 

( b )  From various sources (see next  sect ion) .  

( c )  From Naumov e t  a1 . (1974) .  

( d )  Derived from A" = -39.91 + 28.08 ( i o n i c  radius o f  ca t ion) ;  R~ = 0.9998. 

t he  heats  o f  s o l u t i o n  o f  t h e  chromates and t ungs ta tes  f o r  Ba, S r  and Ca, 

A" ,  were ve ry  n e a r l y  p e r f e c t l y  c o r r e l a t e d  ( R  = 0.9999) t o  t h e  c r y s t a l  i o n i c  

r a d i i  o f  t h e  ca t i ons .  However, t h e  l i t e r a t u r e  va lue  g i ven  f o r   AH;^^^ f o r  

MgCr04 leads  t o  a  q u a l i t y  f o r  dHgO1 t h a t  f a i l s  t o  conform t o  t h i s  pa t t e rn .  

Thus, a  va lue  f o r  AH:,, o f  MgCr04 was es t imated  f rom t h e  i o n i c  r a d i u s  r e l a -  

t i o n s h i p  and a  new va lue  f o r  AH;2g8 was ca l cu la ted .  The aSgo1 f o r  MgCr04 

was a l s o  es t imated  f rom t h e  apparent cons tan t  d i f f e r e n c e  between bSiO1 o f  

t h e  chromates and t ungs ta tes  o f  Ba, S r  and Ca, as shown i n  Table 2. 

When t h e  es t imated  va lue  o f  bSgol f o r  MgCr04 i s  a p p l i e d  t o  t h e  va lues  

o f  nHiO1 c a l c u l a t e d  f rom t h e  l i t e r a t u r e  o r  es t imated  by t h e  method o f  

Table 1, c o n t r a s t i n g  va lues o f  l o g  K a r e  generated (Table 3 ) .  S ince 
s  P  

MgCr04 i s  ve ry  s o l u b l e  (Weast, 1972), l o g  K = 6.39, based on bHgO1 as 
s  P  

es t imated  above, i s  t h e  most l i k e l y  value. The r e l a t i o n s h i p s  o f  t h e  

es t imates  o f  t h e  thermodynamic p r o p e r t i e s  o f  MgCr04 t o  those o f  BaCr04, 



TABLE 2. En t rop ies  o f  S o l u t i o n  i n  Water o f  Ba, Sr, Ca and 
Mg Chromates and Tungstates.  
F igures  i n  parentheses i n d i c a t e  es t imated  va lues.  

Ca t i on  

( a )  From l i t e r a t u r e  (see n e x t  s e c t i o n ) .  
( b )  From Fuoss model (Langmuir, 1979). 
( c )  From Naumov e t  a l .  (1974).  
( d )  Mean A. 

TABLE 3. Thermodynamic Values f o r  t h e  D i s s o l u t i o n  o f  MgCr04. 

As,"ols AH;ol y Log K S P 

c a l  K - ~  mol-' k ca l  m o l - I  

From es t imated   AH;^^^ 

From 1  i t e r a t u r e   AH;^^^ 

SrCr04 and CaCr04 can be seen i n  F i gu re  1, which r e l a t e s  nSlO1, aHlo1 and 

AGiO,  t o  t h e  c r y s t a l  i o n i c  r a d i i  o f  t h e  a l k a l i n e  e a r t h  ca t i ons .  

As shown i n  Table  4, t h e  sum o f  t h e  d i f f e r e n c e s  between  AH;^^^ and 
t  AH;^^ o f  a l k a l i  metal  and NH4 chromates and s u l f a t e s  i s  ve ry  n e a r l y  



TABLE 4. Heats o f  Formation and Heats o f  S o l u t i o n  i n  Water o f  
L i ,  Na, K, NH4, Rb and Cs Chromates and Su l fa tes .  

AH;298y kcal  mol-' A H O ~ o l  
kcal  mol-' 

l on i c  
Cat ion Radius, A0 Cr04 

2- sob2- A' crob2- soq2‘ A" A '  + A "  

(a (b)  (a 1 (b )  

(a)  From var ious sources (see next sect ion).  
(b )  From Naumov e t  a1 . (1974). 

TABLE 5. Standard Ent rop ies  and Ent rop ies  o f  S o l u t i o n  i n  
Water o f  L i ,  Na, K, NH , Rb and Cs Chromates and 
Su l fa tes .  F igures i n  8arentheses i n d i c a t e  
est imated values. 

S;g8, kcal mol 
- 1 

ASosol , kcal  mol 
- 1 

lon i c  
Cation Radius, A0 Cr04 2- soq2- A m  cr0,'- sob2- A" A '  + A" 

(a 1 (b)  (a 1 (b )  

NH~ '  1.43 (57.68) 52.60 (5.08) ( c )  (9.20) 5.04 (4.16) ( c )  (9.24) 

l a )  From var ious sources (see t e x t ) .  
(b )  From Naumov e t  a l .  (1974). 
( c )  Estimated from re la t i onsh ip  between A and the  squares o f  t he  c r y s t a l  i o n i c  r a d i i .  



cons tan t  a t  about  6.5 kca l  mo l - l .  Wi th  t h i s  i n  mind, I de r i ved  t h e  

s tandard en t ropy  o f  (NH4)2Cr04 f rom t h e  r e l a t i o n s h i p  between S;g8 and bSgOl 

f o r  these same s u l f a t e s  and chromates (Table 5 ) .  

DERIVATION OF THERMODYNAMIC DATA 

ELEMENTAL C r  

The va lue  I se lec ted  f o r  t h e  s tandard en t ropy  o f  elemental  C r  a t  25OC, 

5.68 + 0.07 c a l  K" mol - l ,  i s  based on heat  c a p a c i t y  measurements reviewed 

by K e l l e y  (1960). Th i s  va lue  i s  r epo r ted  by Wagman e t  a l .  (1982), Naumov 

e t  a l .  (1974) and D e l l i e n  e t  a l .  (1976a). Other  compi la t ions  g i v e  5.65 + 
0.05 (Robie e t  a l . ,  1979) and 5.645 c 0.05 c a l  K - ~  mol-' (Chase e t  a l . ,  

1975). 

The s tandard en tha lpy  o f  f o rma t i on  o f  cr3+ i n  aqueous s o l u t i o n  was 

determined by V a s i l  'ev  and assoc ia tes  (1977, 1978, 1980) us ing  t h r e e  

independent c a l o r i m e t r i c  methods. I se lec ted  t h e  mean va lue  o f  t h e i r  d e t e r -  

mina t ions  a t  25OC, -60.80 ' 0.30 kca l  mol-', which agrees, w i t h i n  e x p e r i -  

mental e r r o r ,  w i t h  t h e  c a l o r i m e t r i c  measurements o f  D e l l  i e n  and Hep le r  

(1976) o f  -60.0 c 1.5 kca l  mo l - l .  

Several  d i f f e r e n t  va lues f o r  t h e  s tandard f r e e  energy o f  f o rma t i on  o f  
3  + 

C r  (aq)  a r e  represented i n  t h e  l i t e r a t u r e .  The va lue  g i ven  by Naumov 

e t  a l .  (1974), -48.74 kca l  mol", i s  quest ionable,  because i t  i s  n o t  

i n t e r n a l l y  c o n s i s t e n t  w i t h  t h e  repo r ted  va lues f o r  s tandard en tha l  py and 

ent ropy.  Ga r re l s  and C h r i s t  (1965) based t h e i r  thermodynamic va lues on 

La t ime r ' s  rev iew (1952) and these va lues a r e  n o t  cons idered t o  be a u t h o r i -  

t a t i v e  (Naumov e t  al . ,  1974). D e l l i e n  e t  a l .  (1976a) a r b i t r a r i l y  se lec ted  

values o f  A G ; ~ ~ ~  and S;gg, appa ren t l y  based on t h e  works o f  Naumov e t  a l .  

(1974) and Gar re l s  and C h r i s t  (1965) f o r  which they  l a t e r  express 



r e s e r v a t i o n  ( D e l l  i e n  and Hepler ,  1976). Cot ton and W i  1  k i nson  (1972) 1  i s ted  

- 0 . 7 4 ~  f o r  t h e  e l e c t r o d e  p o t e n t i a l  o f  

which y i e l d s  a  va lue  f o r  A G ; ~ ~ ~  o f  -51.20 kca l  mol-' f o r  cr3+. 

B a r t l e t t  and James (1979) l i s t e d  va lues f o r  l o g  K of severa l  o x i d a t i o n  
3+ 

r e a c t i o n s  f rom which I computed A G ; ~ ~ ~  f o r  C r  . For  example, l o g  K  f o r  

t h e  r e a c t i o n ,  

i s  g i ven  as -25.0 ( B a r t l e t t  and James, 1979) and thus AGO(l )  = 34.10 kca l  

mo l - l .  Coupled w i t h  A G ; ~ ~ ~  f o r  cro4'-(aq) measured by O'Hare and Boe r i o  
3+ 

(1975), A G i Z g 8  f o r  C r  (aq)  i s  computed t o  be -50.36 kca l  mo l - l .  However, 

s i nce  B a r t l e t t  and James (1979) used da ta  f r om Gar re l s  and C h r i s t  (1965) t o  

d e r i v e  l o g  K, t h i s  va lue  may n o t  be a u t h o r i t a t i v e .  

Thermodynamic va lues f rom ano ther  s e t  o f  o x i d a t i o n  equat ions were 

g i ven  by Benson and Teague (1980),  appa ren t l y  based on da ta  i n  S i l l e n  and 

Mar te l  l (1969). The l o g  K  f o r  Equat ion ( 1 )  i s  1  i s t e d  as -22.36. From t h i s  

I compute a  va lue  o f  -39.56 kca l  mol-' f o r  aG;298 
3+ 

f o r  C r  . Using  AH;^^^ = 

-60.8 kca l  mo l - l ,  I found t h e  s tandard en t ropy  f o r  cr3+ t o  be -112.37 c a l  

K-1 mo l - l .  Th i s  i s  about t w i c e  t he  va lues 1  i s t e d  by Naumov e t  a l .  (1974) 

f o r  S;g8 f o r  o t h e r  t r i v a l e n t  c a t i o n s  i n  t h e  f o u r t h  row o f  t h e  p e r i o d i c  

t a b l e .  Thus, t h e  da ta  o f  Benson and Teague (1980) cannot cons idered  a  

re1 i a b l e  b a s i s  f o r  de te rmin ing  t h e  s tandard f r e e  energy o f  f o rma t i on  o f  

cr3+(aq) .  

