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Abstract--A synergistic effect of reductant and complexant is observed in the dissolution of goethite by 
dithionite and citrate or EDTA. The rate data are interpreted using the surface complexation approach 
to describe the interface of the reacting oxide. Adsorption of both $202 (D) and complexant (L) generates 

=-Fe D 
three surface complexes that define the dissolution behavior: ~Fe-D, -~Fe-L, and dimeric - F e  L surface 

complexes. The initial rate increases at lower pH values because of increased surface complexation 
conditional formation constants. At pH values below 4, however, the fast decomposition of $20,~ gives 
rise to a rapid depletion of reductant, and total dissolution is not observed. It is shown that for best 
analytical results in soil analysis, EDTA is a better complexant than citrate; the iron extracted in one 
dithionite-EDTA treatment at pH 5-6, under N2 at 315 K is not increased by increasing the number of 
extractions, and is equivalent to the total extractable iron found by previous procedures. 
Key Words--Dithionite, Goethite, Iron analysis, Iron dissolution. 

I N T R O D U C T I O N  

Because of  the limited stability of  Fe(OH)3(aq), the 
dissolution of  iron oxides requires the consumption of  
either H § or OH-  to generate ionic species such as 
Fe(H20)63+, Pe(H20)62+ or Fe(OH)4. The acid dissolu- 
tion is by far more important, and solutions aggressive 
to iron oxides usually contain large acid capacities, 
either in the form of  high H § concentrations, or in the 
form of  weak acids that are good iron(III) complexants 
(EDTA anions constitute a typical example). Most of  
the studies on the mechanism of  dissolution of  iron 
oxides have therefore dealt with fairly acidic solvents 
(Blesa et  al., 1988). Paradoxically, neutral or even al- 
kaline media in practice are more important in many 
cases: mobilization of  iron in the ground and in bio- 
logical media are two examples. The search for alkaline 
or neutral solvents also constitutes an important chap- 
ter in the history of  chemical cleaning of  metal surfaces, 
achieving very limited success through the use of  hy- 
drazine and/or  EDTA (or similar carboxylic acids). 

The only reagents known to be effective at pH > 5 
were developed for soil analysis: dithionite (Deb, 1950; 
Aguilera and Jackson, 1953; Mehra and Jackson, 1960), 
and Ti(III) in the presence of  citrate and EDTA (Ryan 
and Gschwend, 1991). Both reagents dissolve iron(III) 
reductively, and constitute examples of  two large class- 
es ofreductants: complexing anions, and low oxidation 
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metal complexes (Blesa et  al., 1992a). Briefly, these 
reagents are known to form inner sphere complexes 
with surface iron(III) ions that later evolve through 
charge transfer from the reductant complexing anion 
or from the bridged reduced metal ion (Blesa et  al., 
1992a, 1992b). 

As early as 1950 Deb proposed $202/tartrate or 
S20~-/acetate at pH 5-6 for iron analysis in soils, which 
procedure was later modified by Aguilera and Jackson 
(1953) and by Mehra and Jackson (1960). The final 
result was the classical procedure to assay crystalline 
iron oxides in soils. Dithionite/citrate became a model 
solvent; it was used by Torrent et al. (1987) to probe 
the changes in reactivity in iron oxides brought about 
by adsorption, ionic substitution, or other factors. The 
objective of  this paper is to derive the mechanism of  
the dissolution process. The study of  the kinetics of  
dissolution of  goethite by di thioni te /EDTA and di- 
thionite/citrate also permits the optimization of  the 
composition of  the solvent to be used in soil analysis, 
and a better recognition of  the limitations of  the re- 
agent. 

E X PE RIM E N T A L  M E T H O D S  

Goethite was prepared as described by Atkinson et  
al. (1968) and by Rochester and Topham (1979): 15 
ml NaOH 2.5 mol dm -3 were added to 85 ml of  water 
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Figure 1. Transmission electron micrograph ofgoethite par- 
ticles. 

containing 0.05 moles Fe(NO3)2-9H20, yielding a so- 
lution o f p H  1.6. This solution was aged at 298 K for 
50 h and later poured over 100 ml NaOH 2.5 mol 
dm -3. The resulting suspension was aged at 336 K for 
3 days, and the solid was collected by decantation, 
filtration, and repeated rinsing. Electron microscopy 
showed it to be composed of acicular particles, modal 
length 0.3 #m, and modal diameter of about 30 nm. 
No impurities were apparent from powder X-ray dif- 
fraction patterns. BET specific surface area was mea- 
sured to be 68 m 2 g l in a Micromeritics Accusorb 
apparatus. Oxalate extraction (Mc Keague and Day, 
1966) showed the presence of <0.6% amorphous ox- 
ide. Potentiometric titrations yielded a point of zero 
charge (PHo) of 8.65 (Rueda, 1988), in good agreement 
with other literature values (Hingston et al., 1972; James 
et al., 1975; Bowden et al., 1980). All reagents were 
analytical grade and water was bi-distilled. 

Kinetic experiments were performed in a sealed cy- 
lindrical beaker provided with a thermostat water jack- 
et. Solutions of citrate or EDTA of suitable pH and 
concentration were carefully de-aerated by bubbling 
nitrogen (previously scrubbed through a pyrogallol and 
water trap) for 30 min. Next, the desired amount  of 
solid sodium dithionite was added and the dissolution 
was started by pouring goethite into the solution. After 
the addition of each solid, the vessel was stoppered 
again and N 2 bubbling restored. The solution was mag- 
netically stirred throughout the experiment. 

