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In this paper, the degradation of simulated mixed organics commonly found in nuclear waste streams was
studied under a combined influence of sonication and magnetic field. Nanoscale bimetallic iron-nickel
was used as source of Fenton reaction. The data were fitted to obey second order kinetics. The extent
of degradation followed the trend: TBP-EDTA-citric acid greater than TBP-EDTA, greater than TBP alone.
The influence of the three variables that govern degradation behaviour viz. sonication energy, magnetic
field and time were evaluated with response surface methodology. The model could predict the ratio of
total organic carbon content to a maximum error of only ~6%.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The management of mixed wastes, which contain both radionu-
clides and toxic chemicals, poses a major challenge to scientists and
engineers charged with the daunting task of stabilising and dispos-
ing them. The origin of mixed wastes can be quite varied. Some
have been generated during reprocessing of spent nuclear fuel,
while others are generated in commercial nuclear operations [1-5].
Organic substances present in radioactive wastes make the waste
management upon storage and disposal more difficult. These com-
pounds may be responsible for a chemical explosion similar to that
happened in Kyshtym (Russia) in 1957; as a result of which a large
area in the south Ural Mountains was radioactively contaminated.
Moreover, organic substances increase the yield of gases (among
them are explosive hydrogen and methane) upon radiolysis by
radiation fromradionuclides present in the waste [6,7].In some lab-
oratories, these wastes have been stabilized in cementitious grouts
but it has been observed that in due course there is enhancement
of the environmental mobility of certain radionuclides leached
from these wasteforms. The stronger the chelant complex (between
organic and radionuclide), the higher is the probability of leaching
of compound [1,8-11]. Chemical precipitation and ion-exchange
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are common treatment methods for separation of radionuclides
from aqueous waste streams. In the presence of organic chelants
the radioactive cations form complexes which cannot be removed
by the conventional techniques and there is poor decontamination
factor obtained [12]. It is therefore important to destroy the organic
impurities in the wastes.

Irradiation techniques are non-incinerative methods used to
destroy the organic constituents of mixed wastes [13,14]. Although
incineration can accomplish these objectives, it poses some
formidable problems, including release of acid gases (NOx and
SOx), formation of chlorinated dibenzodioxins and dibenzofurans,
and release of radioactive fly-ash, which can be hard to control
[15]. Other techniques for organic pollutants destruction include
chemical oxidation/reduction technologies, electrochemical oxi-
dation/reduction, biological processes, photolytic degradation,
degradation using zerovalent iron and degradation based on Fenton
reaction [16-19].

The commonly found organics that interfere with chemical pre-
cipitation processes in mixed wastes from nuclear program origin
include tributyl phosphate (TBP), ethylene diamine tetraacetic acid
(EDTA), citric acid (CA) and their irradiation degraded products.
Dodecane (DD) is invariably accompanied as a diluent with TBP. In
the present study, a simulated waste of TBP, DD, EDTA and CA with
ions of cerium, ruthenium, strontium and cesium was prepared.

The corrosion reaction using bimetallic or zero-valent iron has
been exploited for the degradation of several organics [20-24].
Nickel aides in enhancing the corrosion of iron and extensive
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Fig. 1. The nitrogen adsorption-desorption isothermal curves of iron-nickel powders with the pore size distribution.

studies have been reported for iron-nickel for the degradation of
organics [25-30]. The present paper also gives an experience on
degradation of organics using nanoscale iron-nickel. Magnetically
assisted chemical processing has been demonstrated for several
applications in separation sciences, synthesis methods and cat-
alytic methods [31-34]. Iron has an intrinsic magnetic moment.
It has been observed that under the influence of magnetic field
the zero-valent iron reactivity reduces due to agglomeration and
therefore purpose of small size reactivity is lost [35]. The method
of sonication has been applied in the degradation of organic com-
pounds at different ultrasound frequencies [36-39]. It is a good
dispersion source as well. Using nanopowder of iron-nickel a com-
bination of sonication energy and magnetism has been exploited
for the first time for the degradation of organics in mixed wastes.
An experimental design of reactions was also evaluated for parame-
ters of time, sonication energy and magnetic field respectively using
surface response methodology.

2. Experiment
2.1. Materials and reagents

Nanopowders of iron-nickel [FE-NI-017-NP.100N] were
received from M/s American Elements. TBP, DD, EDTA, CA and
nitric acid of AR grade were used in the experiments. Inductively
coupled plasma (ICP) standard solutions of Ce, Ru, Cs and Sr were
used in the experiments for simulating radionuclides. Increasing
the organic component, three solutions namely A, B and C were
prepared.

Solution A: 300 mg/L TBP (30% by volume in DD) was prepared in
pH 4 solution of nitric acid containing 8 mg/L Ce, 8 mg/L Ru, 8 mg/L
Cs and 0.8 mg/L Sr.