F i n a l l y ,  V a s i l  ' ev  e t  a l .  (1980) measured t h e  en tha lpy  o f  s o l u t i o n  o f  
3+ 

NH4Cr(S04)2*12H20(c) and de r i ved  S.jg8 = -64.4 i 1.7 c a l  K-1 mol-' f o r  C r  . 
T h i s  en t ropy  and = -60.80 kca l  mole' y i e l d  AG;2g8 = -53.89 k c a l  mol-' 



f o r  cr3+(aq).  On t h e  bas i s  o f  these values I se lec ted  s;; = -64.31 c a l  

K-I mol - l ,  which i s  i n t e r n a l l y  c o n s i s t e n t  w i t h  t h e  en t ropy  I se lec ted  f o r  

C r ( c )  and compares w e l l  w i t h  t h e  va lues 1  i s t e d  by Naumov e t  a l .  (1974) f o r  
3  + 

Sc (aq)  , v3+ (aq),  ~ n ~ + ( a q ) ,  and ~ e ~ + ( a q ) .  These va lues are,  r e s p e c t i v e l y ,  

-63.2, -57.0, -51.0, and -66.7 c a l  K-I mol - l .  

Cr(  I I I )  AOUEOUS IONS AND COMPLEXES 

The thermodynamic q u a n t i t i e s  d e r i v e d  f o r  t h e  aqueous species o f  

C r ( I I 1 )  a r e  f o r  those o f  t h e  i n n e r  sphere complexes i n  which t h e  complexing 

l i g a n d  has rep laced  a  s o l v e n t  molecule f rom t h e  so l va ted  i o n  (Wi l  kens, 

1974). Thus cr3+(aq)  i s  more a c c u r a t e l y  C ~ ( H ~ O ) ~ ~ + . ( ~ ~ )  and a  r e a c t i o n  such 

as 

2  + 
cr3+(aq) + H20(1) = C r O H  (aq , i s )  + Hf(aq) 

(where - i s  des ignates - i n n e r  - sphere) 

i s  b e t t e r  represented as 

D e l l i e n  e t  a l .  (1976a) es t imated  t h e  thermodynamic va lues f o r  t h e  so l va ted  

species by s imp ly  adding t h e  r e q u i r e d  q u a n t i t i e s  o f  t h e  r e s p e c t i v e  va lues 

f o r  t h e  number o f  assoc ia ted  wate r  molecules t o  t h e  values o f  t h e  

unsolvated species.  I n  computing thermodynamic q u a n t i t i e s  i n  t h i s  r e p o r t ,  

a l l  aqueous species a r e  assumed t o  be i n n e r  sphere complexes un less 

o therw ise  s p e c i f i e d  and t h e  thermodynamic va lues o f  t h e  waters o f  s o l v a t i o n  

a r e  ignored. 

The f i r s t  hydroxy complex o f  cr3+, cr0H2+, i s  formed i n  t h e  r e a c t i o n ,  

2  + 
cr3+(aq)  + OH-(aq) = C r O H  (aq , i s )  ( 4 )  

The f r e e  energy f o r  t h i s  r e a c t i o n  i s  g iven  as -13.74 kca l  mol-' (Smi th  and 

M a r t e l l ,  1976). From t h i s  r e l a t i o n s h i p  i s  de r i ved  t h e  s tandard f r e e  energy 



o f  f o rma t i on  f o r  c ~ o H ~ + ,  A G ; ~ ~ ~  = -105.23 kca l  mo l - l .  When t h i s  va lue  i s  

a p p l i e d  t o  r e a c t i o n  ( 2 ) ,  t h e  l o g  K0 (2 )  = -3.92 and compares w e l l  w i t h  

1  i s t e d  va lues of -3.95 (Naumov e t  a l . ,  1974), -3.80 ( D e l l  i e n  e t  a l . ,  

1976a), -4.1 (Baes and Mesmer, 1976), -4.00 (von Meyenburg e t  al . ,  1973), 

and -3.83 (Thompson, 1964), which have a  mean o f  -3.94. Equat ion ( 2 )  can 

be used t o  es t ima te  AH;298 by a p p l y i n g  AH0 = -1.0 kca l  mol-' (Smi th  and 

Mar te l  1  , 1976), which y i e l d s  = -116.78 kca l  mol" f o r  c ~ o H ~ + ( ~ ~ ) .  
* 

Th i s  compares w e l l  = -115 kca l  m o l - l  es t imated  by D e l l  i e n  e t  a1 . 
(1976a). I d e r i v e  Sgg8 = -24.14 c a l  K-l m o l - l  f o r  cr0H2+(aq). 

The f r e e  energy o f  f o rma t i on  o f  t h e  complex, ~ r ( ~ H ) ~ + ( a q ) ,  i s  d e r i v e d  

f r om t h e  mean AG;2g8 computed f rom t h e  f o l l  owing reac t i ons :  

c r O ~ ~ + ( a q )  + H20(1 ) = C ~ ( O H ) ~ +  (aq , i s )  + H' (aq)  ( 5 )  

(AGO = 9.55 ( D e l l  i e n  e t  a l . ,  1976a), 8.73 (von Meyenburg 

e t  a l . ,  1973), and 7.57 kca l  m o l - l  (Naumov e t  a l . ,  1974)).  

c r3+(aq)  + 2OH-(aq) = c r ( ~ H ) ~ + ( a q  , i s )  ( 6  

(AGO = -23.60 kca l  mol-' (Smith and Mar te l  1, 1976) ) .  

cr3+ (aq)  + 2H20(1 ) = ~ r ( O H ) ~ + ( a ~ , i s )  + 2 ~ + ( a q )  ( 7 )  

(AGO = 13.16 kca l  mol-' (Baes and Mesmer, 1976)).  

From these reac t i ons ,  I c a l c u l a t e  A G ; ~ ~ ~  = -153.35 kca l  m o l - I  f o r  

~ r ( O ~ ) ~ + ( a q , i s ) .  Th i s  y i e l d s  bG0(5) = 8.58, 6G0(6) = -24.25, and AG0(7) = 

13.92 kca l  mo l - l .  The en tha lpy  o f  r e a c t i o n  ( 5 )  i s  g i ven  by D e l l  i e n  e t  a1 . 
(1976a) as 7.8 kca l  mo l - l ,  which leads  t o  AH;2g8 = -177.29 kca l  mol-' f o r  

~ r ( O H ) ~ + ( a q , i s ) .  The computed S;g8 i s  -10.03 c a l  K-I mol - l .  

The uncharged hydroxy complex, Cr(OH)30(aq, is)  may be formed by t h e  

r e a c t i o n ,  

3  + 
C r  (aq)  + 3H20 = Cr(OH)30(aq, is)  + 3 ~ + ( a q )  ( 8 )  



When t h e  g iven  A G O ,  24.55 kca l  mol-' (Baes and Mesmer, 1976), i s  app l ied ,  

AG;298 
= -199.41 kca l  mol-' f o r  Cr(OH)30(aq , i s ) .  

I n  t h e  presence o f  excess OH-, Cr(OH)30(c) d i s s o l v e s  t o  y i e l d  an an ion  

c o n t a i n i n g  C r ( I I 1 ) .  I n  s i m p l i s t i c  terms t h e  an ion  may be represented as 

c r ( ~ H ) - ~ ( a q )  ( D e l l  i e n  e t  a1 . , 1976), which has a  A G i Z g 8  = -243.28 kca l  

mole' (Baes and Mesmer, 1976a). 

Other hydroxy complexes may i n c l u d e  ~ r ~ ( ~ H ) ~ ~ + ( a q ,  i s )  and c ~ ~ ( o H ) ~ ~ +  

(aq, is) .  However these po lymer ic  spec ies may fo rm o n l y  a t  e l eva ted  

temperatures and a t  re1  a t i v e l y  h i g h  C r  concent ra t ions .  T h e i r  importance 

under usual  environmental  c o n d i t i o n s  i s  n o t  c l e a r .  Baes and Mesmer (1976) . 

and Thompson (1964) r e p o r t e d  thermodynamic va lues o f  A G O  = 6.90 and 

11.12 kca l  mo l - l ,  r e s p e c t i v e l y ,  f o r  t h e  reac t i ons ,  

A p p l i c a t i o n  o f  t he  r e p o r t e d  va lues y i e l d s  A G ; ~ ~ ~  = -214.26 kca l  mol", 

AHiz98 
= -245.83 kca l  mol-', and S5g8 = -76.77 c a l  K-' m o l - l  f o r  

5  + 
~ r ~ ( ~ H ) ~ ~ + ( a q , i s ) .  S i m i l a r l y  f o r  Cr3(0H)4 (aq, is ) ,  A6;298 = -377.31 kca l  

- 1 
mO1 3 AH;2g8 = -430.66 kca l  m 0 1 - l ~  and S;g8 = -79.51 C ~ I  K - ~  m01-l. I 

d e r i v e  t h e  f r e e  energy o f  f o rma t i on  o f  t h e  ion ,  Crop-(aq),  f rom data 

presented by Naumov e t  a l .  (1974) t o  be -129.14 k c a l  mo l - l .  

For  t h e  reac t i on ,  

3  + 
C r  (aq)  + HF(aq) = ~ r ~ ~ + ( a q , i s )  + ~ ' ( a q )  (11)  

A G O  = 4.92 kca l  mol-' (Thusius,  1971) and AH" = 3.35 kca l  mol-' (Hale and 

King, 1967). From these da ta  i s  d e r i v e d  t h e  f o l l o w i n g  thermodynamic va lues 
2+ 

f o r  CrF (aq , i s ) :  A G i Z g e  = -127.15 kca l  mol - 1 , = -137.60 kca l  mol-' 

and SZg8 = -36.34 c a l  K- mo l - l .  



Based on da ta  presented by Thusius (1971),  Hale and K ing  (1967), and 

D e l l i e n  and Hep le r  (1976), I es t ima te  t h a t  A G O  = 1.14 kca l  mo l - l ,  AH0 = 

6.29 kca l  mol-' and AS" = 17.28 c a l  K - l  mol-' f o r  t h e  r e a c t i o n ,  

3 + 
C r  (aq)  + c l - ( a q )  = crc12+(aq, is)  (12)  

These da ta  l e a d  t o  AG;2981 = -84.13 kca l  mo l - l ,  = -94.44 kca l  "01-' 
+ 

and S;g8 = -33.47 c a l  K- mol-' f o r  CrC12 (aq, is ) .  The o u t e r  sphere 

complex forms i n  t h e  r e a c t i o n ,  

~r(H,o),~+(aq) + ~1 - (aq)  = C ~ ( H ~ O ) ~ C I  '+(aq .os) (13)  

( l o g  K = -0.05, v = 1.0 ( D e l l i e n  e t  a l . ,  1976a)). 

Th i s  leads t o  A G ; ~ ~ ~  = --425 kca l  m0l-' f o r  C ~ ( H ~ O ) ~ C I  '+(aq ,OS) . 