The dissolution reaction was followed by measuring 
the amount  of iron released at regular time intervals. 
Samples were withdrawn from the suspension with a 
syringe and filtered through a Nuclepore membrane 
(pore size 0.22 #m). Iron was determined colorimet- 
rically with thiocyanate (Hsu, 1967) with some mod- 
ifications to avoid EDTA interference (citrate does not 
interfere): 7 ml HNO3 mol dm -3 were used in 50 ml 
solution, instead of 3 ml as proposed by Hsu (1967). 

To check the possible contribution of small particles 

to our measured "dissolved iron,'  some experiments 
were ended by quenching the reaction with alkaline 
thioglycollate (Baumgartner et al., 1983), filtering off 
the solid, and measuring the absorptivity of 
Fe(OH)(SCH2CO2)~ at 530 nm. Any possible residual 
solid does not contribute to the absorptivity. Both pro- 
cedures yielded identical results. 

In the course of dissolution, pH changes because 
dissolution itself consumes H § whereas $20~- decom- 
position releases H+; at pH ~< 5, the former effect dom- 
inates whereas at pH ~> 5, the second one is most 
important. In our experiments acid or base was added 
as required to maintain constant pH. Only a few ex- 
periments were performed at pH > pHo. As expected, 
the rates of dissolution were low. 

Experiments were carried out under subdued labo- 
ratory light. No evidence of photo-assisted dissolution 
was found, as expected for reactions with no noticeable 
induction period (Litter et aL, 199 l). 

Most of the experiments were carried out at 315 K. 
At this temperature, the reaction proceeds at adequate 
rates. For the determination of the activation energy 
of the reaction, additional experiments in the temper- 
ature range 303 to 353 K were performed. Increasing 
temperature increases not only the rate of dissolution, 
but also the rate of dithionite decomposition. This is 
probably one of the reasons why several additions of 
dithionite are required in the procedure of Mehra and 
Jackson (1960) at 353 K (see below). 

RESULTS 

Goethite particles show the expected typical acicular 
habit, the long axis being perpendicular to (001) planes 
(Figure 1). Cornell et al. (1974) showed that preferential 
attack takes place on (001) and (010) faces, while dis- 
solution of (100) faces is slower. Similar conclusions 
were suggested by our direct TEM observations. 

Figure 2 shows the dissolution behavior of goethite 
up to large dissolution fractions. The fraction of dis- 
solved solid f --- (wo - w)/wo, where w is the mass of 
undissolved solid and w 0 the initial mass, is plotted as 
a function of time. The shape of the f/t profile can be 
accounted for by either three- or two-dimensional con- 
tracting geometry kinetic laws (Brown et al., 1980). The 
latter case is more suitable to describe goethite disso- 
lution because of the noted lower reactivity of (001) 
faces. The contracting geometry rate law (l) results 
when the specific rate (per unit  surface area) is constant 
and the surface area decreases as expected from simple 
geometric considerations if only (010) and (100) faces 
are reactive: 

1 - ( 1  - 0 '/2 = k ' t .  ( 1 )  

For k' to be constant throughout an experiment, it 
is required that all relevant solution variables remain 
constant. The fast decomposition of $202-, especially 
in more acidic media, and complications associated 
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Figure 2. Fraction of total iron released from goethite as a 
function of time; pH 7.3, T = 315 K; goethite load 0.22 g 
dm 3; [citrate] 0.3 mol dm 3. Lines were drawn only as a 
visual aid. [$20] ] x 10 3 (mol dm 3) as follows: (0) 3.85; 
(I) 5.11; (11) 7.67; (A) 12.77. 
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Figure 3. Affine transformation of Figure 2. Each curve is 
shifted horizontally by dividing the time by t0.> the time 
required to achieve f = 0.2. Lines were drawn only as a visual 
aid. 

with the influence o f  d issolved Fe(II) l imit  the val idi ty  
o f  Eq. (1). These devia t ions  are clearly seen in Figure 
3, where f is plot ted as a function o f  t/t0.2 (t0.2 is the 
t ime  requi red  to achieve  20% dissolution) for a series 
o f  exper iments  o f  different d i th ioni te  concentrat ions.  
Absolu te  val idi ty  o f  Eq. (1) should lead to a single 
mas te r  curve  embody ing  all data  points  (Gor ichev  and 
Kipr iyanov ,  1981). There  is a good over lap  only at low 
convers ions ,  but  depar tures  are impor t an t  for f > 0.25, 
especially at low di th ioni te  concentrat ions.  Figure 3 
reflects essentially the compl ica t ions  associated with 
$2042 deple t ion  by dissolut ion and, more  important ly ,  
by decompos i t ion .  The  compl ica t ions  due to the build- 
up o f  Fe(II) are not  ev iden t  f rom our  data; for example,  
there is no indicat ion o f s igmoida l  f/t  profiles as found 
in o ther  systems (Borghi et al., 1991, dos Santos Afonso 
et al., 1990; Blesa et al., 1987). However ,  a small  ac- 
celerat ion due to Fe(II) is always possible, especially 
at low pH values, and would  result in an overes t ima-  
t ion o f  k' (Blesa et al., 1992a). We have  therefore cho- 
sen to discuss the kinetics o f  the process in terms o f  
the init ial  rates (R), measured  as the slope o f  the f/t 
plots at t = 0. It may  be easily shown that, for hi- 
d imens iona l  contract ing geometry,  R is related to k' 
through Eq. (2): 

