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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 exist
a chemical decontamination process solution. It was observed in the laboratory experiments that adsorption and degradation of metal specie
organic compounds were dependent on the solution pH value. The results of the semi-pilot scale decontamination experiments showed that r
species were removed mostly by adsorption on the surface of the adsorbent, while organic compounds were degraded by the chemical oxid
of radical reaction in the presence of hydrogen peroxide. It was shown in the laboratory and the semi-pilot scale experiments that metal spe
and organic compounds could be removed by adsorption and chemical oxidation using an oxygen s@gjaeiftiHadsorbent (activated carbon)
with high removal efficiencies.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction have been extensively used as catalyst/catalyst support as well
as adsorbent in a variety of industrial and environmental appli-
Organic compounds and metal species are found in mangations (i.e., the purification and chemical recovery operations
effluent streams including industrial effluents, wastewateras well as removal of organic compounds and metal species)
chemical process streams and oth@rs3]. Biodegradation is [2,8-12]
one of the methods generally employed for degradation of The study focuses on the removal of metal species and
organic compounds and their complexes of metal species. Hoverganic compounds existing in decontamination process solu-
ever, it was reported that their degradation rates were low ition. Decontamination means the removal of contaminated oxide
the mild experimental conditior4,5]. Chemical oxidation or films or oxide deposits from the surfaces of pipes, pumps,
chemical conversion is considered as one of the alternatives femlves and heat exchangers in the various systems of water-
enhancement of degradation rates of organic compounds usitgoled reactors such as pressurized water reactor (PWR) and
chemical oxidants. Of chemical oxidants, hydrogen peroxidéoiled water reactor (BWR). Decontamination methods are clas-
is accepted as one of the effective ones due to decompositiaified with three types, i.e., electrical, chemical or mechani-
by highly reactive radicals in the presence of iron salts and/ocal one. Of methods, chemical decontamination is considered
supported iron oxides. The hydroxyl radical is believed to beo be the most effective methdd3]. The process involves
an intermediate product of the interaction of hydrogen peroxidelissolution of the radioactive contaminants themselves or the
with ferrous and ferric ions and iron oxides on the surface oimatrix (oxide films or deposits), which are trapped by chelat-
activated carbof6,7]. Since activated carbon is a carbonaceousng agents. Proper chemical decontaminating agents consist-
material having a high porosity and a high surface area, theing of ethylenediaminetetraacetic acid (EDTA) and oxalic
acid are often used to remove metal oxides such as mag-
netite (FgOy4), nickel ferrite (NiFeQ), hematite (FgO3) and
* Corresponding author. Tel.: +82 42 821 8920; fax: +82 42 823 6665. chromium oxides in the chemical decontamination methods
E-mail address: hjlee68@paran.com (H.-J. Lee). [14,15]-
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The chemical decontamination process in the previous studigble 1
was developed for decontamination of components in the p\WREXperimental conditions for the semi-pilot scale chemical decontamination

in Korea, which consists of four consequent steps including oxiP'ocess

dation, reduction, dissolution and decomposition/cleanup stepBrocess step Experimental condition pH range
The metal oxides consisting of Fe, Cr and Ni were synthesized Inital  Final
based on the metal compositions existing in the primary systems

. Oxidation step KMnQ@ 70.2 g (0.05%) 2.1 2.5
of aKorean PWR for the development of the chemical decontam HaPQs 63 6? (0.025%)

ination procesgl4]. In the oxidation step, the oxidant mixture of Metal oxide 30.3g
KMnO,4 "’?”d POy diS.SOIVeS mamly OXideS. of chrome among Reduction step Oxalic acid 281.3 g (0.2%) 2.3 25
metal oxides as the first step of the chemical decontamination
process. Dissolution step Nﬂ;DTA_ 702.2g (0.5%) 2.6 2.7
The products of Mn@and HMnQ are reduced in the subse- Oxalic acid 284.6 9 (0.2%)

guent step (the reduction step). In order to dissolve metal oxide®ecomposition/cleanup step
the chemical decontaminating agents are used in the dissolution2ecomposition Activated carbon 5L 2.4 28

. . . Cation exchange DOWEX 650C 5L 1.8 2.9
step, one.of the |mporta_nt ones to determine the effectiveness of, .., exchange DOWEX 550 A 5 L 25 6.1
the chemical decontamination procgts].