From Naumov e t  a1 . (1974) and D e l l  i e n  e t  a1 . (1976a) A G O  = 0.97 kca l  

mo l - l ,  AH' = 4.48 kca l  mol-' and AS" = 11.78 c a l  K-I mol" f o r  t h e  

reac t i on ,  

From these da ta  I compute A G ; ~ ~ ~  = -114.54 kca l  mol'l, = -129.90 

kca l  mo l - l ,  and S;g8 = -8.12 c a l  K-I mol-' f o r  ~ r ~ l ~ + ( a q , i s ) .  

The ch lo rohydroxy  complex, CrOHC12 may form under b a s i c  c o n d i t i o n s  i n  

t he  r e a c t i o n ,  

~ r ~ l ~ + ( a q , i s )  + H20(1) = CrOHC12(aq,is) + Hf(aq) 

( l o g  K = -5.77 ( D e l l i e n  e t  a l . ,  1976a)),  

y i e l d i n g  AG;2g8 = -163.46 kca l  mol-' f o r  CrOHC12(aq,is). 

+ 
The so l va ted  species of t h e  i n n e r  sphere complex, CrC1, (aq, is ) ,  

L 

represen ted  by ~ r ( H ~ ~ ) ~ ~ l ~ + ( a q ) ,  e x i s t s  i n  - c i s  and t r a n s  forms w i t h  



l o g  K  = -0.3 f o r  - c i s  = - t r a n s  ( D e l l i e n  e t  a l . ,  1976a). Thus, t h e  c i s  form - 
i s  s l i g h t l y  more s t a b l e  by 0.4 kca l  mol-' than  t h e  t r a n s  form. 

D e l l i e n  and Hep le r  (1976) measured AH' = 8.93 kca l  mol-' f o r  t he  

r e a c t i o n ,  

2  + 
cr3+(aq)  + ~ r - ( a q )  = CrBr (aq, is )  (16)  

The f r e e  energy change o f  t h i s  r e a c t i o n  i s  r e p o r t e d  by Thusius (1971) t o  be 

3.62 kca l  mo l - l .  These da ta  y i e l d  bG;2g8 = -75.14 kca l  mo l - l ,  - - 

-80.91 kca l  m o l - l  and S;g8 = -26.69 c a l  K - ~  m o l - l  f o r  c r ~ r ' + ( a ~ , i s ) .  An 

o u t e r  sphere complex may form as f o l l o w s :  

c ~ ( H ~ o ) ~ ~ + ( ~ ~ )  + Br- (aq)  = c ~ ( H ~ o ) ~ B ~ ' + ( ~ ~  ,OS) (17)  

( l o g  K  = -0.70, p = 4.1 (Spreer  and King, 1971)).  

2+ 
For  Cr(H20)6Br (aq,os), I found t h a t  A G ; ~ ~ ~  = --418 kca l  mo l - l .  

The DeBye-Hueckel r e l a t i o n s h i p ,  

i s  used t o  c o r r e c t  a c t i v i t y  c o e f f i c i e n t s  and, thus, t o  determine l o g  K a t  

zero i o n i c  s t r e n g t h  (Stumm and Morgan, 1970). I n  t h i s  manner, I co r rec ted  

da ta  f rom Swaddle and Guas ta l l a  (1968) t o  g i v e  l o g  K = -5.38 f o r  t he  

reac t i on ,  

From t h i s  I compute AGFZg8 = 58.97 kca l  m o l - I  f o r  crr2+. 

For t h e  r e a c t i o n ,  

3  + + 
C r  (aq)  + H3P02(aq) = ~ r ~ ~ ~ ~ ~ ~ + ( a q , i s )  + H 



I e x t r a p o l a t e d  t h e  k i n e t i c  da ta  o f  Espenson and Binau (1966) t o  25°C and 

determined t h a t  l o g  K = 0.26. Th i s  va lue  g ives  A G ; ~ ~ ~  = -179 kca l  m o l - l  

f o r  c ~ H ~ P o ~ ~ + ( ~ ~  , i s ) .  The i n n e r  sphere compl ex c ~ H ~ P ~ ~ ~ +  i s  formed by t h e  

r e a c t i o n  between Cr(1403)3 and H3P04: 

The es t imated  A G O  f o r  t h i s  r e a c t i o n  i s  about -2.7 kca l  mol-' (A leshechk ina 

e t  a1 . , 1976), which leads  t o  AG;2g8 = -327 kca l  mol-' f o r  ~ r H ~ ~ ~ ~ ~ + ( a q , i s ) .  

Anderson e t  a l .  (1975) es t imated  l o g  B6 = 12.75 f o r  t h e  ammination 

reac t i on ,  

f rom which I d e r i v e  A G O  
3  + 

2% 
= -109.48 kca l  m o l - l  f rom c ~ ( N H ~ ) ~  (aq) .  

The h y d r o l y s i s  o f  Cr(NH3)6 , 

+ 
c ~ ( N H , ) , ~ + ( ~ ~ )  + H20(1) = c ~ ( N H ~ ) ~ o H ~ + ( ~ ~ )  + NH4 (aq)  (23)  

has l o g  K = 2.29 (Anderson e t  a1 . , 1975) and, thus,  A G ; ~ ~ ~  = -150.31 k c a l  

mole' f o r  C ~ ( N H ~ ) ~ O H ~ + ( ~ ~ ) .  Hyd ro l ys i s  o f  t h e  preceding complex leads  t o  
2  + 

Cr(NH3)40H (aq) ,  which e x i s t s  i n  - c i s  and t r a n s  forms. The r a t i o  o f  

c i s - C r ( ~ H ~ ) ~ ( o ~ ) ~ +  t o  t r a n s - ~ r ( N H ~ ) ~ ( 0 ~ ) * +  i s  4.9 and bG;2g8 - = -197.63 kca l  

mol-' f o r  - c i s - ~ r ( ~ H ~ ) ~ ( ~ ~ ) ~ + ( a ~ )  (Anderson e t  a1 . , 1975). 

I reeva lua ted  da ta  f o r  t h e  a s s o c i a t i o n  o f  C ~ ( N H ~ ) ~ ~ + ( ~ ~ )  w i t h  ha1 i d e  

i ons  presented by Mironov e t  a l .  (1977) u s i n g  t h e  DeBye-Hueckel equa t i on  

(Stumm and Morgan, 1970). A1 though Mironov e t  a1 . (1977) d i d  n o t  g i v e  

e x p l i c i t  d e t a i l s ,  I assumed t h a t  t h e  o u t e r  sphere complex i s  formed: 

I es t ima te  t h e  s tandard f r e e  energ ies  o f  f o rma t i on  a t  298.15 K f o r  



2 + 
Cr(NH3)6X (aq), where X- is C1-, Br-, and I - ,  to be, respectively, 

-141.92, -135.28, and -122.66 kcal. mol-l. 

The investigation of Ardon and Sutin (1967) of the reaction, 

produced AH' = 4.5 k 0.2 kcal mol-l, AS" = 5.9 k 0.6 cal K-l mol-' and 

log K = -2.013 at 25°C. From these data, I estimate the following 
2 + 

thermodynamic values for Cr(N03) (aq ,is) : A G ; ~ ~ ~  = -77.78 kcal mol-l, 

AH;298 
= -105.86 kcal mol-l, and S5g8 = -23.30 cal K - ~  mol-l. 

After correcting for temperature and ionic strength, AGO for the 

reaction, 

is estimated to be -1.08 kcal mole' (Fogel et al., 1962). From this value 

and ~H"(26) = 7.6 kcal mol-' measured by Dellien and Hepler (1976), 

AGi298 
= -232.90 kcal mol-l, = -270.60 kcal mol" and S5g8 = 

+ 
-30.70 cal K - ~  mol-' for CrS04 (aq,is). Masalovich et al. (1975) studied 

the formation of the complexes arising between C~OH" and SO4 
2- 

and 

concl uded that two outer-sphere compl exes, [CrOH]S04 and [Cr2(OH)2S04]S04, 

and two inner-sphere complexes, [c~~(oH)~so~]~+ and [Cr2(0H)2(S04)2], are 

formed. From their data, I obtain the following AGO values: [CrOH]S04, 
Zq8 

-285.92; [Cr2(0H)2S04]S04, -569.08; [Cr2(0H)2S04] , -393.33; and 

[Cr2(OH)2(S04)2], -573.72 kcal mol-l. 

The reaction of thiocyanate ion with Cr3+ produces both C ~ S C N ~ +  and 

C~NCS~' inner-sphere complexes : 

2 + 
cr3+(aq) + SCN-(aq) = CrNCS (aq,is) or ~ r ~ C ~ ~ + ( a ~ , i s )  (27) 

Using data from Armor and Haim (1971), Espenson (1969), Haim and Sutin 

(1965), Orhanovic and Sutin (1968), Postmus and King (1955), and Thusis 



(1971),  I f i n d  A G ; ~ ~ ~  f o r  C ~ S C N "  and C ~ N C S "  t o  be -27.18 and -34.47 kca l  

mol 'l, r e s p e c t i v e l y .  

Cr(  I I I ) SOLID PHASES 

From da ta  presented by Amacher and Baker (1980), I es t ima te  a va lue  o f  

l o g  K f o r  t h e  r e a c t i o n ,  

which leads  t o  A G ; ~ ~ ~  = -254.64 kca l  mol-' f o r  Cr203. The r e p o r t e d  va lues 

a r e  -252.9 (Wagman e t  a1 . , 1982), -253.2 (Naumov e t  a1 . , 1974), and 

-251.69 k 2.01 kca l  mole' (Robie e t  a l . ,  1979; Chase e t  a l . ,  1975). Us ing  

siss, = 19.46 c a l  K - ~  m o l - l  (Robie e t  a l . ,  1979), AHfzg8 
= -274.14 k c a l  

mol- f o r  Cr203(c),  which compares w i t h  pub l i shed  da ta  o f  -272.4 (Wagman 

e t  a l . ,  1982), -272.7 + 0.4 (Naumov e t  a l . ,  1974; Barnes e t  a1 . , 1974) and 

-271.2 + 2.0 k c a l  m o l - l  (Robie e t  a l . ,  1979; Chase e t  a l . ,  1975). 

