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A b s t r a c t - T h e  kinetics o f  the precipitation of i ron(I l l )  d ibutylphosphate  in 1, 3, and 5 M HNO:~ 
were s tudied at an initial Fe  3+ concentra t ion of  231 mg/l. (4.14 mM) and at initial dibutylphosphoric  
acid ( H D B P )  concent ra t ions  of  3.06 and 1.53 g/1. (14.56 and 7.28 mM). The  exper imental  data on 
Fe  z+ concentra t ion  (C, moles/L) were used to obtain the nonlinear  parameters  of  the integrated form 
of  the rate equat ion 

dC/dt  = - k  (C - SFe) n. 

This equat ion is obtained from a more  general  express ion of  the  form 

dC/dt  = - k ' (C - S r e)"(C D -- S D) q, 

where  CD and SD are, respect ively,  ins tan taneous  and final (i.e. its solubility) concentra t ions  of dibutyl- 
phosphate ,  and Sre is the final (solubility) concentra t ion  of Fe  z+. 

The a s s u m e d  reaction,  FEZ++ 3 H D B P  ~ Fe ( D B P ) z +  3H +, appears  to have  a combined order 
n(= p + q) of  approximate ly  2; the rate cons tan t  (k) is of  the order of  10 - z -  10 -z when  time is expressed  
in minutes .  The  value of  the  solubility product  increases  f rom about  2 × 10 -lz to 2 × 10 -lz (moles/l.) 4 as 

the nitric acid concentra t ion increases  f rom 1 to 5 M. 

INTRODUCTION 

SIGNIFICANT quantities of dibutylphosphoric acid (H D B P), monobutylphosphoric 
acid (H2MBP) and orthophosphoric acid (H3PO4) will be produced in the proces- 
sing of fast-reactor fuels by extraction with tributyl phosphate (TBP). These 
quantities will exceed those currently being produced in the processing of thermal 
reactor fuels because of the higher radiation levels that will be associated with fast 
reactors. Furthermore, the high burn-ups expected for fuels from these reactors 
will result in the formation of large quantities of fission products which might 
precipitate as the ortho, monobutyl, and dibutyl phosphates in the aqueous phase, 
the TBP phase, or in both phases. Iron corrosion products will also be encountered 
in fuel processing. 

Davis [1] has measured the solubility of iron(Ill) dibutylphosphate in aqueous 
nitric acid solutions by agitating suspensions in Fe(DBP)3 for periods as long as 
forty days. In addition, three kinetic experiments on the system HDBP-HNO3- 
Fe3+-H20 have been reported [2]. It is evident that more information is needed 

*Research  sponsored  by the U.S. Atomic  Energy Commiss ion  under  contract  with the Un ion  
Carbide Corporat ion.  

1. W. Davis ,  Jr., Solubilities of Uranyl and Iron(Ill) Dibutyl and Monobatyl Phosphates in TBP 
Solvent Extraction Solutions, O R N  L-3084,  April 19 (1961 ). 

2. Semiannual Report of the Department of Chemistry. November 1965 thro,~,h May 1966, Centre  
d' l~tudes Nucl6aires ,  Fon tenay-aux-Roses ,  C E A - N - 6 1 6 ,  December  (1966). 
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about the conditions under which butyl phosphates precipitate in TBP solvent 
extraction systems and about the kinetics of such precipitation. The purpose of 
the work reported here was to study the kinetics of precipitation of Fe(DBP)3 
in solutions of 1, 3, and 5 M HNO3 using tracer methods of analysis. Qualitative 
observations concerning the precipitation process and the nature of the precipitate 
are also presented. 

