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bstract

Humic substances play an important role in the speciation of actinides in the environment due to complexing, redox and sorptive interactions.
his work is devoted to plutonium(V) reduction studies in solutions containing different humic substances, eluted from Mollisol and Sod-podzolic

oil samples, as compared to real Pu distribution is contaminated soils. On the basis of kinetic curve slopes, the reducing ability is increased in
he order: HA < FA ∼ low molecular weight fraction. The data obtained show that the different humic compounds play different roles in Pu(V)

igration ability due to differing reducing and complexing properties.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The migration ability of Pu in the environment depends on
ts speciation. Pu in the environment is mostly present as Pu(V)
nd Pu (IV). Pu(V) shows high migration ability and, on the
ontrary, Pu (IV) appears more immobile due to its high affin-
ty to mineral surfaces, although, it can be very mobile when
ounded with colloidal particles, that can be particularly pre-
ented by colloidal humic substances (HS). HS are complex
ixtures of natural macromolecules and smaller molecules and

ons which occur throughout the environment, including deep
noxic underground systems. They can be generally separated
nto humic acids, fulvic acids and humie.

In fact, the formation of actual Pu species depends on the com-
lex of actual geochemical conditions, particularly the presence
f reducing agents that can be metal ions and organic chemi-
als. Humic substances comprise from 50 to 80% of the organic

arbon pool content in soils and waters and are the most widely
istributed natural organic matter [1–4]. Furthermore, HS have
igh reducing ability towards Pu [5]. Therefore, redox interac-
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ions of humic substances are important for estimation of Pu
obility in aqueous systems.
The aim of the current study is to define the role of different

umic substances in Pu(V) reduction in aqueous system. For
his purpose kinetics of Pu(V) reduction by natural occurring
S was studied and comparison of the results obtained with real
u distribution among humic fractions in contaminated soils is
resented.

. Experimental

The humic acid sample was purchased from Aldrich (AHA) and purified by
everal precipitations and ion exchange according to the procedure described in
eference [6].

Contaminated and non-contaminated soil samples were collected. Contami-
ated Mollisol and Sod-podzolic soil samples were collected under birch wood
nd coniferous-birch wood in the territory of the East Ural Radioactive Trace.
on-contaminated Mollisol samples were collected in Kursk District and non-

ontaminated Sod-podzolic soil was sampled in the Moscow region from the
ell-characterized location of the Moscow State University biological station.

Both soils can be classified as loamy soil according to their particle-size

omposition and are characterized with a similar content of organic carbon,
xchangeable Ca2+, Mg2+ as well as with similar pH values. The properties of
he soil samples were determined and summarized in Table 1.

From non-contaminated soil samples humic and fulvic acids were isolated
nd purified using the procedures described below (Section 2.1). Contaminated
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Table 1
The chemical and physical characteristics of the collected soil samples

Soil C (%) pH Exchangeable cations (cmolc kg−1) Particle-size composition (%)

Ca2+ Mg2+ K+ Na+ >0.01 mm 0.01–0.001 mm <0.001 mm

Non-contaminated soil
Sod-podzolic 3.8 4.7 3.1 1.2 0.3 – 71 15 14
Mollisol 5.8 6.6 30.8 6.9 0.5 0.4 59 19 22

Contaminarted soil
–
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Sod-podzolic 2.0 5.7 – 8.0 –
Mollisol 4.1 6.2 20.0 9.0 –

oils were treated for fractionation of organic matter (OM) depending on their
ature (HA or FA), solubility and affinity to mineral part of soil (Section 2.1).
he Pu content was determined in the OM fractions obtained. The soil properties
iven in Table 1 suggests, that the humic materials isolated from the pairs of
on-contaminated and contaminated soils possess the similar properties.

The kinetics of Pu(V) by the obtained HS was studied.

.1. Isolation and purification of organic matter from
on-contaminated soil

.1.1. Isolation of HA from soil
The isolation was carried out in accordance with the IHSS-procedure [7] and

as as follows. After removing the plant roots, the dry soil samples were sieved
hrough a 2.0 mm sieve. The pH value was adjusted to 1–2 using 1 M HCl at
oom temperature. The solution volume was adjusted with 0.1 M HCl to a final
/m ratio of 10 mL of liquid per 1 g of dry sample. The suspension was shaken

or 1 h and then the supernatant was separated from the residue by decantation.
he supernatant (FA 1) was stored for the isolation of FA.