The s tandard  f r e e  energy o f  format ion o f  Cr(OH)3(c),  computed f r om t h e  

so l  u b i  1 i t y  product ,  1 og K = -30.07, r e p o r t e d  by von Meyenburg e t  a1 . 
s P 

(1973), t oge the r  w i t h  A G ; ~ ~ ~  = 53.89 kca l  mo1-l f o r  cr3+(aq)  ( v a s i l  l e v  

e t  a l . ,  1980), i s  A G ; ~ ~ ~  = -207.72 kca l  mo l - l .  Naumov e t  a1 . (1974) 1 i s t  

bG;298 f o r  t h i s  spec ies as -202.4 * 2.0 kca l  mo l - l .  The da ta  r e p o r t e d  f o r  

 AH;^^^ f o r  Cr(OH)3(c) range between -233.2 3 (Naumov e t  a1 . , 1974) t o  

-254.3 kca l  m o l - l  (Wagman e t  a l . ,  1982). Naumov e t  a l .  (1974) g i v e  S;g8 = 

22.8 r 3 c a l  K - ~  m o l - I  which, w i t h  A G ; ~ ~ ~  computed above, l e a d  t o   AH;^^^ - - 

-238.49 kca l  mol-' f o r  Cr(OH)3(c). 

The thermodynamic va lues f o r  CrF3(c) g iven  i n  t h e  l i t e r a t u r e  (Wagman 

e t  a1 . , 1982; Naumov e t  a l . ,  1974; D e l l  i e n  e t  a1 . , 1976a; Barnes e t  a1 . , 
1974) g e n e r a l l y  agree and appear c o n s i s t e n t  w i t h  t h e  va lues I adopted f o r  

cr3+(aq) .  For  CrF3(c) ,  I accept A G ; ~ ~ ~  = -260.08 kca l  mo l - l ,   AH;^^^ - - 
-276.75 kca l  mo l - l ,  and S;g8 = 22.44 c a l  K - l  mol - l .  Gee and She1 t o n  (1975) 

produced t h e  f o l  1 owing da ta  f o r  C r C l  3 ( c )  : A G ; ~ ~ ~  = -115.68 2 0.96 kca l  
- 1 

mol , = -132.95 i 0.96 kca l  mo l - l ,  S;g8 = 27.68 c a l  K-I mol - l .  The 



values o f   AH;^^^ f rom o t h e r  comp i l a t i ons  o r  i n v e s t i g a t i o n s  (Wagman e t  a l . ,  

1982; D e l l  i e n  e t  a1 . , 1976a; Barnes e t  a1 . , 1974; Kubaschewski e t  a1 . , 
1967) range f rom -129.5 t o  -135.06 kca l  mol-' w i t h  mean t 1s = -132.49 c 

1.81 kca l  m o ~ - ~ .  Thus, Gee and She l t on ' s  (1975) va lues a r e  w i t h i n  t he  

range o f  o t h e r  pub l i shed  data. Us ing S i g 8  = 38.16 c a l  K ' ~  m o l - l  (Naumov 

e t  a l . ,  1974) and AH;298 = -94.00 kca l  m o l - l  (Barnes e t  a l . ,  1974) f o r  

CrBr3(c) ,  I d e r i v e  AG;2g8 = -87.41 kca l  mo l - l .  S i m i l a r l y ,  f o r  Cr13, 

= 47.10 c a l  K" m o l - I  (Shieh and Gregory, 1973) and  AH;^^^ - - 

-49.33 kca l  mol-' (Barnes e t  a1 . , 1974), thus A G ; ~ ~ ~  = -49.27 kca l  mo l - l .  

For  chromi te ,  FeCr204(c), S;g8 = 34.9 5 0.4 c a l  K - l  mol-' ( D e l l  i e n  

e t  a l . ,  1976a; Naumov e t  a l . ,  1974; Robie e t  a l . ,  1979; Wagman e t  a l . ,  

1982) and t h e  pub l i shed  values o f  range between -345.3 (Wagman 

e t  a l . ,  1982) t o  349.3 t 0.90 kca l  mol- (Barnes e t  a l . ,  1974). For  t he  

f o l l o w i n g  equat ion,  A G O  = 15.45 c 0.46 kca l  m o l - I  (Naumov e t  a l . ,  1974), 

AG;2g8 = -254.64 kca l  m o l - l  f o r  C r  0 as de f i ned  above, t o  t h i s  

e q u i l i b r i u m  produces ~ 6 ; ~ ~ ~  
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= -326.78 kca l  mol f o r  FeCr204. Us ing t h e  

pub1 i shed S5g8, = -351.02 kca l  mo l - l .  

Data presented by Robie e t  a l .  (1979) f o r  t h e  sp ine l ,  magnesio- 

chromite,  MgCr204, which conform w e l l  w i t h  va lues f rom o t h e r  sources 

(Naumov e t  a l . ,  1974; D e l l i e n  e t  a l . ,  1976a; Parker  e t  a l . ,  1971), a re  
- 1 

AG;298 
= -398.92 c 0.20 kca l  mol ,  AH;^^^ = -4.26.30 r 0.20 kca l  mo l - l ,  

and S i g 8  = 25.34 c a l  K-I mol 'l. 

Naumov e t  a l .  (1974) g i v e  A G O  = 1.2 c 0.3 kca l  mol" and AH" = 2.7 t 

0.2 kca l  mol-' f o r  t h e  r e a c t i o n ,  

Using these data,  AG;2gH = -254.64 kca l  mol - 1 , AH;2g8 = -274.14 kca l  mol-' 

and S5g8 = 28.80 c a l  K- m o l - l  f o r  NiCr204(c) .  



For  t h e  r e a c t i o n ,  

Naumov e t  a l .  (1974) r e p o r t  A G O  = 2.6 + 0.4 kca l  mol" and 6H0 = 1.8 k 

0.3 kca l  mo l - l .  From these da ta  I c a l c u l a t e  AG;2g8 = -318.72 k c a l  mol-' 

and = -343.58 k c a l  mol-' f o r  CoCr204(c). 

Cr(V1) AOUEOUS I O N S  AND COMPLEXES 

2  - 
The s tandard en tha lpy  o f  f o rma t i on  o f  Cr04 (aq)  i s  l i s t e d  i n  t h e  

1  i t e r a t u r e  as -210.60 (Wagman e t  a l . ,  1982), -209.23 + 0.4 (Naumov e t  a1 . , 
1974), -210.60 ( D e l l i e n  e t  a l . ,  1976a), -210.73 t 0.44 ( V a s i l  l e v  e t  a1 ., 
1981), and -210.93 + 0.45 kca l  mol" (OIHare and Boer io ,  1975; Barnes 

e t  a1 . , 1974). The l a t t e r  va lue  conforms most c l o s e l y  w i t h  t h e  thermo- 
3 + 

dynamic da ta  I se lec ted  f o r  C r  (aq) .  OIHare and Boe r i o  (1975) p resen t  

da ta  upda t ing  t h e  thermodynamic p r o p e r t i e s  o f  t he  a1 k a l  i metal  chromates 

f rom which t hey  se lec ted  K2Cr04 and Cs2Cr04, as we1 1  as Ag2Cr04, t o  deduce 

a  va lue  f o r  S;g8 f o r  C r O  L - (aq) .  The mean va lue  o f  t h e i r  c a l c u l a t i o n s  i s  
4 

13.78 k 0.46 c a l  K-I mol . Th i s  va lue  i s  1 o r  2  c a l  K - l  mol-' h i g h e r  than  

va lues p r e v i o u s l y  pub1 ished,  b u t  t h e  e a r l  i e r  da ta  were genera l  l y  based on 

Ag2Cr04 s o l u b i l  i t y  s t u d i e s  conducted i n  1935 ( D e l l  i e n  e t  a1 . , 1976a). 

Using t h e  se lec ted  va lues o f   AH;^^^ and S;g8, I compute 6GYZg8 - - 
2  - 

-174.81 kca l  mol-' f o r  Cr04 . 

The e q u i l i b r i u m  cons tan t  f o r  t h e  r e a c t i o n ,  

2  - 
~ C r ~ ~ ' ( a q )  = ~ + ( a ~ )  + Cr04 (aq)  (32)  

i s  w e l l  e s t a b l i s h e d  i n  t h e  l i t e r a t u r e .  For  l o g  K;g8, values o f  -6.48 

( D e l l  i e n  e t  a1 . , 1976a; Benson and Teague, 1980), -6.50 (Naumov e t  a1 . , 
1974; L inge  and Jones, 1968a), -6.51 (OIHare and Boer io ,  1975; Smith and 

Mar te l  1  , 1976; Baes and Mesmer, 1976), and -6.52 (I-lepl e r ,  1958) a r e  

publ ished.  S e l e c t i n g  l o g  K5g8 = -6.51, 6G0(32) = 8.88 kca l  mol-'. Th i s  

va lue,  combined w i t h  AG;pg8 = -174.81 kca l  mol-' f o r  croq2-(aq) y i e l d s  



- 
"G298 

= -183.69 kca l  mol-' f o r  HCr04 . Hep le r  (1958) l i s t s  va lues f o r  

nH0(32) = -0.6 and -0.8 kca l  mol-' based on measurements o f  t h e  s o l u b i l i t y  

o f  K2Cr04(c). L inge  and Jones (1968a) determined a c i d i t y  cons tan ts  f o r  

r e a c t i o n  (32)  a t  d i f f e r e n t  temperatures and de r i ved  8H0(32) = -1.3 + 
0.5 kca l  mo l - l .  Us ing t h e  mean o f  these t h r e e  values, -0.9 kca l  mol-' 

(O'Hare and Boerio,  1975), I d e r i v e  AH;2g8 = -210.03 kca l  m o l - I  f o r  

HCr04-(aq). From these values f o r  A G ; ~ ~ ~  and  AH;^^^, I f i n d  S;g8 = 

46.58 c a l  Kel mol - l .  

For  t h e  e q u i l i b r i u m ,  

L inge and Jones (1968b), through spec t ropho tomet r i c  measurements, found K  = 

(2.94 i 0.22) x mol kg-' a t  25°C. From t h i s  I c a l c u l a t e  nG0(33) = 

2.09 i 0.05 kca l  mol-' and A G ; ~ ~ ~  
2  - 

= - 312.79 kca l  r o l - '  f o r  Cr207 (aq) .  

For r e a c t i o n  (33) ,  AH" = 4.80 kca l  mo l - l ,  based on t h e  work o f  L inge  and 

Jones (1968b), Hepl e r  (1958), and Vas i l  l e v  e t  a1 . (1981, 1977) and, thus,  
- 

AHiz98 
= -356.54 kca l  mo l - l .  Combining t h i s  va lue  w i t h  A G ; ~ ~ ~ ~  S;g8 - 

67.35 c a l  K'l  mol-' f o r  ~ r ~ o ~ ~ - ( a q ) .  