R = ~-~ t=o 2k' (2) 

All repor ted  R data  are initial slopes, obta ined graph- 
ically f rom plots like Figure 2. They  are subjected to 
errors that  depend  essentially on the absolute values 
o f  the initial rates, i.e., on the f values at the t ime of  
the first sampling.  These  values are typically in the 
range f < 0.2. Extrapola t ion  o f  the curve  drawn through 

points  at longer react ion t imes,  down to t = 0, was 
always used as an auxil iary tool to bet ter  define the 
initial slopes. This  procedure  was chosen because it is 
be l ieved to be the safest one, a l though it precludes an 
object ively  accurate de te rmina t ion  o f  the errors that  
affect R values. These errors are more  impor tan t  in the 
case o f  very fast reactions.  

The  dependence  o f  R on the concentra t ion  o f  E D T A  
and citrate, [L], at constant  [$202-] and pH,  at 315 K, 
is shown in Figures 4 and 5. The  advantage  o f  using 
added complex ing  agent is clear, but  it is also shown 
that, f rom the point  o f  v iew o f  rate alone, excessive 
amoun t s  o f c o m p l e x a n t s  are not  beneficial. The  curves  
show that  $202- a lone is able to dissolve goethite,  but  
this system is further compl ica ted  by the occurrence 
o f  iron reprecipi ta t ion in all cases in which $20 ] does 
not  suffice to dissolve all the oxide. The  [Fe]ai,s/t pro-  
files (not shown) pass through a m a x i m u m  (Rueda,  
1988) and the T E M  observat ions  demons t ra te  the for- 
ma t ion  o f  a new phase. Magnet i te  fo rmat ion  by reac- 
t ion o f  aqueous  Fe(II) and Fe(III)  oxides is well doc-  
umen ted  (Regazzoni  et al., 1981; Ard izzone  and 
Formaro ,  1983; T a m a u r a  et al., 1983; Tronc  et al., 
1982). 

The  influence o fd i t h ion i t e  concentra t ion  [D] at con-  
stant [L] and pH,  at 315 K, is shown in Figure 6. The  
exper imenta l  points  are shown together  with the mode l  
curves  to be discussed below; we at t r ibute  the apparent  
near  constancy o f  the rate data  in E D T A  at high 
$202 concent ra t ions  to the large exper imenta l  errors 
associated with the measu remen t  o f  initial slopes in 
very fast reactions.  The  concent ra t ions  o f  E D T A  and 
citrate were chosen in the region o f  the plateaus o f  
Figures 4 and 5, i.e., at rather  high values  of[L]. Ideally, 
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Figure 4. Initial dissolution rates R as a function of [EDTA]o; 
pH 7.3; T = 315 K; [$2042 ]o = 2.55 x 10 -3 mol din-3; goethite 
0.22 g dm-3; (A) experimental; ( ) calculated through Eq. 
(15) using parameter values given in Table l. 
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Figure 6. Initial dissolution rates R as a function of 
[$20~ ]0; pH 7.3; T = 315 K. (A): [EDTA]o = 0.1 mol dm-3; 
goethite 0.22 g dm 3. (0): [citrate]o = 0.3 mol dm-3; ( ) 
calculated through Eq. (I 5) using parameter values given in 
Table 1. 

a d d i t i o n a l  e x p e r i m e n t s  shou ld  h a v e  been  p e r f o r m e d  
at  lower  L concen t r a t i ons ,  b u t  the  sens i t iv i ty  o f  the  ra te  
to  [L] in these  c o n d i t i o n s  m a k e s  these  e x p e r i m e n t s  
m o r e  difficult. T h e  i n f o r m a t i o n  col lected by  us suffices 
to  de r ive  the  m e c h a n i s m  d i scussed  below. 

T h e  inf luence  o f p H  o n  R is s h o w n  in F igure  7, wh ich  
inc ludes  e x p e r i m e n t a l  po in t s  a n d  cu rves  d r a w n  a s s u m -  
ing a par t ia l  k ine t ic  o rde r  o n  H § is 0.5 for  E D T A  a n d  
0.6 for  c i t ra te  ba sed  so lvents ,  as d i scussed  below. 

T h e  t e m p e r a t u r e  d e p e n d e n c e  in c i t ra te  m e d i u m  is 
s h o w n  in the  A r r h e n i u s  p lo t  o f  F igure  8, y ie lding an  
a p p a r e n t  a c t i v a t i o n  energy o fT0  kJ m o l -  ~. In th is  series 
o f  expe r imen t s ,  a lower  E D T A  c o n c e n t r a t i o n  was used 
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to  a v o i d  the  p rec ip i t a t i on  o f  the  free ac id  at  low p H  
values.  