As a final step in the chemical decontamination process,

dissolved oxides of metal species and organic compounds existut in the presence of #, or H3POy. All the chemicals for
ing in the chemical decontaminating agent are removed in ththe above laboratory experiments were purchased from Aldrich,
decomposition/cleanup step. In order to increase the effectivadSA.
ness of the chemical decontamination process, it is necessary The semi-pilot scale decontamination equipment was oper-
to remove remaining organic compounds and metal speciested with the experimental conditions, showrTable 1 Oper-
in the process solution. Of commercialized decontaminatioration volume of the reaction tank in the equipment is 140L.
processes, organic compounds and metal complexes are decobetailed specifications of the equipment are found elsewhere
posed by hydrogen peroxide and UV source in the chemicdll7]. All the chemicals for the equipment experiments were
oxidation reduction decontamination (CORD) procgsy. In obtained from Junsei Chemical, Japan. The chemical decon-
the developed decontamination process, organic compounds ataminating agent consisting of DflBDTA and oxalic acid were
their metal complexes in the chemical decontamination proused in order to dissolve metal oxides consisting of Fe, Cr and
cess are removed by adsorption and chemical degradation Mi during the dissolution step of the decontamination process.
the presence of an oxygen source (hydrogen peroxide) on tHa addition, 0.03 wt% of hydrogen peroxide was supplied in the
surface of adsorbent (activated carbgh]. It is suggested presence of PO, and the solution was circulated through the
that the chemical reaction rate increases due to radical reaectivated carbon tower in the decomposition step. The indus-
tion during the decomposition stdf]. In the present study, trial grade granular activated carbon was used as adsorbent in
the adsorption tendencies and removal of metal species arlde activated carbon tower for the decomposition step. The ion
organic compounds were investigated in the laboratory experexchange resins, DOWEX 650C and 550A, were purchased from
ments. And, their removal efficiencies were estimated througibow Chemical, USA as forms of Hand OH", respectively.
chemical decontamination experiments using a semi-pilot scale The surface properties of activated carbon were characterized

equipment. from nitrogen adsorption isotherm at 77 K using a Micromerit-
ics ASAP 201(18]. Concentration of organic compounds was
2. Experimental analyzed with total organic carbon using a total organic carbon

analyzer, Multi N/C 3000 (Analytik Jena AG, Germany) after

The adsorption isotherm of Fe was investigated in this studfiltration with 0.45u.m membrane filters. Also, concentrations
since it has the highest concentration level among three metaf metal species were analyzed using an inductively coupled
components (Fe, Cr and Ni) existing in the synthesized metgblasma-atomic emission spectroscopy (ICP-AES), Optima 4300
oxides [14]. Adsorption on activated carbon was measuredDV Perkin-Elmer. The deposition of metal species on the adsor-
at a room temperature by increasing initial concentration abent surface was observed using an energy dispersive X-ray
a form of Fe(NQ)3-9H,0 [16]. The adsorption competition (EDX) analytical spectrometer (Kevex Sigma Gold, USA) con-
experiments for metal species were carried out with increasaected to a field emission scanning electron microscope (S-4700,
ing Fe(lll) concentration at a constant concentration of Cr(lll)Hitach, Japan).
and Ni(ll) (0.02 M). Both solutions of Cr(lll) and Ni(ll) were
prepared by using corresponding nitrate forms, CNOH,0 3. Results and discussion
and Ni(NG;)2-6H20, respectively. The pH effects of the amount
of adsorption on the activated carbon were investigated withi.1. Physical properties of the activated carbon and
the pH ranges between 2450.2 and 5.5:0.2. In addition, adsorption isotherms
different concentrations of NEDTA-2H,0 were prepared for
the equilibrium isotherm experiments of organic compounds. The surface properties of the activated carbon were charac-
Degradation experiments of organic compounds were carrietkrized with nitrogen adsorption and the adsorption—desorption
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Fig. 1. N; adsorption—desorption isotherms for the fresh activated carbon. )
o
isotherm is shown iifrig. 1L The curve in the figure resembles f._, 100
the type | isotherm according to the BDDT (Brunauer, Deming, §
Deming and Teller) theory. It is known that the major uptake §
occurs atlow relative pressures due to formation of highly micro- § o
porous material§19—-22] Difference between adsorption and =4 °
desorptionisotherms was observed at the relative pregspgg ( 2 .
of 0.4. The characteristic values related to surface properties Y 1o
were summarized at the column of ACCOTiable 2 As shown in g
the table, the surface area of the microstructure of the activated =
carbon was 1.81 nm by the BET isotherm. Also, the micropore § O  Experimental Data
surface area was estimated as 7%7gn = — Fitted Curve
Of three metal species, the adsorption amount of Fe on the § r
activated carbon was measured and the adsorption isotherm of 3. 100 1000 10000
Fe was described using the Freundlich equation. The Freundlich ** Equilibrium in liquid phase (mg/L)
equation for the equilibrium isotherm is (b) Nas EDTA
ge = k(Ce)l/" Q) Fig. 2. Adsorption of: (a) Fe and (b) NBDTA on the activated carbon.
INnge=1Ink + ! In(Ce) 2
9o = n e The Freundlich constants,and 14, were estimated to be 2.04