The soil residue was neutralized with 1 M NaOH to pH 7.0 and then 0.1 M
aOH was added to get a final extractant to soil ratio of 10:1. The alkaline

uspension was settled overnight. Afterwards, the supernatant was collected by
eans of decantation. The supernatant was acidified with 6 M HCl with constant

tirring to pH 1.0 and then the suspension was left for 12–16 h. The suspension
as centrifuged to separate the HA (precipitate) and FA (supernatant—FA 2)

ractions. The HA fraction was redissolved by adding a minimum volume of
.1 M KOH and solid KCl was added to attain a concentration of 0.3 M [K+]
nd then centrifuged at 6000 rpm to remove the suspended solids. The HA were
eprecipitated by adding 6 M HCl with constant stirring to pH 1, centrifuged
nd the supernatant was discarded. The HA precipitate was suspended in 0.1 M
Cl/0.3 M HF solution, shaken overnight and centrifuged. This procedure was

epeated four times. Then, HA was purified by dialysis (membrane MEMBRA-
EL-MD-44-4, 14 kD) and freeze dried.

.1.2. Isolation of soil FA
FA 1 and FA 2 were concentrated using XAD-8 resin. Then, XAD-8 column

as back eluted with 1 column volume of 0.1 M NaOH, followed by 3 column
olumes of distilled H2O. FA was purified by passing through H+-saturated
ation exchange resin (KU-2-8) and freeze dried.

.2. Isolation and partitioning of organic matter from
ontaminated soil

.2.1. Isolation of Fraction 1
For this purpose, 0.1 M NaOH was added to the corresponding samples

o obtain a V/m ratio of 20:1 The slurry obtained was shaken vigorously and
eft over night and then centrifuged at 3000 rpm; the supernatant obtained was
ltered through a 1 �m lavsan Wattman filter and acidified to pH 1–2 using 6 M

Cl for coagulation of HA.

The acidified solution was heated at 70–80 ◦C for 30 min and centrifuged
t 3000 rpm. The supernatant was filtered through a Wattman filter. The HA
recipitate was dissolved in hot 0.1 M NaOH. Fraction 1 was presented by free
umic and fulvic acids, and those bound to Fe, Mn, Al, etc. hydroxides.

0
t
w
r

50 25 25
53 14 33

.2.2. Isolation of Fraction 1a (decalcinate)
To another part of the contaminated samples 0.1 M HCl was added to get

V/m value of 10:1. The slurry obtained was left for 12–16 h under continued
tirring and then centrifuged at 3000 rpm.

The supernatant obtained was filtered through a 1 �m Wattman filter. The
olid phase was repeatedly treated with 0.1 M HCl until a negative calcium test
f the filtrate (indicator reaction with murexide). This fraction was presented by
ree fulvic acids and low molecular weight organic acids and those bound to Fe,

n, Al, etc. hydroxides.

.2.3. Isolation of Fractions 1 + 2
To the residual solid after decalcination 0.1 M NaOH was added to get a V/m

atio of 10:1. The obtained slurry was vigorously mixed and left for 12–18 h.
hen Na2SO4·10H2O was added and mixed until complete dissolution of sulfate

o provide a coagulation of mineral colloids. The dark brown solution obtained
as centrifuged at 3000 rpm and filtered. The extraction of humic acids was

epeated until a slightly colored solution was obtained. For separation of humic
nd fulvic acids, 6 M HCl was added to the basic filtrate until pH 1 as described
bove for Fraction 1. The acidic solution containing fulvic acids was collected
nto a separate vessel. The precipitate of humic acids was dissolved in hot 0.1 M
OH, and then KCl was added. The solution was left until precipitation of
ineral colloids which were separated by centrifugation. Humic acids were

hen precipitated again by addition of 6 M HCl until the pH is 1. The suspension
as left for 12–16 h and humic acids were centrifuged and washed sequentially
ith 0.1 M HCl and distilled water. The precipitate was washed with water until

he solution started turning brown. The washings were collected into a separate
essel. Fractions 1 + 2 was free humic and fulvic acids and those bound to Fe,
n, Al, etc. hydroxides and calcium.