The  ex t r ac t i on  o f  Fe f rom a n  Ent i so l  soil f r om M r -  
d a n o s  (Buenos  Ai res  P rov ince )  was used  to check  the  
p rocedure .  T h e  t r ad i t i ona l  M e h r a  a n d  Jackson  analys is  
y ie lded the  va lue  0 .576% af ter  four  d i t h i o n i t e  add i -  
t ions .  T h e  resul ts  o f  several  e x p e r i m e n t s  u n d e r  the  
mod i f i ed  c o n d i t i o n s  are s h o w n  in F igure  9. T h e  m a i n  
conc lus ions  are t ha t  (a) the  to ta l  ex t rac tab le  Fe  is h ighe r  
(0.66%) t h a n  the  va lue  o b t a i n e d  by  the  t r ad i t i ona l  
M e h r a  a n d  J a c k s o n  p rocedure ;  (b) at  p H  5 a n d  5.5 the  
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Figure 5. Initial dissolution rates R as a function of [citrate]o; 
pH 7.3; T = 315 K; [$20~-]o = 7.67 x 10 3; goethite 0.22 g 
dm -3. (A) experimental; ( ) calculated through Eq. (15) 
using parameter values given in Table 1. 

Figure 7. Initial dissolution rates R as a function of pH; T 
= 315 K; goethite 0.22 g d m  -3. (0) [citrate]0 = 0.3 mol din-3; 
[$202-]0 = 7.67 x l0 -3 mol dm -3. (O) [EDTA]o = 0.01 mol 
dm 3; [$202-]0 = 2.55 x 10 -3 mol dm -3. 
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Figure 8. Arrhenius plot for the initial dissolution rates. 
[$20~-]o = 7.67 x 10 -3 tool dm 3; [citrate]o = 0.3 mol dm-3; 
goethite 0.22 g dm-3; pH 7.3. 

max imum value is attained in one application of  130 
min. Further additions o f  S20] do not dissolve more 
iron; (c) at pH > 6, more than one $20~ addition are 
required to extract all Fe; (d) at pH 5 and 5.5, the pH 
does not change, and acid or base additions are not 
needed; (e) temperatures higher than 42~ are not re- 
quired: exploratory experiments showed increased di- 
thionite decomposition, without further Fe extraction. 

The selectivity of  the procedure has not been as- 
sessed yet; further work is planned to explore the be- 
havior of  a luminum and silicon, and to test other soils. 

DISCUSSION 

The morphology o f  the attack 
Although our evidence does not warrant a detailed 

analysis of  the morphology of  the attack, the results of  
Cornell et al. (1976) must be taken into account in the 
modelling of  dissolution according to the surface com- 
plexation approach. 

The preferential attack on facets (001) and (010) in 
the dissolution ofgoethite by mineral acids (Cornell et 
al., 1976) is determined by the properties of  the co- 
ordination polyhedra o f  exposed Fe ions in each type 
of  face. Russell et al. (1974) and Rochester and Top- 
ham (1979) have interpreted the IR spectra ofgoethite 
in terms of  various types of  surface OH groups (A, B, 
and C) that are present in different ratios in each type 
o f  face. The predominant and rather unreactive (100) 
face is relatively rich in B-type surface Fe ions strongly 
linked to the solid framework. It should be concluded 
that A-sites (singly coordinated OH groups) are in- 
volved in the interaction with D and L, although C 
(doubly coordinated) and B (triply coordinated) sites 
may also contribute. 

There is a wide variety of  models that describes the 
chemisorption of  anions o f  different complexants onto 
metal oxides, that differs in the number of  sites and 
coordination modes involved in the reaction: single 

o7! 
0.6 

0.5 

0./~ 

0.3 

02 

0.1 

0.0 

g ~e/lO0 g sueto 

o 

o o 

o 

o 
o ,, 

o o �9 

o o 

�9 i 

t / m i n  
, . J . , i . . . .  t , , , 

o '3'o 60 90 1so 18o 
Figure 9. Time evolution of the iron extracted from an En- 
tisol soil by the modified procedure proposed in this paper; 
arrows indicate a second dithionite addition. [$20~-]o = 6.38 
• 10 2 mol dm 3; T = 315 K; (O): [EDTA] = 5 x 10 2 mol 
dm 3, pH 5; (@) [EDTA] = 5 • 10 2 mol dm -3, pH 5.5; ([3) 
[EDTA]= 5 x 10 -2moldm 3;pH6.0;(II)[EDTA]= 5 x 
10 2 mol dm -3, pH 7.0; (/x) [citrate] = 0.145 mol dm -3, pH 
5.5. 

site + single mode is the most simple, and shall be 
used whenever possible in the following discussion. 
Other models involve more than one adsorption mode 
onto a single type of  site (e.g., dos Santos Afonso and 
Stumm, 1992) and multiple sites o f  various degrees of  
reactivity (e.g., the MUSIC model developed by Hiem- 
stra et aL, 1989). For a detailed analysis of  various 
models, see Blesa et aL (1992a). Two modes of  EDTA 
adsorption on iron oxides are documented in the lit- 
erature (Blesa et aL, 1984) and this result is used in 
our discussion. 

Kinetics o f  dissolution. The role o f  surface complexes 
The data in Figures 4-6 can be interpreted using the 

surface complexation approach by assuming that dis- 
solution proceeds through the following steps: (a) com- 
petitive adsorption of  dithionite D and EDTA or ci- 
trate L; (b) inner sphere redox decomposition of  surface 
dithionite complexes, paralleling an outer sphere attack 
by dithionite on ----Fern-OH and ---Fem-L surface com- 
plexes; these reactions produce ---Fe" surface species; 
(c) phase transfer of  ----Fe"-OH and ~-Fe"-L to yield 
dissolved Fen-L complexes. 