Solution B: A mixture of 300 mg/L TBP (30% by volume in DD)
and 300 mg/L EDTA was prepared in pH 4 solution of nitric acid
containing 8 mg/L Ce, 8 mg/L Ru, 8 mg/L Cs and 0.8 mg/L Sr.
Solution C: A mixture of 300 mg/L TBP (30% by volume in DD),
300 mg/L EDTA and 300 mg/L CA was prepared in pH 4 solution of
nitric acid containing 8 mg/L Ce, 8 mg/L Ru, 8 mg/L Cs and 0.8 mg/L
Sr.

2.2. Catalytic experiments for mixed waste remediation

DC powered electromagnet procured from M/s SVS Lab Inc was
used in the experiments. The samples of iron-nickel were dispersed
under sonication using 2510 Branson Sonicator, in different solu-
tions of A, B and C. All reactions were carried out in a (7.5mm
ID x 250 mm H) flat bottom tube under a magnetic field of 0.8 T
for different time durations.

2.3. Catalytic experiments for experiment design

The sonicator was changed to Hielscher Ultrasonics GmbH UPS4
model (working frequency 24 kHz, maximum amplitude 210 wm,
maximum acoustic power density 460 W/cm?) with a 3 mm diam-
eter probe for variable sonication energy input for the reaction.
The same DC powered electromagnet was used for generating a
variation in background magnetic field between 0.1 and 0.8 T.

2.4. Characterization of materials

PANalytical X'Pert Pro MPD-model X-ray diffraction (XRD)
was used to investigate the crystalline nature of the powders.
Hitachi S-4800 Ultra-High Resolution Scanning Electron Micro-
scope (SEM) was used to investigate the morphology of powder.
The total organic carbon (TOC) content analysis was carried out
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Fig. 2. XRD pattern of nanopowder of iron and nickel before treatment and after
treatment of sonication under induced field of 0.3 T for 60 min.

using TOC-VCPH Shimadzu Analyzer. The standard deviation using
TOC standard was <4%. Surface area, particle size and pore diame-
ter were evaluated using Autosorb 1, Quanta Chrome Instruments.
The elements Ce, Ru and Sr in the solution were analysed using
Thermo Electron Corporation iCAP 6000 Series inductively coupled
plasma-optical emission spectrometry (ICP-OES). The element Cs
was analysed using inductively coupled plasma-mass spectrometry
(ICP-MS).

3. Results and discussion
3.1. Powder characterization

The BET surface area and pore structure of samples were deter-
mined from nitrogen isothermal analysis as shown in Fig. 1. Using
multipoint BET, BJH cumulative desorption and DH cumulative
desorption methods, the average surface area of iron-nickel was
evaluated as 27 m2/g. The average pore diameter was 753 A for
iron-nickel and the total pore volume was 0.42 cm3/g.

Maintaining the solution A (300 mg/L TBP in DD, 30% by vol-
ume in pH 4 nitric acid) to powder ratio at 1000:1 (volume
[mL] by weight [g]), the samples were sonicated under induced
magnetic field of 0.8 T for an hour. The comparison of XRD pat-
terns and morphology of the samples sonicated for an hour under
magnetic field of 0.8T is shown in Fig. 2. The XRD pattern of
untreated samples showed the presence of hexagonal close-packed
iron-nickel (hcp FeNi). The XRD lines matched with the X-ray pow-
der diffraction file number PDF 023-0297. Sonication under the
influence of magnetic field formed additional phases which are a
combination of inverse spinel nickel ferrite and other iron/nickel
oxides.

The SEM images of the treated and untreated powder samples
are shown in Fig. 3. The images suggested that after treatment, the
spherical shape of the powders transformed to rod shape. Sonica-
tion aides in shredding of the particles to smaller diameter particles
while the application of magnetic field aligns the particles in direc-
tion of field. The observation suggests that sonication aides in
enhancing reactivity of powder while magnetism slows reactivity.

3.2. Mixed waste remediation

The samples of iron-nickel were dispersed under sonication in
different solutions of A, B and C under a magnetic field of 0.8 T
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Fig. 3. SEM image of nanopowder of iron and nickel before treatment and after
treatment of sonication under induced field of 0.3 T for 60 min.

Table 1
The percent extraction values of elements added to simulate radioactive con-
stituents in mixed wastes.