.2.4. Isolation of Fraction 3
After isolation of Fractions 1 + 2 the residual solid was treated with 0.02 M

aOH (the V/m ratio was 10:1) by heating in a water bath (80 ◦C) for 6 h. After
he suspension settled, it was centrifuged and filtered through lavsan Wattman
lter (1 �m pore size). Humic and fulvic acids were separated as described
bove. Fraction 3 was humic and fulvic acids strongly bound to hydroxides
nd mineral components of the sample. The residue of the subsample after
eparation was ashed at 500 ◦C and then was dissolved in 7.5 M HNO3. The
on-soluble residue was filtered and the Pu concentration was determined in
he filtrate.

.3. Preparation of the 239,240Pu(V) stock solution

Two ml of 0.074 M solution of 239,240Pu in 1–3 M HNO3 was combined with
50 �g KBrO3, and heated in a water bath (80 ◦C) for 3 h. Twenty microliters
f the solution obtained was added to 20 ml of distilled water to obtain a Pu
oncentration of 7.4 × 10−5 M. To the solution obtained, 0.22 mL of 0.1 M H2O2

as added and kept at room temperature for 1 h.

Then 239,240Pu(V) was extracted from 2 mL of Pu solution using 1 mL of

.01 M HDEHP in octane. The aqueous phase, after phases separation and con-
aining Pu(V), was used for kinetic experiments. Ten percent of Pu reduction
as observed during 3 months of keeping the stock solution in a plastic vial at

oom temperature and in sunlight.
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.4. Kinetic experiments

A stock solution of humic matter (AHA, purified HS or OM fractions) was
iluted in 0.01 M NH4ClO4 to adjust the necessary organic carbon (OC) concen-
ration (which varied from 0.2 to 20 mg/L) and neutralized to pH 6.0. The final
olume of the solution taken for the experiment was about 7 mL, to which an
liquot of 239,240Pu(V) was added. A concentration of 239,240Pu(V) was main-
ained in the range of from 4 × 10−8 to 1 × 10−7 M. The kinetics of Pu(V)
eduction to Pu(IV) in solution was studied by liquid extraction of Pu(IV) with
i-2-ethyl-hexyl-phophoric acid (HDEHP). The error of the Pu determination
as about 6%.

For redox speciation determination of Pu, 200 �L of initially prepared solu-
ion were sampled and acidified using 100 �m of 4 M HCl adjusting to pH 0 to
estroy possible Pu–humate complexes. Then 20 �L of this solution was used
or determination of the initial concentration of Pu. Then 150 �L of HDEHP
olution in decane was added to the residual volume of 280 �L. The extraction
as performed for 2 min. After separation of the organic phase, 20 �L aliquot
f aqueous phase was plated on a steel disk and the 239,240Pu alpha-activity was
easured using a semiconductor detector.

Determination of Pu in the organic phase after extraction was not performed
ecause of incomplete destruction of HDEHP during preparation of the sample
or measurements. It is also impossible to provide a 100% re-extraction of Pu
rom the actual system. Although in each case, Pu activities were measured in the
queous phase before and after extraction. Formation of Pu colloidal-bounded
pecies was taken into account since a decrease of total Pu concentration in the
nitial solution with time was observed.

. Results and discussion

.1. Kinetics of Pu(V) reduction by purified HS

Kinetic curves obtained for the reduction of Pu(V) by AHA
nd natural HA at pH 6, an organic carbon concentration of
0 mg/L and an initial Pu(V) activity of 5 × 10−8 M are pre-
ented in Fig. 1.

The curves obtained for natural FA at pH 6, with an organic

arbon concentration of 10 mg/L and an initial Pu activity
× 10−8 M are presented in Fig. 2.

As can be seen from Figs. 1 and 2, the rate of Pu(V) reduc-
ion by humic and fulvic acids and the Pu(V) quasi-equilibrium

ig. 1. Kinetics of Pu(V) reduction by Aldrich humic acid (AHA) and purified
umic acids isolated from Millisol and Sod-podzolic soils at pH 6, organic carbon
oncentration of 10 mg/L and initial Pu(V) concentration of 5 × 10−8 M.

3
O

2
s

F
o

ig. 2. Kinetics of Pu(V) reduction by purified fulvic acids isolated from Millisol
nd Sod-podzolic soils at pH 6, organic carbon concentration of 10 mg/L and
nitial Pu(V) concentration of 4 × 10−8 M.

oncentration under the same conditions does not depend on the
ype of soil from which the actual HS was extracted.