In the more general case, any of  these processes may 
limit the overall rate. In practice, chemisorption of  
simple anions like $204 ~- or L n- are known to be fast, 
and the corresponding formation reactions may be con- 
sidered as equilibrated: 

KD(H +) 

=--FeUl-OH + D r > =-Fem-D (3) 

KL(H +) 

~Fem-OH + L ~ :' =-FeIU-L. (4) 
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Eqs. (3) and (4) describe the adsorption of both re- 
agents without addressing the problem of the detailed 
characterization of the surface species. Some infor- 
mation, including values of the constant K L ,  is avail- 
able for equilibrium (4) (Bowden et al., 1980; Rueda 
et al,, 1985). Adsorption affinity is known to increase 
with decreasing pH, and more than one mode of ad- 
sorption is involved, corresponding to collapsed and 
extended configurations of EDTA on the surface (Blesa 
et al., 1984). In the collapsed mode, the pairs of car- 
boxylato groups at both ends of EDTA are bound to 
vicinal surface Fe centers, whereas in the extended con- 
figuration, the tail of the EDTA molecule points freely 
to the solution. At the EDTA concentrations used in 
this study, the latter mode prevails (Borghi et al., 1989). 
EDTA adsorption reactions are known to be fast and 
reversible; for example, addition of Fe(III) to the so- 
lution produces the desorption by scavenging free 
EDTA anions from solution (Blesa et al., 1984). 

It is impossible to measure KD [Eq. (3)] directly be- 
cause of dissolution. The wealth of information on 
anion adsorption (Dzombak and Morel, 1990) suffices, 
however, to demonstrate that in this case affinity is 
expected to increase as the pH decreases. This pH de- 
pendence is the manifestation of the need to maintain 
low surface charges upon adsorption, The state of pro- 
tonation of the adsorbed anions is not known, and it 
may change with pH. Eqs. (3) and (4) omit specifying 
the actual composition and charge of surface com- 
plexes. As KD values are unknown, they were consid- 
ered adjustable parameters in the fitting of the disso- 
lution curves, as described below. 

Dissolution o f  surface complexes  
Goethite dissolves at a finite rate both in the absence 

and in the presence of very large excess of L. To account 
for dissolution in L-free media, Eq. (5) should be writ- 
ten: 

ko 
~-Fem-D ---+ Fe~a~ + oxidation products of $20~- (5) 

R, = ko{-=Fem-D}. (6) 

In order to account for the finite rate of dissolution 
observed at very high [L] values, it is necessary to 
postulate that $2024 may also attack =-Fe-L surface 
complexes, probably via outer sphere electron transfer: 

=Fem-L + $20 2- 
-~ Fen + oxidation products of $2042 (7) 

R3 = k2[D] n { ~- Fe In-L}. (8) 

The kinetic order n on $20~- is discussed below. 

Synergist ic  effects 

A simple kinetic scheme involving only R, and R 3 

should lead, because of competition between L and D 
for surface centers, to a straight line in Figures 4 and 

5, with all the rates ranging between R 1 and R3. The 
maxima in Figures 4 and 5 require that cooperative 
effects be taken into account. 

The simplest explanation of the influence of EDTA 
and citrate at constant dithionite concentration is that 
the co-adsorption ofligand and reductant onto vicinal 
sites promotes dissolution: 

=-Fern-OH KD(H+) ------Fe"'-D 
__--Fem_L + $202- ( ) [_~Fe,II_L 

FeI~ + oxidation products of Sz O2 (9) 

~ F e - L I  (10) 

(the label that indicates the oxidation state of surface 
Fe has been deleted for simplicity). 

There are several possible explanations for enhanced 
reactivity, i.e., k, > k o for such an ensemble. The sim- 
plest one is based on the conformation of EDTA: the 
carboxylato groups of the free end in the extended 
configuration are available for interaction with surface 
Fe-dithionite complexes, either before or immediately 
after redox decomposition. In the former case, a mixed 
ligand complex is formed on the surface. In the second 
case, the activation energy for dissolution may be low- 
ered by the immediate availability of complexant. Re- 
lated examples refer to dissolution by ascorbate (dos 
Santos Afonso et al., 1990) and by EDTA/phosphate 
mixtures (Borggaard, 1991). 

Ifk~ > ko, a rate enhancement ensues upon addition 
of L at low degrees of coverage. At higher concentra- 
tions of $20~- and/or L, the net influence depends on 
the actual value of the ratio k,/ko and on the ratio 
KL[L]/Ko[D]. 

The overall rate of reaction is given by: 

R =  R, + R2 + R3 
= ko{~-Fe-D} + k,{=F%-DL} 

+ k2[D]"{=-Fe-L}. (11) 

In Eq. (11) the surface complexes are identified by 
the number  of surface Fe ions involved, and by the 
bound ligand (dithionite D and/or complexant L). 

To write the overall rate in terms of the contribution 
of these three parallel paths, it is convenient to describe 
all these paths in terms of dimeric sites: 

-=Fe-OH I-~Fe-D I-=Fe-D -=Fe-L 
=- Fe-D --- Fe-D =- Fe-L =- Fe-L. 

I II III IV 

There are two further possible dimeric sites 

-=Fe-OH I ~-Fe-OH 
-=Fe-OH and -=Fe-L. 