Sample Ce Ru Sr Cs
TBP-dodecane 33 1.6 33 1.4
TBP-dodecane-EDTA 8.0 10.6 4.6 1.9

TBP-dodecane-EDTA-CA 13.7 119 4.6 1.9

for different time durations. The solutions of 60 min reaction were
analysed for the element content using ICP. The percent extraction
data is summarized in Table 1. The data suggest that each element
was sorbed to a certain extent on the mixed oxide formed as a
result of oxidation of metal content and owing to large surface
area of the powder. This suggests that dual role of nanopowders
as organic destructant and ion sorbent is possible using the present
mode of application. The plot of ratio of final to initial total organic
carbon versus time is shown in Fig. 4. The 300 mg/L TBP in DD (vol-
ume proportion 30%) showed reduction in organic carbon content
by 25%. The addition of 300 mg/L EDTA (solution B) reduced the
organic carbon content by 30% while further addition of 300 mg/L
citric acid (solution C) reduced carbon content by 40%. The data
were fitted to second order equation [40]. The rate of reactions in
terms of TOC data was evaluated as 0.1551 mg/L/min for TBP-DD,
0.2411 mg/L/min for TBP-DD-EDTA and 3.516 mg/L/min for TBP-
DD-EDTA-CA.

The presence of carboxylic acid aided in enhancing the rate of
iron nickel corrosion which led to enhanced extent degradation of
organics. The reason for the same can be understood from the fol-
lowing. EDTA and CA form strong complexes with transition series
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Fig. 4. Ratio of final to initial organic carbon content for solution A, B and C versus
time. Rate in terms of TOC is expressed in inset.

elements. Iron-nickel degrades TBP according to the mechanism,

MO + 0, + 2Ht - M?* +H,0, (1)

H,0; — H,0 + 1/20, (2)

(C4Hg0)3PO + 1803 — 12C0, 4+ 3H' +P0O43~ +12H,0 (3)
Alternatively,

M2t + H,0, - MOH?** + OH* (4)

(C4Hg0)3P0O + OH* — (C4Hg0);(C4H30)PO + H,0 (5)

EDTA interaction with metal powder is according to the mech-
anism,

MO+ EDTA + H,0 — [M'"(EDTA)(H,0)]?>~ (6)
[MY(EDTA)(H,0)]?>~ + 05 — [M(EDTA)O,]*>~ +H,0 (7)
[MY(EDTA)0,]*>~ — [M"(EDTA)O, |>~ (8)

[M"(EDTA)(H,0)]>~ + [M"(EDTA)(0,7)]*~
— [(EDTA)M"(0,2~)M(EDTA)]*~ +H,0 (9)

[(EDTA)M™ (0,2 M"(EDTA)]*~ — 2[M"(EDTA)H,0]~ +H,0,
(10)

M"EDTA + H,0, —» MWEDTA + OH™ + OH*® (11)

Similar interaction with CA is expected. The mechanism sug-
gests that carboxylic acid aides in production of more H,0;, the
primary constituent responsible for degradation of the organics.
We conclude that as we move from solution A to C, the extent of
degradation of organics increases in accordance with above mech-
anism.

The degradation behaviour of TBP has been extensively stud-
ied. Using UV fluence of 1000 mJ/cm?, TBP was degraded with a
rate of koy ~ 6.4 x 109 M~1s-1 [41]. Biomass degraded TBP in the
presence of uranium at the rate of 37 wmolh~! mL~! in terms of
the biomass content [42]. Photosynthetic bacteria degraded 2 mM
of TBP at the rate of 0.48 mMh~! of bacterial content [43]. The
degradation of EDTA and CA was carried out using irradiation such
as gamma energy. The first order rate of ~1 h~! was followed for
the same [14,17]. Biodegradation of EDTA followed at the rate of

15 wmol h~! of biomass content [44]. In Fenton systems or in appli-
cations of zerovalent iron, complexing agents like EDTA and citric
acid were used to activate the dissolved oxygen and assist in hydro-
gen peroxide production [45-49].

The UV-H,0, method of degradation required dilution of
wastes. This added to the total volume which is not desireable
from radiotoxicity volumes handling point of view. Application of
biomass increased sludge content which is not desireable since
it needs separate treatment. In the present experimental study,
hydrogen peroxide was in situ generated; therefore, there was no
effective increase in volume of solution. The magnetic material
not only degraded the organic compound but also accommodated
radionuclides to a certain extent and helped in improving the effec-
tive decontamination of radionuclides.

3.3. Experimental design construction

The experimental design construction attempted was based on
three variables: sonication energy, applied magnetic field and time.
The other factors catalyst concentration, organic concentration, pH
of reaction were maintained as constant factors and therefore not
included in the design construction. Response surface methodology
is based on the hypothesis that the responses can be approximated,
within the range of the data, by a low order polynomial model. The
responses were assumed to be a function of the coded variables
X{ (time, sonication energy and magnetic field) and the postu-
lated model was a special cubic polynomial in the canonical form
[50-57].