Under the same conditions fulvic acids cause faster kinet-
cs of Pu(V) reduction (average specific rate k = 0.77 h−1) when
ompared to humic acids (k = 0.27 h−1). The quasi-equilibrium
oncentration of Pu(V) (at 500 h) in all cases was about 8–12%.

Data obtained for Pu(V) reduction under different concen-
rations of HA and FA show that the Pu(V) reduction rate
ncreases with increasing organic carbon concentration. The
uasi-equilibrium concentration of Pu(V) was reached more
apidly in solutions containing high OC concentrations, as is
hown in Fig. 3 for AHA at different concentrations.

.2. Kinetics of Pu(V) reduction in solutions of different
M fractions isolated from soils
The reduction of Pu(V) by different OM fractions (Section
.2), isolated from Sod-podzolic and Mollisol samples, was
tudied. The data obtained has shown similar Pu redox kinet-

ig. 3. Kinetics of Pu(V) reduction by Aldrich humic acid (AHA) at different
rganic carbon concentrations; initial Pu concentration 8 × 10−8 M and at pH 6.
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ig. 4. Kinetics of Pu(V) reduction by different fractions of HS isolated from
od-Podzolic soil at pH 6 and an initial Pu concentration 1 × 10−7 M.

cs behavior in OM fractions, extracted from Sod-podzolic and
illisol soils. In Fig. 4, kinetic curves obtained for Sod-Podzolic
S are presented. The fractions studied and corresponding con-

entrations of OM used for the experiment are presented in
able 2.

As seen in Fig. 4., the initial part of kinetic curves can be
eparated into two sections. The first section is characterized by
sharp decrease of the Pu(V) concentration, up to 20–30% in the
rst few minutes. Since all OM obtained by the method presented

n Section 2.2, were not purified from the mineral part of the
oil, they contained dissolved metal ions and/or metal–organic
omplexes, that can play the role of redox agents and could cause
ery high reducing rates during the first few minutes.

The next section of kinetic curves can be approximated by
n exponential function and most likely corresponds to Pu(V)
eduction directly by HS.

The subsequent increase of the Pu(V) concentration is

bserved in the case of the decalcinate solution. Although, it
ould also be another species that was not extracted by HDEHP
nder the experimental conditions (e.g., formation of colloidal
r pseudo-colloidal forms of Pu(IV)).

able 2
ontent of dissolved organic carbon in the solutions of different OM fractions

solated from Sod-podzolic soil

raction Content of organic carbon (mg/L)

FA 1.5
HA 35

a (decalcinate) 9.5
1 + 2) FA 31
1 + 2) HA 26

o
t
t
i

f
t
p
t
t
q
r

able 3
he distribution of plutonium among OM fractions of the contaminated soils under s

oil sample Bound to humic acid fractions B

1 2 3 Sum 1

ollisol 6.8 21.5 8.5 36.8 0
od-podzolic 17.3 12.7 8.0 38.0 3
ig. 5. Kinetics of Pu(V) reduction by HA; Fraction 1 before and after dialysis
t pH 6 and initial Pu concentration of 1 × 10−7 M.

This observation indicates the complex interaction patterns of
u with the actual OM fractions, a rich variety of mineral com-
ounds, as well as with fulvic acids and low molecular weight
rganic compounds.

To estimate the influence of the low molecular fraction and
he mineral component of the sample on Pu(V) reduction, OM
ractions were purified by dialysis (membrane MEMBRA-CEL-

D-44-4, 14 kD pore size).
Comparison of Pu(V) reducing rates by the HA 1 Fraction

efore and after dialysis is presented in Fig. 5. This shows a
ecrease of the reducing rate after separation of dissolved ions
nd the low molecular weight fraction. The kinetic curves char-
cter obtained is very close to that of Pu(V) reduction by pure
A (i.e., AHA).

.3. Partitioning of Pu between different OM fractions
solated from contaminated soils

The partitioning of plutonium among different fractions of
rganic matter was carried out in an effort to reveal the correla-
ion between Pu binding with OM and the reducing capability of
he corresponding fraction. The results obtained are presented
n Table 3.