V VI 

These two combinations are not included in the anal- 
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Table t. Parameters and measured constants used to fit experimental data by Eq. (12) (pH 7.3, T = 315 K). 

V a l u e  

P a r a m e t e r  L = E D T A  L = Ci t  U n i t s  C o m m e n t s  

KL 300 110 mol -~ dm 3 Rueda et al. (1985) 
Bowden et al. (1980) 

Ks 250 250 mol ~ dm 3 Eq. (15); position of  the maxima 
in Figures 4 and 5 

N~ko 1.75 x 10 3 1.75 x 10 3 s ~ Eq. (t5). Note that R = {df/dt},~0 
Nsk] 1.76 x 10 ~ 10 2 s ~ Eq. (15). Note that R = {df/dt},~0 
Nsk~ 7.6 • 10 4 5 x 10 4 s J k~=kz[D]" 
n 0.35 0.5 -- Eq. (17) 
n' 0.5 0.6 -- Eq. (24) 

ysis because they are assumed not  to contr ibute  ap- 
preciably to the rate. V would  be impor tan t  only at 
low L concentrat ions ,  and under  these condi t ions  inner  
sphere pathways  predominate .  VI is not  impor tan t  in 
any o f  our  exper imenta l  condi t ions:  the speciation 
analysis descr ibed below illustrates this point,  l The  
sites labeled as =-Fe-OH (and probably -=Fe-D and 
-~Fe-L, as well) describe the whole suite o f  sites related 
by protolyt ic  equil ibria ,  e.g., -=Fe-OH2 +, -=Fe-OH and 

FeO . 
The  rate expression in terms o f  surface complexes  

I - I V  is: 

R = -~(2k0O00~ + 2k00~ + 2k~0,02 + 2k2[D]" O~) (12) 

where it has been assumed that  the react ivi ty  o f d i m e r i c  
sites II and IV is twice that  o f  the corresponding m o n -  
omers ;  the factors o f  two appearing in the first two 
te rms  o f  (12) represent,  respectively,  the statistical 
probabi l i ty  factor o f  an ensemble  o f  two diss imilar  
sites, I, and  the enhanced  probabi l i ty  o f  dissolut ion o f  
I1. In (12), Oo, O~, and 82 are the degrees o f  coverage by 
O H - ,  D,  and L respectively,  and Ns the total  densi ty  
o f  adsorpt ion  sites. For  compe t i t i ve  adsorpt ion,  

/9o = 1/{1 + KD[D] + KL[L]} (13) 

#, = KD[D]/{1 + KD[D] + KL[L]} (14) 

#2 = KL[L]/{1 + Ko[D]  + KL[L]}. (15) 

These  equat ions  descr ibe a s imple  vers ion o f  the 
more  general  case analyzed by Wie land  et al. (1988) 
through the use o f  lattice statistics. This  formal ism also 
assumes  Langmui r - type  isotherms,  val id  in its more  
restr ic ted fo rm only when  the surface potential  is zero. 
It has been repeatedly shown,  however ,  that even  when 
charge deve lops  on the surface, the adsorpt ion  densi ty 
is much  larger than the charge density:  only a mino r  

' The reactivity of Vl towards outer-sphere attack by dithio- 
nice can, in principle, be assumed similar to that of  IV; but 
VI may further react by inner-sphere mechanisms mediated 
by III. Operation of the outer-sphere pathway require dithio- 
nite concentrations high enough to enact the V1 ~ III trans- 
formation. 

fraction o f  adsorbed species bear  a net  charge. Con-  
sequently,  anion adsorp t ion  can be described disre- 
garding the correct ion in t roduced by the electrostatic 
term, by s imply using a condi t ional  equi l ib r ium con-  
stant. 

F r o m  (13)-(15) the rate is 

Ns 
R = 

{1 + KD[D] + KL[L]} 2 

x {koKt~[D] + koK~,[D] 2 + k,Kr,  KL[D][L] 

+ k2K~.[D]"[L]2/. (16) 

Eq. (16) can be shown to be consistent  with all pos- 
sible l imit ing condi t ions.  For  example,  for [L] = 0, it 
is equ iva len t  to the s imple  Langmui r  descript ion as- 
suming  the fo rmat ion  o f  single -=Fe-D sites. 

At  constant  [D], R is a funct ion o f  [L]. U n d e r  the 
condi t ions  o f  Figures 4 and 5, it can be shown that  R 
goes through a m a x i m u m  when KL[L] is o f  the order  
o f  unity, p rov ided  that  k~ > 4k2[D]". This  relat ion is 
fulfilled in our  system, as shown by the values  repor ted  
below (see Table  1). The  condi t ions  o f  the m a x i m u m  
also cor respond to the m a x i m u m  o f  OlO 2. 

The  parameters  required to interpret  the result  are 
Ko and the compos i t e  magni tudes  Nsko, Nsk~ and 
Nsk~ = Nskz[D] n. The  values that  best fit the kinetic 
data  are shown in Table  1, together  with the values  
used for KL. The  curves  corresponding to Eq. (16) are 
shown with the exper imenta l  data  in Figures 4 and 5. 
It may  be seen that  at pH 7.3, the affinities for E D T A  
and di th ioni te  are similar;  this finding is reasonable  
because at this pH  value the adsorpt ion affinity o f  E D T A  
is drastically lowered by the pro tona t ion  requ i rement  
(Blesa et aL, 1984; Rueda  et aL, 1985), whereas  the 
affinity o f  d i th ioni te  is expected to be less sensi t ive to 
pH  in this range. 

