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Removal of metals and organics in a chemical decontamination process
solution: Laboratory and semi-pilot scale experiments
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Abstract

In this study the system of adsorbents and an oxygen source was considered in order to remove metal species and organic compounds existing in
a chemical decontamination process solution. It was observed in the laboratory experiments that adsorption and degradation of metal species and
organic compounds were dependent on the solution pH value. The results of the semi-pilot scale decontamination experiments showed that metal
species were removed mostly by adsorption on the surface of the adsorbent, while organic compounds were degraded by the chemical oxidation
o etal species
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f radical reaction in the presence of hydrogen peroxide. It was shown in the laboratory and the semi-pilot scale experiments that m
nd organic compounds could be removed by adsorption and chemical oxidation using an oxygen source (H2O2) with adsorbent (activated carbo
ith high removal efficiencies.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Organic compounds and metal species are found in many
ffluent streams including industrial effluents, wastewater,
hemical process streams and others[1–3]. Biodegradation is
ne of the methods generally employed for degradation of
rganic compounds and their complexes of metal species. How-
ver, it was reported that their degradation rates were low in
he mild experimental conditions[4,5]. Chemical oxidation or
hemical conversion is considered as one of the alternatives for
nhancement of degradation rates of organic compounds using
hemical oxidants. Of chemical oxidants, hydrogen peroxide
s accepted as one of the effective ones due to decomposition
y highly reactive radicals in the presence of iron salts and/or
upported iron oxides. The hydroxyl radical is believed to be
n intermediate product of the interaction of hydrogen peroxide
ith ferrous and ferric ions and iron oxides on the surface of
ctivated carbon[6,7]. Since activated carbon is a carbonaceous
aterial having a high porosity and a high surface area, they

have been extensively used as catalyst/catalyst support a
as adsorbent in a variety of industrial and environmental a
cations (i.e., the purification and chemical recovery opera
as well as removal of organic compounds and metal spe
[2,8–12].

The study focuses on the removal of metal species
organic compounds existing in decontamination process
tion. Decontamination means the removal of contaminated o
films or oxide deposits from the surfaces of pipes, pum
valves and heat exchangers in the various systems of w
cooled reactors such as pressurized water reactor (PWR
boiled water reactor (BWR). Decontamination methods are
sified with three types, i.e., electrical, chemical or mech
cal one. Of methods, chemical decontamination is consid
to be the most effective method[13]. The process involve
dissolution of the radioactive contaminants themselves o
matrix (oxide films or deposits), which are trapped by che
ing agents. Proper chemical decontaminating agents co
ing of ethylenediaminetetraacetic acid (EDTA) and ox
acid are often used to remove metal oxides such as
netite (Fe3O4), nickel ferrite (NiFeO4), hematite (Fe2O3) and
∗ Corresponding author. Tel.: +82 42 821 8920; fax: +82 42 823 6665.
E-mail address: hjlee68@paran.com (H.-J. Lee).

chromium oxides in the chemical decontamination methods
[14,15].
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The chemical decontamination process in the previous study
was developed for decontamination of components in the PWRs
in Korea, which consists of four consequent steps including oxi-
dation, reduction, dissolution and decomposition/cleanup steps.
The metal oxides consisting of Fe, Cr and Ni were synthesized
based on the metal compositions existing in the primary systems
of a Korean PWR for the development of the chemical decontam-
ination process[14]. In the oxidation step, the oxidant mixture of
KMnO4 and H3PO4 dissolves mainly oxides of chrome among
metal oxides as the first step of the chemical decontamination
process.

The products of MnO2 and HMnO2 are reduced in the subse-
quent step (the reduction step). In order to dissolve metal oxides,
the chemical decontaminating agents are used in the dissolution
step, one of the important ones to determine the effectiveness of
the chemical decontamination process[13].