Naumov e t  a l .  (1974) g i v e  nHO = 241.6 kca l  m o l - I  f o r  t he  r e a c t i o n ,  

The thermodynamic va lues se lec ted  i n  t h i s  rev iew l e a d  t o  ~ H " ( 3 4 )  = 

243.27 kca l  mo l - l ,  a  d iscrepancy o f  l e s s  than 1%. S i m i l a r l y  f o r  t h e  

e q u i l  i b r ium,  

t h e  c a l c u l a t e d  va lue  o f  A G O ,  19.94 kca l  mo l - l ,  y i e l d s  l o g  K0(35) = -14.62, 

which compares f a v o r a b l y  w i t h  l o g  KO = -14.49 repo r ted  by Benson and Teague 

(1980). Arnek (1970) g ives  nS0(35) = - (55 i 0.2) c a l  K-' m o l - l  whereas t he  

computed va lue  i s  -56.51 c a l  K-I mol-' from da ta  se lec ted  f o r  t h i s  r e p o r t .  



L i t e r a t u r e  va lues f o r  l o g  K O  f o r  t h e  r e a c t i o n ,  

range between 0.70 (Ha igh t  e t  a l . ,  1964) and 0.98 (Naumov e t  al . ,  1974). 

A f t e r  e x t r a p o l a t i n g  spec t ropho tomet r i c  da ta  g iven  by Ha igh t  e t  a l .  (1964) 

t o  zero  i o n i c  s t r eng th ,  l o g  K0(36) = 0.86 o r  A G O  = -1.17 kca l  mo l - l .  From 

t h i s  value, I o b t a i n  A G ; ~ ~ ~  = -182.52 kca l  mol-' f o r  H2Cr04(aq). 

Other aqueous i ons  o f  Cr(V1) r e p o r t e d  i n  t h e  l i t e r a t u r e  i n c l u d e  
- 

Cr03C1-, Cr03H2P04 , C ~ O ~ H P O ~ ~ - ,  and ~ r 0 ~ ~ 0 ~ ~ -  (Ha igh t  e t  a l . ,  1964; 1974). 

The ch lorochromate spec ies i s  formed by t h e  r e a c t i o n  o f  C1- w i t h  chromic 

ac id :  

I used da ta  f rom Ha igh t  e t  a l .  (1964) t o  determine t h a t  aG0(37) = 

-2.25 kca l  mo l - l .  Thence, A G ; ~ ~ ~  = -159.47 kca l  mole' f o r  Cr03Clm(aq).  

- 
The f r e e  energy o f  f o rma t i on  o f  t h e  phosphatochrornates, Cr03H2P04 and 

C ~ O ~ H P O ~ ~ - ,  i s  es t imated  t o  be -401.68 and -398.02 kca l  mole'., r e s p e c t i v e l y  

(Ha igh t  e t  a l . ,  1964, 1974). The a c i d  i o n i z a t i o n  cons tan t  between these 

two species,  l o g  Ka2 = -2.7, i s  s i m i l a r  t o  t h a t  ( l o g  Ka = -2.4) f o r  t h e  

polyphosphate, (Snoeyink and Jenkins,  1980). 

The r e a c t i o n  between b ichromate and b i s u l f a t e ,  

was i n v e s t i g a t e d  by Ha igh t  e t  a l .  (1964). They found l o g  K0(38) = 0.61 a t  

i o n i c  s t r e n g t h  = 3.0 and 25". I es t ima te  t h a t  l o g  K0(38) = 0.51 a t  ze ro  

i o n i c  s t r eng th ,  and thence dG;2g8 = -308.36 kca l  mol" f o r  C ~ O ~ S O ~ ~ - .  



C r ( V 1 )  SOLID PHASES 

The o x i d e  o f  C r ( V I ) ,  Cr03, h y d r o l y z e s  t o  f o r m  b i ch romate  o r  chromate 

i n  t h e  r e a c t i o n s ,  

C r03 (c )  + H20(1) = HCrO - ( a q )  + ~ + ( a ~ )  
9 

( 3 9 )  

and Cr03 (c )  + H20(1) = Cr04 - ( a q )  + 2 ~ + ( a ~ )  ( 4 0 )  

Us ing  d a t a  p r e s e n t e d  b y  Muldrow and H e p l e r  (1957) and Naumov e t  a l .  

( 1974) , AG;2g8 = -122.50 k c a l  mol- '  f o r  c r o 3 ( c ) .  

The s o l u b i l i t y  d a t a  f o r  Ag2Cr04 g i v e n  b y  Jones e t  a l .  (1971) i n d i c a t e s  

t h a t  l o g  K  = -11.57 + 0.01. From t h i s ,  A G ; ~ ~ ~  
s  P  

= -153.73 k c a l  m o l - I  f o r  

Ag2Cr04(c). From t h e  v a r i a b i l  i t y  o f  K  w i t h  tempera tu re ,  Jones e t  a1 . 
s  P  

(1971) de te rm ined  t h a t  AH;2g8 = -175.42 k c a l  m o l - l ,  wh ich  l e a d s  t o  S;g8 = 

54.63 c a l  K-I m o l - I  f o r  Ag2Cr04(c) .  The l i t e r a t u r e  v a l u e s  (Wagman e t  a l . ,  

1982) f o r  t h i s  compound a r e  AG;2g8 
- 1 

= -153.38 k c a l  mol ,  AH;^^^ - - 

-174.89 k c a l  m o l - l ,  and S5g8 = 52.0 c a l  K-I m o l - l .  

Naumov e t  a l .  (1974) r e p o r t  t h e  h e a t  o f  s o l u t i o n  o f  BaCr04 as 6.398 t 

0.018 k c a l  m o l - I  t h a t  l e a d s  t o   AH:^^^ = -345.82 k c a l  m o l - l .  The s o l u b i l i t y  

p r o d u c t  g i v e n  i n  t h e  l i t e r a t u r e  (O'Hare and B o e r i o ,  1975; Smi th  and 

M a r t e l  1 , 1976),  2.14 x  10'1° mo1 y i e l d s  AG;298 = -322.02 k c a l  m o l - l .  

These d a t a  combine t o  g i v e  S5g8 = 38.86 c a l  K" mol-  f o r  BaCr04. 

S h i d l o v s k i i  e t  a l .  (1971a) g i v e  t h e  h e a t  o f  s o l u t i o n  f o r  CaCr04 as 

-6.5 k c a l  m o l - l .  From t h i s  va lue ,   AH;^^^ = -334.23 k c a l  m o l - l .  I e s t i m a t e  

S;g8 = 32.44 c a l  K-I m o l - I  ( see  page 3  o f  t h i s  r e p o r t )  and t h u s  bG:298 - - 
-310.20 k c a l  m o l - I  f o r  CaCr04(c) .  

An e x t e n s i v e  amount o f  work has been p u b l i s h e d  on t h e  thermodynamic 

p r o p e r t i e s  o f  v a r i o u s  chromates o f  Cs (O'Hare and B o e r i o ,  1975; Lyon 

e t  a l . ,  1975, 1976; F r e d e r i c k s o n  e t  a l . ,  1980; S h i d l o v s k i i  e t  a l . ,  1971; 

Den ie lou  e t  a1 . , 1975). The e n t h a l p y  o f  s o l u t i o n  o f  Cs2Cr04, g i v e n  by  



OIHare and Boer io  (1975), i s  7.51 + 0.03 kca l  mo l - l ,  which leads  t o  

AHiz9a  
= -341.78 kca l  mole' f o r  Cs2Cr04(c). From a s e r i e s  o f  hea t  c a p a c i t y  

measurements, Lyon e t  a l .  (1975) were a b l e  t o  d e r i v e  t h e  s tandard en t ropy  

o f  C S ~ C ~ O ~ ( C ) :  S5g8 = 54.63 0.05 c a l  O K  m o l l  T h i s  va lue  i s  

con f i rmed by  Freder ickson  e t  a l .  (1980). From these data,  I c a l c u l a t e  t h e  

s tandard f r e e  energy o f  f o rma t i on  t o  be AG;2g8 = -315.01 kca l  mo l - l .  Th i s  

i s  i n  e x c e l l e n t  agreement w i t h  t h e  va lue  pub1 i shed  by OIHare and Boe r i o  

(1975):  -315.04 r 0.46 kca l  mo l - l .  

Two separate s e r i e s  o f  c a l o r i m e t r i c  measurements, conducted by O'Hare 

e t  a l .  (1976), determined t h e  s tandard en tha lpy  o f  f o rma t i on  o f  Cs2Cr207(c) 

t o  be  AH;^^^ = -499.79 i- 0.68 kca l  mo l - l .  Heat c a p a c i t y  exper iments by 
- Lyon e t  a l .  (1976) l e d  t o  t h e  s tandard en t ropy  f o r  Cs2Cr207 o f  S;g8 - 

78.89 i- 0.08 c a l  K - ~  mol - l .  Us ing these da ta  I f i n d  A G ; ~ ~ ~  = -456.63 kca l  

mo l - l ,  which conforms we1 1 w i t h  A G ; ~ ~ ~  = -456.67 + 0.67 kca l  mol-' 

determined by Lyon e t  a l .  (1976). 

Naumov e t  a l .  (1974) g i v e  a va lue  o f  l o g  K = -5.44 f o r  t h e  r e a c t i o n ,  
s P 

2 + 
CuCr04(c) = Cu (aq)  + cro4'-(aq) (41)  

which leads  t o  A G ; ~ ~ ~  = -166.56 kca l  mol-' f o r  CuCr04(c). 

For  t h e  d i s s o l u t i o n  o f  Hg2Cr04(c), 

2 - 
Hg2Cr04(c) = ~ g ~ ' + ( a ~ )  + Cr04 (aq)  (42 

l o g  K i s  r e p o r t e d  t o  be -8.70 (Naumov e t  a l . ,  1974; Smith and M a r t e l l ,  
s P 

1976). From t h i s  I d e r i v e  nGiZg8 = -149.97 kca l  mol-' f o r  Hg2Cr04(c). 

Us ing t h e  Debye-Hueckel equa t ion  and c o e f f i c i e n t s  presented by 

V a s i l ' e v  and Y a s i n s k i i  (1978), I r e c a l c u l a t e d  t h e  en tha lpy  da ta  o f  Muldrow 

and Hep le r  (1957) f o r  t h e  r e a c t i o n ,  

2 - 
K2Cr04(c) = 2K+(aq) + Cr04 (aq) .  (43)  



A t  i n f i n i t e  d i l u t i o n  t hey  r e p o r t  bH0(43) = 4.2 2 0.1 kca l  mo l - l ,  t h e  va lue  

quoted by a  number o f  au thors  (Naumov e t  a l . ,  1974; OIHare and Boer io ,  

1975; Barnes e t  a l . ,  1974; Hepler ,  1958; S h i d l o v s k i i  e t  a l . ,  1971b). The 

r e c a l c u l a t e d  value, 4.25 kca l  mo l - l ,  i s  w i t h i n  t h e  l i m i t s  o f  exper imenta l  

e r r o r .  From t h i s  value,  AH;^^^ = -335.72 kca l  mol-' f o r  K2Cr04, which 

agrees c l o s e l y  w i t h  OIHare and Boer io  (1975) who r e p o r t  = -335.67 k 
'1 

0.46 kca l  mol-'. Popov and Kolesov (1956) measured  AS;?^^ = -86.3 + 
1.3 c a l  K-I mol-' and quote a  va lue  o f  -87.4 c a l  K-I mol- f o r  K2Cr04(c). 