The  strong dependence  o f  dissolut ion rates on [L] at 
very low [L] reflects the fast changes in the surface sites 
d is t r ibut ion (see Figures 10 and 11). The  m a x i m u m  in 
the rate o f  dissolut ion is coincident  with the m a x i m u m  
in the fraction o f  mixed  d imer ic  sites (a~o2). Because 
o f  the larger KL value  for E D T A  than for ci trate and 
the lower d i th ioni te  concentra t ion,  the m a x i m u m  8OL 
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Figure 10. Surface sites distribution as a function of [EDTA]. 
[$20~-] = 2.55 x 10- 3 tool dm 3; pH 7.3; T = 315 K. Species 
are identified by roman numerals as described in the text. 

va lue  is lower for E D T A  and obta ined  at lower ligand 
concentrat ion.  However ,  the m a x i m u m  rates them-  
selves are s imilar  because k, is larger for E D T A  (see 
Table  1). 

The outer sphere pathway 
By measur ing  the dependence  o f  the rate on [D] at 

constant  and large concent ra t ion  o f  L, the order  n o f  
the outer  sphere process can, in principle,  be evaluated:  
the rate expression (16) simplifies to 

R = Nsk2[D]". (17) 

This  l imi t ing condi t ion  is howeve r  not  achieved in 
our  exper iments ,  and surface -=Fe-D complexes  are 
always present.  Figure 12 shows the surface speciat ion 
in the presence o f  E D T A  and o f  var iable  amoun t s  o f  

1.0 

0.8 

0.6 

0.4- 

02 

0 
0 

I # l l  

. J �9 i ~  I I , i i ~ / 3 

4 8 12 16 20 

Figure 11. Surface sites distribution as a function of[citrate]. 
[$20]-] = 7.67 x l0 -3 moldm-a;  pH 7.3; T = 315 K. Species 
are identified by roman numerals as described in the text. 

3.8 
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0.2~ 

0 
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4 8 t2  16 20 

Figure 12. Surface sites distribution as a function of 
[$20~-]. [EDTA] = 0.1 moldm 3; pH 7.3; T = 315 K. Species 
are identified by roman numerals as described in the text. 

d i thioni te ;  the dis t r ibut ion in the case o f  ci trate is s im-  
ilar. U n d e r  these condi t ions,  the rate expression is still 
composed  o f  two terms:  

R =  Ns 
{1 + KD[D] + KL[L]} 2 

x {k,KDKL/D][L] + k2K~/L]2[D]n}. (18) 

C a l l i n g  Q = R {1 + K~[D]  + KL[L]} 2 - 
NsklKDKL[D][L], n can be de r ived  graphically f rom 
the slope o f  a plot  o f  log Q vs log [D]. F r o m  Figures 13 
and 14, n is found to be 0.5 and 0.35 for ci trate and 
EDTA,  respectively.  For  the sake o f  s implici ty,  the 
above  discussion o f  the m e c h a n i s m  o f  this pa thway 
has been assumed to i nvo lve  outer  sphere redox re- 
act ion be tween di th ioni te  and ---Fe-L complexes .  The  
values  o f n  are in line wi th  this assumpt ion ,  and wou ld  
represent  the dependence  on d i th ioni te  concent ra t ion  
o f  the format ion o f  surface ion  pairs (Davis  et al., 1978): 

---Fe-L + D = - F e - L . . .  D. (19) 

In fact, the  actual m e c h a n i s m  of  react ion may  be 
appreciably  different; note  that  the charges omi t t ed  in 
Eq. (19) would  make  the pair  - - - F e - L . . .  D very  un- 
stable. Two  other  mechanis t ic  possibil i t ies are: (a) Di-  
th ioni te  actually displaces L f rom the surface com-  
plexes, even  at the highest  L concentrat ions;  this 
a s sumpt ion  leads to zero rates at [L] -* oo. (b) Oute r  
sphere react ion rates are in fact control led  by the dis- 
sociat ion equ i l ib r ium o f  $20~- in solution,  SO~ being 
the actual reductant:  

S~O~- ~ 2 SO~; K~o (20) 

- : F e - L  + SO2 = - - - F e - L . . .  SO~; K2I (21) 

s l o w  

= - F e - L . . .  S O l  ---" Fe~  + SO2; k22. (22) 
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1.0 

-0.0 

tog Q 

log IS, O, 2"] 
-1~ -fs -2'0 -fs 

Figure 13. Doubly logarithmic plot of Eq. (17): logQ vs 
1og[$2042 ]; [EDTA] = 0.1 tool dm-3; T = 315 K; pH 7.3. 
For a definition of Q, see text. The slope is the reaction order 
on $202 of the outer sphere pathway. 