A value of 44.6% of the total Pu is bound with humic materials
or Mollisol and 61% for Sod-podzolic soil. As shown in Table 3,
he major part of the Pu is bound to humic acids, and the small
art to fulvic acids. The residual soil contains almost half of

he plutonium and this indicates predominant binding of the Pu
o low solubility components of Mollisol. Also, a significant
uantity of Pu is bound to Fraction HA 2, which is particularly
epresented by low mobility Ca humates.

tudy (in percent of the total Pu content)

ound to fulvic acid fractions Residue

a 1 2 3 Sum

.4 1.2 2.7 3.5 7.8 55.4

.7 8.4 3.4 7.5 23.0 39.0
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Upon separation and reprecipitation of humic acids and upon
ashing by 0.1 M HCl and distilled water, the washing solutions

ontain 1.1% of Pu. This indicates strong binding of plutonium
o Ca humates.

For Sod-podzolic soil, the fraction of plutonium bound to
obile fractions of HS (Fractions 1 and 1a) was substantially

igher than that for Mollisol. On one hand, the portion of plu-
onium bound to low mobility Ca humates in Sod-podzolic
oil is lower than that in Mollisol. On the other hand, in the
od-podzolic soil, the plutonium content is 9 times higher in

he fraction of mobile fulvic acids (Fraction 1a) when com-
ared to that in the Mollisol. This indicates a higher migration
bility of plutonium in Sod-podzolic soil compared to the
ollisol.

. Conclusions

The kinetics of Pu(V) reduction in solutions containing
urified natural HS was studied. On the basis of curve
lope analysis, reducing rates at given conditions (I = 0.01 M,
(OC) = 0.2–20 mg/L) an increase in the order: HA < FA ∼ low
olecular weight fraction and does not depend on nature of soil

rom which the HS was extracted.
The lower reducing rates of Pu(V) in HA solutions might be

xplained by stereochemistry considerations.
The study of Pu behavior in real solutions containing OM

ractions and dissolved mineral compounds has shown the com-
lex influence patterns of various kinds of humics.
The data obtained for real contaminated soils indicate the dual
nfluence of natural organic matter on Pu distribution among
ifferent OM fractions. On the one hand, because of the for-
ation of soluble complexes of Pu(IV) with low molecular

[

ompounds 444–445 (2007) 486–490

eight and mobile fulvic acids, the migration of plutonium in
he environment is possible and must not be disregarded. On the
ther hand, the formation of low solubility humates and their
olymeric complexes with Fe, Mn and other hydroxides, favor
inding of plutonium with immobile fractions and subsequent
ccumulation of Pu in humic layer of soils.

In summary, it can be concluded from the results of this
tudy that fulvic acids and low-molecular weight organic frac-
ion preferably reduce Pu due to faster kinetics. Mobile Pu
pecies can be preferentially formed with FA due to the strong
nteraction of Pu(IV).

cknowledgements

The study was financially supported by the U.S. Department
f Energy (DOE Projects RUC2-20006MO) and grant INTAS
SF 04-83-3273.

eferences

1] G.R. Aiken, D.M. McKnight, R.L. Wershaw (Eds.), Humic Substances in
Soil, Sediment and Water, Wiley, New York, 1985.

2] D.S. Orlov, Soil Humic Acids and General Theory of Humification, State
University Publisher, Moscow, 1990 (In Russian).

3] E.M. Thurman, Organic Geochemistry of Natural Waters, Martinus
Nijhof/Dr. W. Junk Publishers, Dordrecht, The Netherlands, 1985.

4] K.R. Czerwinski, G. Buckau, F. Scherbaum, J.I. Kim, Radiochim. Acta 65
(1994) 111–119.

5] C. Andre, G.R. Choppin, Radiochim. Acta 88 (2000) 613–619.
Co., 1978.
7] R.S. Swift, in: D.L. Sparks (Ed.), Methods of Soil Analysis, Part 3: Chemical

Methods, SSSA Book Series No. 5, SSSA and ASA, Madison, WI, 1996,
pp. 1011–1069.


	Redox interactions of Pu(V) in solutions containing different humic substances
	Introduction
	Experimental
	Isolation and purification of organic matter from non-contaminated soil
	Isolation of HA from soil
	Isolation of soil FA

	Isolation and partitioning of organic matter from contaminated soil
	Isolation of Fraction 1
	Isolation of Fraction 1a (decalcinate)
	Isolation of Fractions 1+2
	Isolation of Fraction 3

	Preparation of the 239,240Pu(V) stock solution
	Kinetic experiments

	Results and discussion
	Kinetics of Pu(V) reduction by purified HS
	Kinetics of Pu(V) reduction in solutions of different OM fractions isolated from soils
	Partitioning of Pu between different OM fractions isolated from contaminated soils

	Conclusions
	Acknowledgements
	References