The mean o f  these da ta  leads t o  S;g8 = 47.76 c a l  K-I mol-' and, thence, 

AG;298 = -309.82 kca l  m o l - I  f o r  K2Cr04(c). 

V a s i l  l e v  e t  a l .  (1981) i n v e s t i g a t e d  t h e  en tha lpy  o f  s o l u t i o n  o f  

K2Cr207(c) employing c a l o r i m e t r y  a t  25OC. From t h e i r  data I c a l c u l a t e  

AGi298 
= -492.21 kca l  mol-' f o r  K2Cr2O7(c)  The s tandard en t ropy  o f  

f o rma t i on  o f  t h i s  compound i s  r epo r ted  t o  be  AS;^^^ = -143.8 a 2.3 c a l  K-l 

mol" (Popov and Kolesov, 1956), which y i e l d s   AS;^^ = 70.00 c a l  K-I mol - l .  

I compute t h e  s tandard f r e e  energy o f  f o rma t i on  t o  be bG;2g8 = -449.33 kca l  
- 1 mol . 

The heat  o f  s o l u t i o n  o f  L i2Cr04(c )  i s  -10.8 k 0.1 kca l  mol-' accord ing  

t o  S h i d l o v s k i i  e t  a l .  (1971b). From t h i s  va lue  I d e r i v e   AH;^^^ - - 

-333.23 kca l  mo l - l .  OIHare and Boer io  (1975) se lec ted   AS;^^^ = -82.7 k 

2.2 c a l  K-I m o l - I  f o r  L i  Cr04. However, f rom a n a l y s i s  o f  t h e i r  da ta  I 
-5 

chose -83.32 c a l  K-I mol f o r  t h i s  value, and thence So  = 34.29 c a l  K- 
1 

mol - l .  From these da ta  I d e r i v e  *GYzg8 
298- 

= -308.39 kca l  mol f o r  Li2Cr04. 

The heat  o f  f o rma t i on  o f  MgCr04(c), AH;g8 = -301.25 kca l  rnol", i s  

est imated e a r l i e r  i n  t h i s  r e p o r t  (Table 1 )  based on t h e  r e l a t i o n s h i p s  

between analogous chromates and tungs ta tes  o f  t h e  a l k a l i n e  e a r t h  meta ls .  

The en t ropy  o f  s o l u t i o n  i s  s i m i l a r l y  computed (Table 2 ) ,  which leads t o  

siss = 27.41 c a l  K-I mol - l .  From these da ta  I f i n d  t h a t  A G ; ~ ~ ~  - - 

-276.17 kca l  mol-' f o r  MgCr04(c). 

The heat  o f  f o rma t i on  o f  (NH )2Cr04(c)  i s  g i ven  by Barnes e t  a l .  
-1 

(1974) as -276.82 + 3.01 kca l  mol . From da ta  presented i n  Table 5, I 



es t imate  Sig8 = 57.68 cal  K - ~  mol-l t h a t  leads t o  A G ; ~ ~ ~  = -212.24 kcal 

mol -' f o r  (NH4)2Cr04(c). 

The enthalpy of so lu t ion  f o r  Na2Cr04(c) l i s t e d  in t h e  l i t e r a t u r e  

(Naumov e t  a l . ,  1974; OIHare and Boerio, 1975; Nelson e t  a l . ,  1960) i s  

-4.57 k 0.10 kcal mol-l. From this dl-!;2gs = -321.18 kcal mole'. Fer rante  

e t  a l .  (1972) determined So = 42.21 ca l  K-I mol'l, thence I compute 
-pga 

AGi298 
= -295.54 kcal mol . These values a r e  within the  experimental 

e r r o r  of OIHare and Boerio (1975), who 1 i s t  nH;298 = -321.22 + 0.46 kcal 
- 1 

mol and A G ; ~ ~ ~  = -295.61 t 0.46 kcal mol-' f o r  Na2Cr04(c). The c a l o r i -  

met r ic  measurements of Nelson e t  a l .  (1960) f o r  the  r eac t ion ,  

y i e l d  AH' = -21.37 i 0.18 kcal mol-'. From t h i s  value I der ive   AH;^^^ - - 

-473.71 kcal mol -l f o r  Na ~r o ( c  1. I compute A G ; ~ ~ ~  = -431.61 kcal mole' 
l 2  2-1 

from Sig8 = 66.20 cal  K- mol given by Naumov e t  a1 . (1974). 

Dell ien e t  a1 . (1976b) determined c a l o r i m e t r i c a l l y  t h a t   AH;^^^ - - 

-221.56 kcal mol-' f o r  PbCr04(c). T h i s  value when combined with 10; K = 
s P 

-13.75 (OIHare and Boerio, 1915) y i e l d s  Sig8 = -44.54 ca l  K" mol" and 

AG;298 = -199.31 kcal mole' f o r  PbCr04(c). 

The heat  of so lu t ion  of Rb2Cr04(c) i s  5.90 + 0.10 kcal mol" according 

t o  Shidlovskii  e t  a1 . (1971b), which y i e l d s   AH;^^^ = -336.86 kcal mol-l. 

Lyon e t  a l .  (1975) es t imate  S;g8 = 52.01 cal  K- mol-' and I determine 

"6298 = -310.51 kcal mol-I f o r  Rb2Cr04(c). 

The entropy of SrCrO ( c )  i s  est imated by OIHare and Boerio (1975) t o  
-41 

be 35.5 r 1.3  cal  K-' mol . Log K i s  given in the  1 i t e r a t u r e  a s  -4.65 t 
s P 

0.1 (Naumov e t  a l . ,  1974) and -4.70 (O'Hare and Boerio, 1975). The mean of 

these  values corresponds t o  nGlol  = 6.38 kcal mol-' and thus A G ; ~ ~ ~  - - 

-314.90 kcal mol-l. Using these  d a t a ,  I der ive   AH;^^^ = -338.96 kcal mol-' 

f o r  SrCr04(c) .  



The l o g  s o l u b i l i t y  p roduc t  f o r  T12Cr04(c), g iven  as -12.01 (Naumov 

e t  a1 . , 1974; D e l l  i e n  e t  a1 . , 1976a; Smith and Mar te l  1, 1976), y i e l d s  

= -206.68 kca l  mole1. The l i t e r a t u r e  l i s t s  S;g8 = 67.5 c a l  K- 1 
AG;2~8 
mole (Wagman e t  a l . ,  1982) which D e l l i e n  e t  a l .  (1976a), suspect ing an 

e r r o r  i n  t he  repo r ted  data,  cons ider  t o o  h igh.  D e l l i e n  e t  a l .  (1976a) 

es t imate  S;g8 = 6 1  c a l  K - l  mol-' i n  l i n e  w i t h  analogous compounds. These 

= -233.68 k c a l  mol-' compared t o  r epo r ted  values o f  va l  ues y i e l d   AH;^^^-^ 
about -226 kca l  mol (Wagman e t  a1 . , 1982; D e l l  i e n  e t  a1 . , 1976a). 

THERMODYNAMIC PROPERTIES OF C r  AND ITS SOLID 

COMPOUNDS AND AOUEOUS SPECIES 

The va lues of s tandard ent ropy,  s tandard en tha l  py o f  fo rmat ion ,  and 

s tandard f ree  energy of f o rma t i on  f o r  C r  and i t s  s o l i d  and aqueous species 

a r e  se lec ted  a f t e r  e v a l u a t i o n  o f  a v a i l a b l e  da ta  as presented i n  t h e  

prev ious sec t i on .  The da ta  f o r  a n c i l l a r y  elements and species r e l e v a n t  t o  

t h i s  study, g i ven  i n  Tables 6 and 7, a r e  p r i m a r i l y  based on t h e  CODATA 

r e p o r t  o f  1977 (CODATA Task Group, 1978) which i s  t h e  accepted i n t e r -  

n a t i o n a l  source o f  recommended va lues f o r  thermodynamics. I used da ta  f rom 

the  Nat iona l  Bureau o f  Standards (Wagman e t  a1 . , 1982) t o  supplement CODATA 

w i t h  occas ional  re fe rence  t o  o t h e r  sources (Naumov e t  a l . ,  1974; O'Hare and 

Boer io ,  1975; Smith and Mar te l  1  , 1976). 

The da ta  f o r  C r  i n  Tables 8 and 9 a re  based, as much as poss ib l e ,  on 

the  b e s t  a v a i l a b l e  c u r r e n t  i n f o rma t i on .  Values t h a t  were repea ted ly  c i t e d  

by recen t  compi la t ions ,  and f o r  which no c u r r e n t  measurements were a v a i l -  

able,  were accepted p r o v i d i n g  t hey  d i d  n o t  c o n f l i c t  when combined w i t h  

r ecen t  measurements o f  o t h e r  species.  I n  case o f  c o n f l i c t ,  I combined 

o r i g i n a l  measurements o f  l o g  K, heat  o f  r e a c t i o n ,  o r  o t h e r  a v a i l a b l e  da ta  

w i t h  mbre recen t  determi  na t i ons  o f  s tandard thermodynamic va lues o f  forma- 

t i o n  t o  y i e l d  t h e  l i s t e d  values. I n  some cases, averages o f  two s i m i l a r  

b u t  separa te ly  r epo r ted  q u a n t i t i e s  were used o r  I se lec ted  t h e  most appro- 

p r i a t e  va lue  t o  conform t o  c u r r e n t  data.  The bas i s  f o r  s e l e c t i o n  o f  da ta  

centered on conformat ion w i t h  t h e  recen t  s t u d i e s  o f  V a s i l ' e v  e t  a l .  

(1977a,b, 1978, 1980, 1981) f o r  cr3+ data  and OIHare and Boer io  (1975) f o r  

~ r 0 ~ ~ -  data. 

2  5  



TABLE 6. En t rop ies  o f  A n c i l l a r y  Elements Relevant  t o  Th i s  Study. 

~1 emen t S;g8y c a l  K - ~  m o l - l  Reference 

12(c )  

K(c )  

L i  ( c )  

Mg ( c  

Na ( c  

Pb(c) 

CODATA 1978 

CODATA 1978 

CODATA 1978 

O'Hare & Boer io ,  1975 

CODATA 1978 

CODATA 1978 

CODATA 1978 

CODATA 1978 

CODATA 1978 

CODATA 1978 

Wagman e t  a l . ,  1982 

CODATA 1978 

CODATA 1978 

CODATA 1978 

CODATA 1978 

CODATA 1978 

CODATA 1978 

CODATA 1978 

CODATA 1978 

Wagnian e t  a l . ,  1982 



TABLE 7. Thermodynamic Data  for Ancillary Aqueous Species 
Relevant to This Study. 