As a final step in the chemical decontamination process,
dissolved oxides of metal species and organic compounds exist-
ing in the chemical decontaminating agent are removed in the
decomposition/cleanup step. In order to increase the effective-
ness of the chemical decontamination process, it is necessary
to remove remaining organic compounds and metal species
in the process solution. Of commercialized decontamination
processes, organic compounds and metal complexes are decom-
posed by hydrogen peroxide and UV source in the chemical
oxidation reduction decontamination (CORD) process[13]. In
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Table 1
Experimental conditions for the semi-pilot scale chemical decontamination
process

Process step Experimental condition pH range

Initial Final

Oxidation step KMnO4 70.2 g (0.05%) 2.1 2.5
H3PO4 63 cm3 (0.025%)
Metal oxide 30.3 g

Reduction step Oxalic acid 281.3 g (0.2%) 2.3 2.5

Dissolution step Na2EDTA 702.2 g (0.5%) 2.6 2.7
Oxalic acid 284.6 g (0.2%)

Decomposition/cleanup step
Decomposition Activated carbon 5 L 2.4 2.8
Cation exchange DOWEX 650 C 5 L 1.8 2.9
Anion exchange DOWEX 550 A 5 L 2.5 6.1

out in the presence of H2O2 or H3PO4. All the chemicals for
the above laboratory experiments were purchased from Aldrich,
USA.

The semi-pilot scale decontamination equipment was oper-
ated with the experimental conditions, shown inTable 1. Oper-
ation volume of the reaction tank in the equipment is 140 L.
Detailed specifications of the equipment are found elsewhere
[17]. All the chemicals for the equipment experiments were
obtained from Junsei Chemical, Japan. The chemical decon-
taminating agent consisting of Na2EDTA and oxalic acid were
used in order to dissolve metal oxides consisting of Fe, Cr and
Ni during the dissolution step of the decontamination process.
In addition, 0.03 wt% of hydrogen peroxide was supplied in the
presence of H3PO4 and the solution was circulated through the
activated carbon tower in the decomposition step. The indus-
trial grade granular activated carbon was used as adsorbent in
the activated carbon tower for the decomposition step. The ion
exchange resins, DOWEX 650C and 550A, were purchased from
Dow Chemical, USA as forms of H+ and OH−, respectively.

The surface properties of activated carbon were characterized
from nitrogen adsorption isotherm at 77 K using a Micromerit-
ics ASAP 2010[18]. Concentration of organic compounds was
analyzed with total organic carbon using a total organic carbon
analyzer, Multi N/C 3000 (Analytik Jena AG, Germany) after
filtration with 0.45�m membrane filters. Also, concentrations
of metal species were analyzed using an inductively coupled
p 4300
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arac-
t ption
he developed decontamination process, organic compoun
heir metal complexes in the chemical decontamination
ess are removed by adsorption and chemical degradat
he presence of an oxygen source (hydrogen peroxide) o
urface of adsorbent (activated carbon)[10]. It is suggeste
hat the chemical reaction rate increases due to radical
ion during the decomposition step[3]. In the present stud
he adsorption tendencies and removal of metal specie
rganic compounds were investigated in the laboratory ex
ents. And, their removal efficiencies were estimated thr

hemical decontamination experiments using a semi-pilot
quipment.

. Experimental

The adsorption isotherm of Fe was investigated in this s
ince it has the highest concentration level among three
omponents (Fe, Cr and Ni) existing in the synthesized m
xides [14]. Adsorption on activated carbon was measu
t a room temperature by increasing initial concentratio
form of Fe(NO3)3·9H2O [16]. The adsorption competitio

xperiments for metal species were carried out with inc
ng Fe(III) concentration at a constant concentration of Cr
nd Ni(II) (0.02 M). Both solutions of Cr(III) and Ni(II) wer
repared by using corresponding nitrate forms, Cr(NO3)3·9H2O
nd Ni(NO3)2·6H2O, respectively. The pH effects of the amo
f adsorption on the activated carbon were investigated w

he pH ranges between 2.5± 0.2 and 5.5± 0.2. In addition
ifferent concentrations of Na2EDTA·2H2O were prepared fo

he equilibrium isotherm experiments of organic compou
egradation experiments of organic compounds were ca
l

-

.
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lasma-atomic emission spectroscopy (ICP-AES), Optima
V Perkin-Elmer. The deposition of metal species on the ad
ent surface was observed using an energy dispersive
EDX) analytical spectrometer (Kevex Sigma Gold, USA) c
ected to a field emission scanning electron microscope (S-
itach, Japan).