E X P E R I M E N T A L  

Procedure 

An aqueous solution (50 ml) of HDBP and an aqueous solution (50 ml) of Fe 3÷ in HNO3 were 
prepared from stock solutions. Approximately 1-2/xc of 59Fe tracer (specific activity 1-2/xc/ml) 
was added to the iron solution. The HDBP solution was then poured into the Fe 3÷ solution at reference 
time t = 0, and 2-ml samples were withdrawn at various times thereafter. The combined solution was 
mixed well before and after sampling, but generally was not stirred otherwise. Each sample was 
filtered, and the filtrate was collected in a 1-oz sample bottle (which was subsequently placed in a 
lead castle for gamma-ray counting). The precipitate was washed with 2 ml of water, and this wash 
liquid was also collected in the sample bottle. (In nearly all cases, solids formed in this bottle after 
the filtration process.) This entire operation required about 10-15 sec. Therefore, the sampling process 
for each sample was started about 5 sec before, and completed about 5 sec after, the desired reaction 
time. All but one of the experiments were conducted at room temperature (25 __+ 2°C). 

Apparatus 

Rapid sample filtration was achieved with Millipore vacuum filtration units connected to a vacuum 
pump with manifold. A "mixed esters of cellulose" filter paper (Millipore No. HAWG 04700) of 
0.45-p, pore size was used. Rapid clogging of the filter was prevented by use of a prefilter (Millipore 
No. HP 2003500). An automatic pipetting apparatus, set to deliver 2-ml samples, was used to speed 
up the sampling process. Background and sample activities were determined with a ~37Cs-standardized 
scintillation counter employing an Nal detector (3- × 3-in. crystal). 

Reagents 

Analytical-grade HNO3 and Fe(NO3)3'9H20 were used. A solution containing 59Fe3+ (radio- 
chemical purity, 99.4%) was obtained from Nuclear Science and Engineering Corporation. HDBP 
(Victor Chemical Company) analyzed as follows: 

density at 27"4°C 0.9581 g/ml 
m-equiv. HDBP/g 4.290 
m-equiv./ml 4.11 
rag/m-equiv. HDBP 233.0 
theoreticalmg/m-equiv. HDBP-H~O 228.2 
theoretical rag/m-equiv. HDBP 210.0. 

These results are indicative of an approximately 50 mole % Hz O-HDBP solution. 
The purity of the HDBP was also determined by an established methylation technique[3]. Sub- 

sequent gas chromatographic analysis showed >97 mole % methyl dibutylphosphate, 0.9 mole % 
dimethyl monobutylphosphate (from H2MBP), < 0.1 mole % trimethyl phosphate (from H.~PO4), 
and - 0-9 mole % butanol. 

R E S U L T S  A N D  D I S C U S S I O N  

Pertinent data concerning the various experiments are summarized Table 1. 
Some of the Fe 3÷ concentrations are shown as functions of sampling time in Figs. 
1 and 2. Duplicate experiments were conducted, using 1, 3, and 5 M HNO3, 
with initial Fe 3÷ concentrations of 231 mg/l. and HDBP concentrations of 3.06 

3. C.J.  Hardy, J. Chromatogr. 13, 372 (1964). 
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and 1.53 g/1. In each case white Fe(DBP)a particles (particle size, 0.1-0.5 mm) 
formed rapidly (1-5 min after contact) on the surface of the solution. The initial 
precipitation was followed by the slow formation of a milky dispersion, which 
began to settle after 2-3 hr. 

100 

20 

400 

i 
RUN Feq9=CONTINUOUS STIRRING 

RUN Fe-((,STIRRING BEFORE SAMPUNG 

o o I o  

4 ~ R U N  Fe-9, STIRRING OEFORE SAMPLING 

,I (0 ,100 ,1000 ~0,000 
TIME AFTER MIXING SOLUTIONS,rain 

Fig. 1. The residual concentrat ion of  dissolved Fe  a÷ decreases as iron precipitates as 
Fe(DBP)a. Each curve is calculated from Equation 8 and parameters of  Table 1. Initial 
conditions: 231 mg Fe3+/1.; 3.06 g HDBP/I . ;  1 M HNO3. • - Our data. O - Data  from [2]. 