AC;29e, m;z98s S;g8, cal  

Species kcal  mol-I kcal mol-' K-l mol-I Reference 

16.718 CODATA 1978 

15.6035 Wagman e t  a1 . , 1982 

0 CODATA 1978 

-2.56 CODATA 1978 

17.53 CODATA 1978 

Wagman e t  al., 1982 

CODATA 1978 

CODATA i978 

CODATA 1978 

Wagman e t  al., 1982 

CODATA 1978 

CODATA 1978 

CODATA 1978 

Wagman e t  a1 . , 1982 

CODATA 1978 

CODATA 1978 

CODATA 1978 

CODATA 1978 

CODATA 1978 

-33.01 Wagman e t  al., 1982 

26.57 CODATA 1978 

46.05 CODATA 1978 

13.96 CODATA 1978 

35.12 CODATA 1978 
Wagman e t  dl., 1982 

- - Smith & Marte l l ,  1976 

- - Wagman e t  dl., 1982 

4.2 CODATA 1978 

28.79 CODATA 1978 

4.50 CODATA 1978 

- - Naumov e t  dl., 1974 

-7.80 Wagman e t  a1 . , 1982 

30.00 Wagman e t  dl., 1982 



TABLE 8. Thermodynamic Values f o r  S o l i d  Compounds Conta in ing  C r .  

*';298 a m"f9e, s ; ~ ~ ~  ca1 

Species kcal mol-' kcal mol-' K-' rnol-' Reference 

Cr (metal) Wagman e t  a1 . , 1982 

Postmus and King, 1955 Cr203 
(escol a i  t e )  

Cr03 

Cr(OHI2 

Muldrow and Hepler, 1957 

Naumov e t  a1 . , 1974 

Naumov e t  a1 ., 1974 

Naumov e t  a1 ., 1974 

Wagman e t  a1 . , 1982 

Gee & She1 ton, 1975 

Wagman e t  dl., 1982 

Shieh and Gregory, 1973 

Muldrow and Hepler, 1957 

O'Hare and Boerio, 1975 

Sh id lovsk i i  e t  a1 ., 1971 

O'Hare and Boerio, 1975 

O'Hare e t  dl.,  1976 

CaCr04 

Cs2Cr04 

Cs2Cr207 

CuCr04 

Hg2Cr04 

K2Cr04 

(tarapacaci t e )  

K2Cr207 
(1 opezi t e )  

L i  2Cr04 

Naumov e t  a1 . , 1974 

Naumov e t  a1 . , 1974 

Muldrow and Hepler, 1957 
Popov and Kolesov, 1956 

Vasi l  'ev e t  a1 ., 1977b 

O'Hare and Boerio, 1975 
Sh id lovsk i i  e t  dl., 1971 

Estimated 

Barnes e t  dl., 1974 
Estimated 

O'Hare and Boerio, 1975 

Na2Cr207 

PbCr04 

(c roco i te )  

Rb2Cr04 

SrCr04 

TI 2Cr04 

FeCr204 

(chromi t e )  

MgCr2O4 

(magnesio- 
chromi t e )  

Nelson e t  a1 . , 1960 

O'Hare and Boerio, 1975 

Lyon e t  a1 . , 1975 

O'Hare and Boerio, 1975 

De l l i en  e t  a1 ., 1976a 

Wagrnan e t  dl., 1982 

Robie e t  a1 ., 1979 



TABLE 9. Thermodynamic Values f o r  Aqueous Species and Complexes o f  C r .  

AC;298s AH;298' S;g8, 

Species kcal  mol-' kcal mol-' K-I mol-' Reference 

Cotton and W i l  kinson, 1972 
Barnes e t  a1 . , 1974 

Vas i l 'ev  e t  al., 1977a, 1978, 
1980 

Smith and Martel 1, 1976 

von Meyenburg e t  a1 . , 1973 
Baes and Mesmer, 1976 

Baes and Mesmer, 1976 

Baes and Mesmer, 1976 
Thompson, 1964 

Baes and Mesmer, 1976 
Thompson, 1964 

Baes and Mesmer, 1976 

Naumov e t  al., 1974 

De l l  i e n  and Hepler, 1976 
Thusi us, 1971 

D e l l i e n  and Hepler, 1976 
Thusius, 1971 
Hale and King, 1967 

Naumov e t  a1 . , 1974 
D e l l i e n  e t  a1 ., 1976a 

D e l l i e n  e t  a1 ., 1976a 

Armor and Haim, 1965 
Espenson, 1969 
Haim and Sutin, 1965 
Orhanovic and Sutin, 1968 

Postmus and King, 1955 
Thusius, 1971 

Del l  i e n  and Hepler, 1976 
Thusius, 1971 

Swaddle aqd Cuastal la ,  1968 

Anderson e t  a1 ., 1975 

Anderson e t  a1 . , 1975 

Anderson e t  a1 ., 1975 c i s -  
T ( N H ~ ) ~ ( o H ) ~ +  

Anderson e t  a1 . , 1975 trans- 
V H ~ ) ~ ( O H ) ~ +  

M i  ronov e t  a1 . , 1977 



TABLE 9. (Cont inued) 

AC;298s AH;298y S:g8, 

Species kca l  mol-I kcal  mol-I K-I mol-I Reference 

M i  ronov e t  a1 . , 1977 

M i  ronov e t  a1 . , 1977 

Ardon and Sutin, 1967 

Aleshechkina e t  a1 . , 1976 

D e l l i e n  and Hepler, 1976 
Fogel e t  a1 . , 1962 

Masal ov ich  e t  a1 . , 1975 

Masalovich e t  a1 . , 1975 

Masalovich e t  al., 1975 

Masalovich e t  a1 . , 1975 

O'Hare and Boerio, 1975 

O'Hare and Boerio, 1975 
L i  nge and Jones, 1968 
Hepler, 1958 

Naumov e t  a1 . , 1974 
Haight e t  al., 1964 

O'Hare and Boerio, 1975 

Haight  e t  a1 . , 1964 
Haight e t  a1 . , 1974 

Haight e t  a1 . , 1964 
Haight e t  al., 1974 

Haight  e t  a1 ., 1964 
Haight e t  a1 ., 1974 

Haight e t  a1 ., 1964 

Turner e t  a1 ., 1981 

Turner e t  al., 1981 



For the data in Tables 10 and 11, compilations of the thermodynamics 

of reactions of Cr species, I focus on two environmentally important 
t 

species, Cr(OH)* and cro4'-. As discussed in the next section, these two 

species appear to predominate in most natural waters between pH 6 and 8. 

In writing the equations in Tables 10 and 11, I consider either C~(OH)~' or 

~ r 0 ~ ~ -  to be the product species. Also, I consistently include any H20 as 

a reactant and the appropriate dissociation product, H' or OH-, as a 

product. Any reactions between product species, such as with OH-, are 

not considered. I 1 imit oxidation-reduction reactions to a few sol ids and 

to the major aqueous species. 

CHROMIUM IN THE ENVIRONMENT 

The distribution of Cr among its aqueous inorganic species in the 

environment is, according to therrnodynaniic considerations demonstrated by 

the data in Tables 8-11, highly dependent upon pH and Eh and, to a lesser 

degree, the presence of complexing ligands. The dramatic effect of pll can 

be seen in Figure 2, which shows the relative amounts of various species of 
t 

Cr(II1) with respect to Cr(OH)2 as a function of pH. This figure omits - 
the Cr(V1) species, cro4'- and HCr04 , which predominate at pE > 3 at pH 10 

to pE > 15 at pH 4. To better illustrate the effect of redox potential, 

plots are constructed for pH 6 and 8 of log [X]/[C~(OH)~~] as a function of 

pE (Figure 3). These plots show that in distilled water at pH 6, Cr(OH)2 
t 

and HCr04- are the dominant Cr(1 I I) and Cr(V1) species, respectively, 
2 - whereas the principal species at pH 8 are Cr(OH)30 and Cr04 . 

Another perspective on the distribution of aqueous inorganic Cr 

species is shown in Figures 4-6, which illustrate the abrupt change in 

percent distribution aniong Cr species that theoretically occurs at a 

critical redox potential. Figures 4 and 5 are distributions in freshwater 

at pH 6 and 9, respectively. Before plotting Figure 6, the distribution of 

Cr in seawater at pH 8, I recalculated log K values to account for the - 
ionic strength of seawater. As can be seen, NaCr04 may be an important 

species in seawater. These values conform well with the model of Turner 

et al. (1981) for freshwater, who predict 74% HCr04- at pH 6 and 100% 



TABLE 10. Thermodynamic Values for Reactions Involving Solid 
Cr Compounds. 

Reaction AH0 AGO 

kcal mol-I kcal mol-' log K 



TABLE 11. Thermodynamic Values for-Reactions Involving Aqueous 
Species o f  Cr. 

Reaction AH
0 AC O 

kcal mol-' kcal mol-' log K 



TABLE 11. (Continued) 

Reaction AH
0 

kcal mol-' 

AC O 

kcal mol-' log K 



FIGURE 2. D i s t r i b u t i o n  o f  Aqueous I no rgan i c  C r ( I I 1 )  Species 
as a Func t ion  o f  pH. 

cro4'- a t  pH 9. However, t h e i r  model f o r  seawater a t  pH 8.2 g i ves  71% 
- 

cro4'- and 28% NaCr04 w h i l e  I c a l c u l a t e  85 and 14%, r e s p e c t i v e l y .  A 

d i f f e r e n c e  i n  a  l o g  K va lue  o f  -0.4 cou ld  account f o r  t h i s  discrepancy. 

I n  F igure  7, t h e  range o f  pH and pE i s  i l l u s t r a t e d  i n  which var ious  

aqueous i n o r g a n i c  species o f  C r  a r e  dominant. As shown, t h e  ma jo r  i no rgan i c  
2- + 

C r  species i n  n a t u r a l  waters  should be Cr04 and Cr(0t l )2  w i t h  Cr04 
2 - 

dominat ing s t r o n g l y  a t  t h e  t h e o r e t i c a l  pE o f  aera ted  seawater (8.5 t o  12.5). 

The po lynuc l  ea r  species,  c ~ ~ ( o H ) ~ ~ +  and c ~ ~ ( o H ) ~ ~ + ,  which cou ld  be dominant 

species accord ing  t o  thermodynamic cons ide ra t i ons  (Baes and Mesmer, 1976), 

a r e  om i t t ed  because they  l i k e l y  fo rm o n l y  a t  e l eva ted  temperatures o r  

concen t ra t ions  (Thompson, 1964). 