This scheme leads to n = 0.5, as has been found for 
some homogeneous reactions of  dithionite (Lambeth 
and Palmer, 1973; Balahura and Johnson, 1987). Fur- 
thermore, the lower negative charge of  SO2 would make 
outer sphere adsorption of  this ion more likely than 
that of  $2042-, but still with a low adsorption constant 
K21 - 

{ - - -Fe-L. . .  SO5} = K2,{=-Fe-L}[SO~] 

1/2 
= K2~K2o {=-Fe_L}[S2042] ~/2 (23) 

This last possibility is most likely. Dissolution at 
very high [L] is an outer sphere process, mediated by 
the radical ions SO~ that are weakly adsorbed in the 
outer Helmholtz plane. The rate constant k2 is thus 
interpreted as 

kz = k22K2~Kz%. (24) 

T h e  i n f l u e n c e  o f  p H  

Figure 7 shows the dissolution rate as a function of  
pH. Although the reducing power o f  dithionite de- 
creases upon lowering pH, the dissolution rate increas- 
es. This result shows clearly that the redox potential 
of  dithionite is not an important parameter to define 
the dissolution rate. The data in Figure 7 fit Eq. (25): 

R = k [ H + ]  "' ( 2 5 )  

where n' = 0.6 when the ligand is citrate and 0.5 when 
it is EDTA. These exponents are typical of  dissolution 
kinetics (Blesa et  aL, 1984, 1987, 1988; Hidalgo et  al., 
1988) and evidence the importance of  the protonation 
on the adsorption equilibria, generally described by a 
Freundlich isotherm. Eq. (25) represents a requirement 
for protons adjacent to the dissolution site (Blesa et  al., 
1986; Valverde, 1976). 

The pH dependency is not particularly revealing of  
possible mechanistic changes as the pH is lowered. In 
the experiments in more acidic media, dithionite is 

0.5 

-0.5 

tog Q 

log Is, o:-] 
-1S-3o -2'.s % -is 

Figure 14. Doubly logarithmic plot of Eq. (17): logQ vs 
log[S20]-]; [citrate] = 0.3 mol dm-3; T = 315 K; pH 7.3. For 
a definition of Q, see text. The slope is the reaction order on 
$20]- of the outer sphere pathway. 

rapidly consumed by its decomposition. For example, 
it has been reported (Wayman and Lem, 1970) that at 
pH 4 and 296 K, dithionite concentration falls rapidly 
to zero after an induction period of  around 5 min. The 
same autoacceleratory behavior has been reported at 
higher pH values, but with a longer time scale (e.g., 20 
min at pH 6 and 333 K) (Rinker et  al., 1965). 2 

Depletion of  the reductant does not arrest the dis- 
solution reaction if  enough Fe" has been released in 
the presence of  EDTA or citrate and the pH is low 
enough. In such a case, dissolution may proceed through 
the well-known reductive dissolution by ferrous car- 
boxylate complexes (Blesa et al., 1988), as described 
by Eq. (26), where X stands for OH or any other bound 
ligand. 

=-Fe"I-X + L + Fen-Ltaq) 

Fe"-L~aq) + Fem-L(aq) + X (26) 

Torres et  aL (1990) found a similar trend for the 
dissolution of  hematite and magnetite by carboxylic 
acids and proposed the following kinetic law: 

R = Ro + kRot (27) 

where R0 is the dissolution rate through the reductive 
action ofcarboxylate, Rot represents the instantaneous 
Fe n concentration, and k is the rate constant for the 
dissolution brought about by FeU-L complexes. Eq. 
(27) represents an autoacceleratory profile of  [Fe] vs t, 
but the induction period may become blurred in the 
case of  fast reactions. 

These acidic media are not very convenient for an- 
alytical use ofdithionite.  The rate of  decomposition is 
not only fast, but also subject to several possible cat- 
alytic effects, and it is difficult to control the extent of  
reductive dissolution by F e " - L  This latter process puts 

2 Dithionite decomposition has been reported to be oscil- 
latory (De Poy and Mason, 1975); such a feature is not im- 
portant in its use as a dissolution reagent, except for the fact 
that it illustrates the complexity of the involved chemistry. 
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Fem and not  Fe  H in solution,  that  is homogeneous ly  
reduced by the excess o fd i th ion i t e  (Borghi et al., 1991). 

Application to soil analysis 

The  dependence  o f  the rate on tempera ture ,  shown 
in Figure 9 for the case o f  L = citrate, is typical o f  
iron(III)  oxides dissolut ion (Bruyrre and Blesa, 1985; 
Segal and Wil l iams,  1986; Hidalgo et al., 1988). The  
advantages  o f  using higher  tempera tures  for faster soil 
analysis must  be balanced by the increased rate o f  
$202-  decompos i t ion .  We have  found that  tempera-  
tures o f  about  313 K seem to be adequate  for soil 
analysis. 

The  appl ica t ion o f  these results to soil analysis sug- 
gests the convenience  o f  working in m o r e  acidic med ia  
(pH 5.5), under  N2 and at lower  tempera ture  than in 
the t radi t ional  Mehra  and Jackson procedure.  Higher  
acidi t ies  should be avo ided  not  only  to p reven t  reagent 
decompos i t ion ,  but  also to avo id  less selective disso- 
lution. Repea ted  addi t ion  o f  d i th ioni te  is unnecessary 
i f  adequate  control  o f  these var iables  is mainta ined.  In 
particular,  it should be recognized that  effective Fe 
extract ion in slightly acidic or  nearly neutral  media  
requires the use o f  strong reductants  such as d i th ioni te  
or  the recently p roposed  Ti(III)  carboxylates  (Ryan and 
Gschwend,  1991), which are not  very stable in aqueous  
media .  Adequa te  protect ion f rom air is therefore re- 
qu i red  for efficient use o f  the reductant ,  and temper-  
ature should not  be indiscr iminate ly  raised. 
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