. Results and discussion

.1. Physical properties of the activated carbon and
dsorption isotherms

The surface properties of the activated carbon were ch
erized with nitrogen adsorption and the adsorption–desor
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Fig. 1. N2 adsorption–desorption isotherms for the fresh activated carbon.

isotherm is shown inFig. 1. The curve in the figure resembles
the type I isotherm according to the BDDT (Brunauer, Deming,
Deming and Teller) theory. It is known that the major uptake
occurs at low relative pressures due to formation of highly micro-
porous materials[19–22]. Difference between adsorption and
desorption isotherms was observed at the relative pressure (p/po)
of 0.4. The characteristic values related to surface properties
were summarized at the column of AC0 inTable 2. As shown in
the table, the surface area of the microstructure of the activated
carbon was 1.81 nm by the BET isotherm. Also, the micropore
surface area was estimated as 797 m2/g.

Of three metal species, the adsorption amount of Fe on the
activated carbon was measured and the adsorption isotherm of
Fe was described using the Freundlich equation. The Freundlich
equation for the equilibrium isotherm is

qe = k(Ce)
1/n (1)

ln qe = ln k +
(

1

n

)
ln(Ce) (2)

where qe is the adsorbed amount on unit weight of adsor-
bent (mg/g AC),Ce the equilibrium concentration in the liquid
(kg/m3) andk and 1/n are the Freundlich constants. The result
of the adsorption isotherm for Fe is shown inFig. 2(a). From the
fitted curve, the value ofk and 1/n was determined to 1.40 and
0.18, respectively. In the results of the isotherm of organics in
t ics
w

T
C

A
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Fig. 2. Adsorption of: (a) Fe and (b) Na2EDTA on the activated carbon.

The Freundlich constants,k and 1/n, were estimated to be 2.04
and 0.28, respectively.

3.2. Adsorption and degradation of metals and organic
compounds

The pH effects on the adsorption of a metal species (Fe) were
investigated and the results are shown inFig. 3. The amount of
Fe adsorption on the adsorbent increased with increasing pH val-
ues, the adsorbed amount of Fe being dependent on the solution
pH. The least adsorption amount was observed as 2.4 mg Fe/g
AC at the pH value of 2.5. It is thought that the lesser amount
adsorbed at acidic pH values in the figure is related to increase in
competition between protons and metal species for the surface
sites of the activated carbon[23,24].

It is known that the adsorption of metal species can be affected
by different metal species as well as the solution pH[24]. The
adsorption aspect of Fe on the activated carbon was investigated
in the both binary systems of Fe/Cr and Fe/Ni and the results
are shown inFig. 4. The adsorption amount of Fe increased
with increasing the equilibrium concentration of liquid phase.
In the case of Cr and Ni, their adsorption amounts decreased
he solution of Na2EDTA, the adsorption isotherm of organ
as also fitted the Freundlich equation, as shown inFig. 2(b).

able 2
haracteristic values for surface properties of activated carbon

AC0a Used ACb

rea
BET surface area (m2/g) 797 678
Micropore surface area (m2/g) 782 666
External surface area (m2/g) 14 13

ore diameter (BET) (nm) 1.81 1.80

ore volume (BET) (cm3/g) 0.33 0.28

a AC0: fresh activated carbon.
b Used AC: activated carbon used in the decomposition step.
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Fig. 3. Adsorption of Fe on the activated carbon as a function of the solution
pH.

with increasing concentration of liquid phase. It is interesting
that the adsorbed amount of Cr and Ni on the activated car-
bon was the least (0.2 mg/g AC) when the equilibrium of Fe
in the liquid phase was increased up to 1000 mg/L. The results
imply that Fe has the highest adsorption capacity independent
of metal species in the solution, which may be related to the
highest charge density among three metal species[25].

Fig. 5 showed the adsorption tendencies of Na2EDTA with
different pH values. A significantly lower adsorbed amount of
organic compounds was observed when the solution pH became
acidic. Different adsorption of EDTA on the adsorbent according
to solution pH conditions can be understood by consideration of
the different chemical properties of EDTA. That is, the specific
adsorption of anionic type with one or several functional groups
of EDTA is bounded by formation of the inner-sphere complex-
ation with adsorbent. The small adsorption of EDTA at low pH
values is related to a binuclear complex with proton. Meanwhile,
the adsorbed amount increased with increasing pH values, which
can be explained by a mononuclear complex[26–28].

The effects of H2O2 and H3PO4 concentrations on the degra-
dation of organic compounds were investigated with increasing
concentrations and the removal efficiencies of organic com-

F stems.