FIGURE 3 .  Distribution of  Aqueous Inorganic Cr Species at (A) pH 6 and 
at (B) pH 8. 



FIGURE 4. D i s t r i b u t i o n  o f  Aqueous I no rgan i c  C r  Species i n  
Freshwater a t  pH 6. 

Now t h e  ques t i on  a r i s e s ,  "Does t he  measured d i s t r i b u t i o n  o f  chromium 

species i n  n a t u r a l  waters  conform t o  p r e d i c t i o n s  based on known t h e m o-  

dynamic cons ide ra t i ons?"  and, "If not ,  why n o t ? "  E a r l y  analyses o f  seawater 

f o r  C r  l e d  t o  c o n t r a d i c t o r y  conc lus ions.  Brewer (1975) c i t e s  s tud ies  made 

d u r i n g  t h e  l a t e  1960s which found t h a t  Cr(V1) i s ,  indeed, g e n e r a l l y  t h e  

major  form i n  seawater f rom t h e  Mediterranean, as migh t  be p r e d i c t e d  f rom 

t h e  pE/pH diagram (F igu re  7) .  Cranston and Murray (1978) measured chromium 

species i n  severa l  types o f  waters and a l s o  found t h a t  Cr(V1) i s  t h e  dom- 

i n a n t  form under o x i c  cond i t i ons ,  w h i l e  C r ( I I 1 )  i s  found i n  anox ic  waters.  

However, E l d e r f  i e l d  (1970) found t h a t  C r ( 1  I I )  predominates i n  waters  o f f  t h e  

coas t  o f  Wales. Brewer (1975) c i t e s  o t h e r  s i m i l a r l y  c o n f l i c t i n g  s t u d i e s  and 

concludes t h a t  t h e  C r ( I I 1 ) -C r (V1 )  redox couple i s  n o t  a t  e q u i l i b r i u m  i n  sea- 

water  and t h a t  l o c a l  processes a re  l i k e l y  c o n t r o l l i n g  t h e  d i s t r i b u t i o n  o f  

chromium among i t s  aqueous species.  



pH 9 - Freshwater 

T c r o 2 , - -  

/ 
80 loo I 

CrO ; 

FIGURE 5. D i s t r i b u t i o n  o f  Aqueous I no rgan i c  C r  Species i n  
Freshwater a t  pH 9. 

A major  f a c t o r  i n f l u e n c i n g  t h e  d i s t r i b u t i o n  o f  chromium species i n  

seawater appears t o  be t h e  f o rma t i on  o f  Cr-organi c  complexes. Nakayama 

e t  a l .  (1981a) t e s t e d  a  wide v a r i e t y  o f  o rgan i c  and amino ac ids  and found 

t h a t  t h e  presence o f  asco rb i c  and c i t r i c  ac i ds  i n  seawater markedly 

a f f e c t s  t h e  behav io r  o f  C r ( I I 1 ) .  They conclude t h a t  C r ( I I 1 )  becomes 

s t a b i l i z e d  t o  a  l a r g e  degree by complex f o rma t i on  w i t h  n a t u r a l  o rgan i c  

m a t e r i a l s  p resen t  i n  seawater, such as amino and po l ybas i c  o rgan i c  ac ids.  

These same i n v e s t i g a t o r s  (Nakayama e t  a l . ,  1981b), by means o f  

s e l e c t i v e  e x t r a c t i o n  methods, were a b l e  t o  s u c c e s s f u l l y  determine t h e  

amounts o f  C r ( I I I ) ,  Cr(V1) and o r g a n i c a l l y  complexed Cr i n  seawater. T h e i r  

da ta  i n d i c a t e  t h a t  seawater f rom t h e  P a c i f i c  Ocean and t h e  Sea o f  Japan 

con ta ins  ca. 9 x  lo- '  - M s o l u b l e  C r  o f  which about 15% i s  i n o r g a n i c  C r ( I I I ) ,  



FIGURE 6. D i s t r i b u t i o n  o f  Aqueous I no rgan i c  C r  Species i n  
Seawater a t  pH 8. 
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25% ino rgan i c  Cr(V1) and 60% o r g a n i c a l l y  bound C r .  Assuming t h a t  seawater 

reasonably con ta ins  about  l o m 6  - M metal  - b ind ing  o rgan i c  1  igands a t  pH 8, 

pH 8 - Seawater - 

CrO; 
- I---- 

- c~(oH); 
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. . . . . .  
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- 

I I I I I 

4 5 6 7 8 

- 
l o g  K f o r  t he  f o rma t i on  o f  CrL2 should be about 11.8 t o  12.0. Nakayama 

e t  a l .  (1981a) c i t e  a  s tudy  r e p o r t i n g  t h e  l o g  K va lue  f o r  C r ( I I 1 )  

1-phenylbiguanide t o  be 12.02 and C r ( I I 1 )  im inod iace ta te  has a  l o g  K o f  

10.9 (Mar te l  1 and Smith, 1974). 

PE 

Using t h e  r a t i o  o f  i n o r g a n i c  C r ( I I 1 )  t o  i n o r g a n i c  Cr(V1) r epo r ted  by 

Nakayama e t  a l .  (1981b), I c a l c u l a t e  t h a t  pE must be 5.8 t o  5.9 a t  pH 8  f o r  

e q u i l i b r i u m  among i n o r g a n i c  species t o  be a t t a i n e d .  For  open ocean water  

pE i s  g e n e r a l l y  g r e a t e r  than 8.5 (Breck, 1974). However, Nakayama e t  a l .  

( 1 9 8 1 ~ )  r e p o r t  t h a t  o x i d a t i o n  o f  C r ( I I 1 )  t o  Cr(V1) does n o t  occur  r a p i d l y  

i n  seawater; i n  f a c t ,  no Cr(V1) cou ld  be de tec ted  a f t e r  bubb l i ng  a i r  



FIGURE 7. pE-pH Diagram of Aqueou8 Inorganic Cr Species at Total 
Cr Concentration of 10- M. 

through seawater containing Cr(II1) after almost two weeks. Thus, it is 

doubtful that equilibrium between Cr(II1) and Cr(V1) is ever achieved in 

seawater. However, the presence of Mn oxides catalyzes the rapid oxidation 

o f  Cr(II1) to Cr(V1) while Cr(V1) i s  reduced to Cr(II1) by reducible 

organic materials (Nakayama et a1 . , 1981~). In addition, H2S diffusing 

from some sediments into overlying water will rapidly convert Cr(V1) to 

Cr(II1). Smillie et al. (1981) found that 40 to 60% of Cr(V1) is reduced 

to Cr(II1) in 24 hours by H2S produced from a harbor sediment or from SO4 2 - 
reducing bacteria in seawater. 

A steady-state condition controlling the speciation of Cr in natural 

waters appears to exist and the distribution of Cr among inorganic Cr(III), 

inorganic Cr(V1) , and organical ? y  bound Cr(I1 I) species depends on the 
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FIGURE 8. Model o f  Processes C o n t r o l l i n g  t h e  D i s t r i b u t i o n  o f  C r  
i n  t he  Environment ( A f t e r  Nakayama e t  a l .  1981C). 

presence o f  Mn-oxide i n  suspended p a r t i c u l a t e  mat te r ,  H2S re1  eased f rom 

anoxic  sediments, o r  poss ib l y ,  r e d u c i b l e  o rgan i c  m a t e r i a l s  a t  a  p a r t i c u l a r  

l o c a t i o n .  

The e f f e c t s  o f  Mn-oxides, H2S and o rgan i c  m a t t e r  on t h e  s p e c i a t i o n  o f  

C r  a r e  d r a m a t i c a l l y  demonstrated by Emerson e t  a l .  (1979). A p r o f i l e  o f  

Cr-species d i s t r i b u t i o n  w i t h  depth i n  Saanich I n l e t ,  B.C., an anoxic  f j o r d ,  
2  - - 

shows t h a t  t h e  l o g  o f  t h e  r a t i o  o f  Cr04 t o  Cr(OH)2 i n  t h e  su r f ace  waters 

i s  about 1.0 b u t  decreases t o  <-2.0 a t  t h e  02/H2S boundary and then 

increases aga in  t o  -0.4 t o  -0.7 near  t h e  bottom. Emerson e t  a l .  (1979) 

p o s t u l a t e  t h a t  ~ n ~ + ,  which d i f f u s e s  o u t  o f  t h e  anox ic  l a y e r  i s  o x i d i z e d  a t  
2  - 

t h e  02/H2S boundary w i t h  t h e  simultaneous r e d u c t i o n  o f  Cr04 . Then as 

Mn02 s e t t l e s  i n t o  t h e  anox ic  zone, i t  becomes reduced, p a r t i a l l y  through 



t h e  o x i d a t i o n  o f  adsorbed C r ( 1  I I ) .  When r e a c t i o n  k i n e t i c s  a r e  cons idered,  

such a  scenar io  may be poss ib le .  Emerson e t  a l .  (1979) found t h a t  t h e  

res idence  t ime  f o r  C r ( I I 1 )  i s  6 t o  20 days i n  t h e  o x i c  zone w h i l e  t h e  

o x i d a t i o n  o f  ~ n ~ +  i s  more rap id :  t h e  res idence t ime  o f  ~ n ' +  i s  about 

2  days. 

The behav io r  o f  C r  i n  s o i l s ,  r e p o r t e d  by B a r t l e t t  and Kimble (1976a,b) 

and B a r t l e t t  and James (1979), i s  a l s o  s t r o n g l y  i n f l u e n c e d  by t h e  presence 

o f  o rgan i c  m a t t e r  which leads t o  t h e  r e d u c t i o n  o f  C r (V I ) ,  and Mn-oxides 

which o x i d i z e  C r ( I I 1 ) .  

Out o f  t h e  above s tud ies ,  a  s teady- s ta te  model f o r  t h e  s p e c i a t i o n  o f  

C r  can be developed pa t t e rned  a f t e r  t h a t  o f  Nakayama e t  a l .  ( 1 9 8 1 ~ )  and 

shown i n  F igu re  8. Th i s  model p resen ts  t h e  probable env i ronmenta l  behav io r  

o f  C r  under t h e  i n f l u e n c e  o f  va r i ous  f a c t o r s .  The ma jo r  processes i n c l u d e  

r e d u c t i o n  and complexat ion by o rgan i c  mat te r ,  adso rp t i on  and o x i d a t i o n  by 

Mn-oxides i n  suspended m a t t e r  and sediment ( s o i l  ) ,  and r e d u c t i o n  by H2S. 

Whi le i t  appears t h a t  these mechanisms do n o t  l ead  t o  a  s t a t e  o f  

e q u i l i b r i u m ,  e q u i l i b r i u m  thermodynamics h e l p  i n  understanding t h e  outcome 

o f  these processes. 
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