Several trends are readily observable from Table 1. When the HDBP concen- 
tration is initially 3"06 g/l., the final concentration of Fe 3+ in solution increases 
from - 1 mg/l. to - 7 mg/1. as the HNO3 concentration increases from 1 to 
5 M. When the initial concentration of HDBP is reduced from 3-06 to 1-53 
g/l. (compare Figs. 1 and 2), the final Fe 3+ concentration (that is, the solubility) 
increases from ~ 84 mg/l. in 1 M HNO3 to - 110 mg/l. in 5 M HNO3. Davis[l] 
has reported a similar increase in the solubility of Fe(DBP)3 as the HNO3 
concentration increases. 

Experiment Fe-19 was conducted with constant stirring. The rate of reac- 
tion was somewhat higher than that of the corresponding static test, but there was 
a 4-5°C temperature increase (above room temperature) due to the heating effect 
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40 4OO tO00 40,OOO 

TIME AFTER MIXING SOLUTIONS,rain 

Fig. 2. The residual concentration of dissolved Fe a+ decreases as iron precipitates as 
Fe(DB P)a. The final Fe a+ concentration increases as the H NOa concentration increases. 
Each curve is calculated from Equation 8 and the parameters of Table 1. Initial con- 

ditions: 231 mg Fe3+/l.; 1.53 g HDBP/I. 

o f  the magnet i c  stirrer. T h e  effect  o f  t emperature  on the react ion  rate may  be 
important;  to date,  h o w e v e r ,  it has not  been  inves t igated  further. 

Kinetics of precipitation of Fe(DBP)3 
D a t a  on the F e  3+ concentrat ion  versus  t ime  w e r e  used  to obtain a prel iminary 

descr ipt ion  o f  the k inet i c s  o f  the prec ipi tat ion  o f  F e ( D B P ) 3  in 1 -5  M H N O a  
solut ions .  

T h e  m o d e l  w e  used  is giver, by  the equation:  

dC 
- k ' (C  - SFe) p (CD--  SD) q, ( 1 ) dt 
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where C °, C, and SFe are the initial, instantaneous, and final (solubility) con- 
centrations of  F e  3+, respectively,  and C~, Co, and So are the corresponding values 
for H D B P .  The  exponents  p and q are the kinetic orders with respect  to the 
degrees of  supersaturation of  the solution with regard to Fe  a+ and D BP - .  
F r o m  the stoichiometry of  the reaction 

Fe3++ 3 D B P -  ~ Fe(DBP)3,  
we find that 

C ~ -  CD = 3(C ° -- C) 
and 

C1°~ - SD = 3(C ° -- Sve). 

By subtracting Equation (3) f rom Equation (4), we obtain: 

CD -- SD = 3(C -- Cve), 

which, on substitution into Equation (1), yields the simpler equation 

(2) 

(3) 

(4) 

(5) 

dC 
- -  = -- k' (3)q(C - Sre) p+q = - k (C - Sre) n, (6) 
dt 

where n = p + q. 

Thus  the two rate orders,  p and q, of  the present  kinetic model cannot  be deter- 
mined separately; only their sum can be determined. 

Integration of  Equation (6) gives the following results: 

o r  

1 1 
( C _  SFe)._l (CO SFe)n_ 1 = (n - -  1) kt (7) 

C ~-- SFe"]- [ ( C  ° -  SFe)-n+l-I - ( n - -  1) kt] -l/tn-1). (8) 

Equation (8) was used in a least-squares analysis of  the various experiments.  
In this analysis the initial Fe  3+ concentrat ion (C °) was fixed at 231 mg/l., a more 
accurate value (based on chemical analysis) than we expected  to obtain for Sve, k, 
or n. Table 1 lists the calculated values of  these three constants. This table also 
contains a summary o f  our calculations of  the same constants for data reported 
from Fontenay-aux-Roses  [2]. 