Fig. 5. Adsorption of organic compounds on activated carbon as a function of
the solution pH.

pounds are shown inFig. 6. The removal efficiency increased
with increasing H2O2 concentrations increased up to 0.3 wt%
at a constant concentration of H3PO4 (0.025 wt%) and the val-
ues remained at 55% even with increasing concentrations (see
Fig. 6(a)). Also, organic removal efficiency with increasing con-
centration of H3PO4 was estimated at a concentration of H2O2
(0.3 wt%), and the results are shown inFig. 6(b). The degrada-

Fig. 6. Influence of: (a) H2O2 and (b) H3PO4 concentrations on the organic
compound removal.
ig. 4. Fe adsorption behaviors on the activated carbon in both binary sy
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Fig. 7. Concentration changes of: (a) Fe and (b) organics during the semi-pilot
scale decontamination experiment.

tion aspects showed the independency of the acid concentration,
the value representing a similar value as 56%. The results imply
that the organic removal could be enhanced by an oxygen source
(H2O2) in acidic conditions and that it was affected by concen-
tration of H2O2 rather than H3PO4.

3.3. Semi-pilot scale decontamination experiments

After the adsorption and degradation aspects of metal specie
and organic compounds were investigated through the laborator
experiments, the chemical decontamination experiments wer
performed in the semi-pilot scale decontamination equipmen
with four consequent steps (oxidation, reduction, dissolution
and decomposition/cleanup step). During the semi-pilot oper
ation, changes of metal species and organic compounds we
observed with elapsed operation time.Fig. 7(a and b) illus-
trates concentration changes of Fe and organics for four con
sequent steps. The dissolved concentration of Fe increased b
a reductant (oxalic acid) as a form of oxalate metal complex
(seeFig. 7(a)) after Fe was slightly dissolved in the oxida-
tion step. Then, Fe concentration increased up to maximum
concentration (109.9 mg/L) in the dissolution step. In the fol-
lowing decomposition step, it decreased to 40.3 mg/L showing
a removal efficiency of 63.3%. Furthermore, the remaining met-

Table 3
Removal efficiencies of metal species in the semi-pilot scale experiments

Metal species

Fe Cr Ni K Mn

Concentration (mg/L)
Dissolution step, at final 109.9 24.6 13.9 245.4 243.5
Decomposition step, at final 40.3 14.4 8.1 204.6 225.1

Removal efficiency (%)
Decomposition step 63.3 37.2 41.5 16.7 7.5
Total 97.5 97.9 99.5 92.9 99.8

als and metal complex with organics were removed using cation
exchange and anion exchange resins. The final concentration
of Fe was measured at 2.7 mg/L, the total removal efficiency
representing 97.5%. In the case of organic compounds, oxalic
acid was supplied as a reductant in the reduction step and then
the decontaminating agent during the dissolution step, showing
the dissolved concentration to be 59,500 ppm C (seeFig. 7(b)).
Also, the dissolved organics were removed in the decomposition
step using H2O2 and activated carbon. The removal of organic
compounds was 75.0% in the decomposition step and 95.0% in
the total chemical decontamination process.

Table 3shows the removal of metal species in the decompo-
sition step and the total decontamination process based on the
results of the semi-pilot scale decontamination experiments. The
total removal efficiencies of all the metal species except for K
represented up to 97% or more in the decontamination process.
The metal species of Fe showed the highest value (63.3%) dur-
ing the decomposition step, while those of Cr and Ni were 37.2
and 41.5%, respectively. The highest removal efficiency of Fe is
expected from the highest adsorption capacity, shown inFig. 4.
Adsorption on the surface of activated carbons can be estimated
based on laboratory experiments shown inFig. 3. The estimated
result at the solution pH of 2.5 shows that 7855 mg of Fe in the
operation volume was removed during the decomposition step,
which is 94.1% of the total removed amount. It was shown in
the results that most of metal species were removed mainly be
a rption
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dsorption on the surface of the activated carbon. The adso
f metal species on the activated carbon after the decompo
tep was observed using the SEM-EDX and the result is s
n Fig. 8.