3 3 3
Y= BX+ D BXiXi+ > BaXXX, +e (12)
i=1

1<i<j 1<i<j<k

where Y=experimental response (ratio of TOC) and &=random
error. The unmixed squared and cubic terms did not yield a good
model and therefore were ignored. In this second model, the
first-order coefficients (8;) predict the response Y from the pure
components. The second-order (B;;) and third order terms (Bj)
reveal interactions: positive interaction coefficients indicate syner-
gism, i.e. the two components together work better than either one
alone. Negative interaction coefficients mean antagonism between
components, i.e. the two components work against each other to
make the response variable less expressed. The model can be writ-
ten in matrix notation as

Y=XB+e (13)

where Y is the (n x 1) vector of responses, X is the (n x p) matrix
of model terms, B is the (p x 1) vector of unknown coefficients and
e is the (n x 1) vector of errors with zero means and variance o2],
o2 being the experimental error variance and I the (n x n) identity
matrix. B, the least squares estimate of B is defined as

B=xXx)'xY (14)

It can be easily shown that the variance-covariance matrix for
B checks

Var(B) = (X'X) "' o2 (15)

Calculations were performed using Octave version 3.2.4
(http://www.octave.org).

The time was varied from 5 min to 60 min, the sonication energy
was varied between 20 and 100% and the magnetic field was varied
from 0.1T to 0.8 T. After normalising the variables, a ternary plot
(refer Fig. 5) of sonication energy, magnetic field and time were
obtained. Taking data of extreme vertices of seven experiments
in the ternary plot, the polyhedron was constructed to depict the
response surface under evaluation. This response surface signifies
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Fig. 5. Ternary plot of time, sonication energy and magnetic field depicting domain
of coordinates included in the model. The coordinates were joined to form of poly-
hedron whose response surface was evaluated.

Table 2

The experimental and calculated values of ratio of final to initial total organic car-
bon content of coordinates included in the model with variance and variance of
coefficient of interaction between coordinates.

Experimental Calculated o? Var (B)
0.667035 0.667046 1.17E-03 5.58E-05
0.654863 0.654882 6.12E-03 1.08E-05
0.865759 0.865744 1.14E-03 5.21E-03
0.619241 0.619243 5.28E-03 —9.41E-07
0.737095 0.737103 2.10E-03 —4.63E-04
0.677965 0.677949 2.31E-03 —7.17E-05
0.672899 0.672904 4.33E-03 5.32E-06
0.90
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Fig. 6. The plot depicting difference of ratio of final to initial total organic content
for experimental and calculated values.

the boundary condition of model applied. The equation was fitted
to

2.62 1.78 6.63 6.34
Y = (—100>X1 + (—100>X2+ (—10 )X3f (710000)X1X2

2.19 2.09 4.69
+ (—1000)x1x3 - (7100 ) X2X3 + <710000> X1X2X3  (16)

Table 3
The ratio of final to initial total organic carbon content values of experimental and
calculated data with percentage error.

Experimental Calculated % Error
0.654841 0.667053 1.864828
0.67856 0.66478 —2.03076
0.701383 0.660991 —5.75888
0.647356 0.657961 1.638207
0.818379 0.78095 —4.57358
0.740439 0.774446 4.592816
0.717251 0.696872 —2.84133
0.660985 0.696872 5.429334
0.76595 0.744571 -2.79118
0.740439 0.733396 —-0.95119
0.72498 0.729672 0.647183
0.712042 0.725947 1.952762
0.701709 0.729672 3.984972

where Y=ratio of final to initial organic content, X1 =time,
X2 =sonication energy and X3 =applied magnetic field. The equa-
tion suggests that the product of time and sonication energy and
magnetic field and sonication energy have antagonistic interactions
while the product of time and magnetic field factors have synergism
with the degradation behaviour. Table 2 summarizes the experi-
mental, calculated and error vectors. Fig. 6 depicts the same in the
plot of difference in experimental and calculated values. The coef-
ficient of multiple regression; R?, is the global statistic to access the
fit of a model. In the present study, the value of 0.908 was obtained
for the model. Table 3 summarizes the experimental and calculated
values of data not included in the model. A maximum of up to 6%
variation with the experimental data was observed suggesting the
goodness of model.

3.4. Conclusions

The role of bimetallic nanopowder of iron-nickel has been stud-
ied for the first time for the degradation of organics in mixed wastes
under combined influence of magnetic field and sonicaton energy.
The advantage of the bimetallic is in situ generation of hydrogen
peroxide that contributes to the degradation of organics. The mix-
ture of organics enhances the rate of degradation. The experimental
design model constructed from variables of time, magnetic field
and sonication energy constructed from seven experimental data
points could predict total organic content data for 13 experimental
points not included in the model. It is anticipated that this sta-
tistical model can be used as an effective design tool for scaling
up a sono-magnetic process for waste treatment using nanoscale
iron-nickel.
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