The present study was not extensive enough to allow us to draw more than 
a few firm conclusions. One is that Equations (1) through (8 satisfactorily de- 
scribe our  data within the known experimental  uncertainties; they also describe 
the Fontenay-aux-Roses[2]  (FAR)  data with standard deviations of  0-8, 1.5, 
and 5.7 mg Fe3+/l. for the experiments  using 1, 2 and 3 M HNO3, respectively. 
Fur thermore ,  a consistent set of  values of  k, n, and Sve is obtained for our  ex- 
periments,  as well as for those at F A R  in which the initial concentrat ion of H D B P  
was - 3  g/1. This concentrat ion corresponds to only a small excess of Fe  a+ 
over  the stoichiometric value. Less  reproducibility in ca tcuh ted  parameters was 
obtained when the initial H D B P  concentrat ion was only 1-53 g/l., which is some- 
what less than half the stoichiometric quantity for reaction with all the F e  3÷ 
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present. Finally, although k and n were treated as independent variables, the 
nonlinear correlation coefficient showed a strong correlation between k and n 
for both our data and those from FAR. The reason for this inverse relationship 
(which may be seen in Table 1 ) is not known, but the rapid initial rate of precipita- 
tion and the associated precipitation in the sampling pipette may make an impor- 
tant contribution both to this correlation and to the variation in these calculated 
parameters from one experiment to another. 

While Equations (I) through (8) describe our and the FAR data within reason- 
able limits, we emphasize that these equations are not meant to imply a mechan- 
ism as simple as 

Fe:~++ 3 HDBP ~ Fe(DBP):~+ 3H +. 

We have not proved the stoichiometry to correspond to Fe(DBP).~, although in a 
previous report[l] we described the preparation of a white (as in the present 
study) ferric dibutylphosphate whose composition was found by analyses to be 
quite close to that for Fe(DBP)3. 

Within the uncertainties posed by the factors mentioned above, the rate of 
precipitation is approximately proportional to the square of the instantaneous 
degree of supersaturation [ (C-SFe)  2] with respect to iron when the initial 
HDBP concentration is 3.06 (or 3) g/l. and the initial Fe 3+ concentration in 1-5 M 
HNO3 solutions is 231 (or 230)mg/l. At the lower HDBP concentration (1.53 
g/1.), neither the rate nor the order is as well defined, although the order is pro- 
bably nearer 1.5 than 2. 

Solubility product 
Solubility products calculated from the data in Table 1 are presented in Fig. 3. 

These include values based on the final 59Fe measurement, those based on Sve 
from the least-squares analysis of Equation (8), and values calculated from the 
data previously reported [1]. There is considerable scatter, but it is apparent that 
the data previously presented for solubilities of Fe(DBP)3 in 1 and 3 M HNO:~ 
solutions are in good agreement with the more extensive data of the present study. 
Obviously, the solubility products calculated from the FAR data exceed our 
values by a factor of about 3-4. In terms of the solubility of Fe(DBP):~, the FAR 
data are 30-40% higher than ours, however, we consider this agreement to be 
quite satisfactory. 

SUMMARY AND CONCLUSIONS 

This study of the kinetics of precipitation of Fe(DBP)3 from aqueous nitric 
acid solutions and the rather good degree of reproducibility show that the experi- 
mental techniques are satisfactory and that they should apply to other precipita- 
tion systems. In each experiment the initial concentration of Fe 3+ was 231 
mg/l. while that of HDBP was either 3.06 or 1.53 g/1. At the higher HDBP 
concentration the rate of precipitation of Fe(DBP):~ from 1 to 5 M HNO3 solu- 
tions is approximately second order with respect to the instantaneous degree of 
supersaturation of the solution with regard to Fe 3+ ; at the lower HDBP concen- 
tration the order may be more nearly 1.5. The dependence of the precipitation 
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Range of values from 
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last Fe concentration 
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HNO 3 CONCEN TRATION, males/I. 

Fig. 3. The solubility product of Fe(DBP)s in aqueous HNOs solutions increases as 
the HNOs concentration increases. 

rate on HDBP concentration has not been determined since the individual ex- 
ponents, p and q of Equation (1), enter the mathematical analysis only as a sum. 

Solubility values and solubility products, which are based either on the last 
measurement of saFe gamma-ray activity (5-190 hr after mixing Fe 3+ and DBP-  
solutions) or on an extrapolation of a kinetic equation are in good agreement with 
data previously presented[l]. We find satisfactory agreement between our 
results and those reported from the Fontenay-aux-Roses laboratory [2]. 