In the case of the organic compounds, 75.0% were rem
uring in the decomposition step and the removal efficienc

he total chemical decomposition process was 95.0%. Co
ring the adsorbed amount at pH 2.5 based on the labo
xperiment inFig. 5, the estimated result shows that only 0.
f total organic carbons were removed by adsorption on
dsorbent surface during the decomposition step. It is sugg

hat the organic compounds were removed mostly by ch
al oxidation followed by decomposition of gases, even tho
ompositions and concentrations of gas components wer
easured during the semi-pilot scale decontamination ex
ents. It is assumed that the chemical reaction enhanced

he production of hydroxyl radicals in the presence of Fe du
he decomposition step after adsorption on the surface o
ctivated carbon[3,4].



224 H.-J. Lee et al. / Chemical Engineering Journal 116 (2006) 219–225

Fig. 8. SEM-EDX image showing adsorption of metal species on activated carbon.

It was shown through the laboratory and semi-pilot scale
experiments that the metals and organic compounds could be
removed by adsorption on the surface and chemical conver-
sion using an oxygen source and adsorbents. The adsorption
of metal species and organic compounds on the surface on the
adsorbent can affect the surface properties, especially the micro-
porous structures[4]. The second and third columns inTable 2
represent the activated carbon surface characteristic values (the
surface area, pore diameter and pore volume) between the fresh
activated carbon (AC0) and the activated carbon used in the
decomposition step (used AC). The results showed that adsorp-
tion of the metal species and organic compounds changed the
surface properties of the activated carbon, thus reducing surface
area, pore diameter and pore volume. The total surface area was
reduced from 797 to 678 m2/g after the decomposition step. In
addition, the surface area and the volume of microporous struc-
tures were decreased compared with the characteristic values of
the fresh activated carbon.

It was observed through the semi-pilot scale decontamination
experiments that metal species in the chemical decontamina-
tion process solution were removed by adsorption on the sur-
face of the activated carbon, while organic compounds were
degraded by chemical conversion. In the study, the remaining
metal species and organic compounds in the chemical decon-
tamination process solution were removed up to values above
95% in the system of HO and activated carbon, thus increasing
t
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m lts o
t ente
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process were removed by adsorption on the surface of the acti-
vated carbon. Meanwhile, organic compounds were degraded by
chemical conversion due to radicals in the presence of hydrogen
peroxide. The results of the laboratory and the semi-pilot scale
experiments showed that metals and organic compounds exist-
ing in the chemical decontamination process solution could be
removed by adsorption of adsorption/chemical conversion using
hydrogen peroxide with activated carbon.

References

[1] M.A.M. Khraisheh, Y.S. Al-degs, W.A. Mcminn, Remediation of
wastewater containing heavy metals using raw and modified diatomite,
Chem. Eng. J. 99 (2004) 177–184.

[2] J.L. Sotelo, G. Ovejero, J.A. Delgado, I. Martinez, Adsorption of lindane
from water onto GAC: effect of carbon loading on kinetix behavior,
Chem. Eng. J. 87 (2002) 111–120.

[3] D. Mantzavinos, E. Psillakis, Enhancement of biodegradability of indus-
trial wastewater by chemical oxidation pre-treatment—review, J. Chem.
Technol. Biotechnol. 79 (2004) 431–454.

[4] J.X. Ravikmar, M.D. Gurol, Chemical oxidation of chlorinated organics
by hydrogen peroxide in the presence of sand, Environ. Sci. Technol.
28 (1994) 394–400.

[5] R.J. de Jonge, A.M. Breure, J.G. de Andel, Biodegradation of powdered
activated carbon (PAC) loaded with aromatic compounds, Water Res. 30
(1996) 875–882.

[6] H.J. Lee, D.W. Kang, J. Chi, D.H. Lee, Degradation kinetics of
recalcitrant organic compounds in a decontamination process with

08.
en

que-
in the
.
ro-
ct of

on-
oved

1999)

[ n H-
lation
491–
2 2
he effectiveness in the decontamination process.

. Conclusions

In this study, the system of an oxygen source (hydrogen
xide) with an adsorbent (activated carbon) was consider
emove metal species and organic compounds existing i
hemical decontamination process through the laborator
emi-pilot scale experiments. Adsorption and degradatio
etal species and organic compounds in the laboratory e
ents were dependent on the solution pH values. The resu

he semi-pilot scale decontamination experiments repres
hat most of metal species of the chemical decontamin
-
o
e
d
f
i-
f
d

UV/H2O2/TiO2 processes, Korean J. Chem. Eng. 20 (2003) 503–5
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