where ge is the adsorbed amount on unit weight of adsor-

bent (mg/g AC) Ce the equilibrium concentration in the liquid

and 0.28, respectively.

(kg/m3) andk and 14 are the Freundlich constants. The result3-2. Adsorption and degradation of metals and organic

of the adsorption isotherm for Fe is showrFig. 2(a). From the
fitted curve, the value of and 1/ was determined to 1.40 and

compounds

0.18, respectively. In the results of the isotherm of organics in 1€ PH effects on the adsorption of a metal species (Fe) were

the solution of NaEDTA, the adsorption isotherm of organics
was also fitted the Freundlich equation, as showhig 2(b).

Table 2
Characteristic values for surface properties of activated carbon

ACQ? Used AC®
Area
BET surface area (ffg) 797 678
Micropore surface area (y) 782 666
External surface area () 14 13
Pore diameter (BET) (nm) 1.81 1.80
Pore volume (BET) (cr}g) 0.33 0.28

a ACO: fresh activated carbon.
b Used AC: activated carbon used in the decomposition step.

investigated and the results are showirig. 3. The amount of

Fe adsorption on the adsorbentincreased 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 carb¢a3,24]

Itis known that the adsorption of metal species can be affected
by different metal species as well as the solution[@#]. 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
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Fig. 3. Adsorption of Fe on the activated carbon as a function of the solutiori9. 5. Adsorption of organic compounds on activated carbon as a function of

pH.

the solution pH.

with increasing concentration of liquid phase. It is interestingpounds are shown iRig. 6. The removal efficiency increased
that the adsorbed amount of Cr and Ni on the activated camith increasing HO, concentrations increased up to 0.3 wt%
bon was the least (0.2 mg/g AC) when the equilibrium of Feat a constant concentration ogPIOs (0.025 wt%) and the val-

in the liquid phase was increased up to 1000 mg/L. The resultses remained at 55% even with increasing concentrations (see
imply that Fe has the highest adsorption capacity independefig. 6(a)). Also, organic removal efficiency with increasing con-
of metal species in the solution, which may be related to theentration of HPOy was estimated at a concentration gi®
(0.3wt%), and the results are shownrFiy. 6b). The degrada-

highest charge density among three metal spg2is
Fig. 5 showed the adsorption tendencies obEBTA 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
valuesis related to a binuclear complex with proton. Meanwhile,
the adsorbed amountincreased with increasing pH values, which

can be explained by a mononuclear comy26-28]

The effects of HO2 and POy concentrations on the degra-

Removal efficiency (%)

dation of organic compounds were investigated with increasing

concentrations and the removal efficiencies of organic com- (a
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Fig. 4. Fe adsorption behaviors on the activated carbon in both binary systemsompound removal.
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120 Table 3
Removal efficiencies of metal species in the semi-pilot scale experiments

1004 Metal species

80 Cation Fe Cr Ni K Mn

0 exchange -

=) ) N Ani Concentration (mg/L)

E &0 Reduction " Decomposition i Dissolution step, at final 1099 246 139 2454 2435
i Decomposition step, at final 40.3 14.4 8.1 204.6 225.1

40 Removal efficiency (%)

g i Decomposition step 633 372 415 167 75

20{ Oxidation Dissolution "@'Decompos:\(tion' Total 975 979 995 929 998
Jfcleapup
o _ i ‘ B S S B o's
0 200 400 €00 BoC 1000 1200 als and metal complex with organics were removed using cation
(@) Operatiion time (min) exchange and anion exchange resins. The final concentration

F -
© 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 [&Sge7(b)).
Also, the dissolved organics were removed in the decomposition
step using HO, 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-

60000

Cation

— exchange

Reduction Decomposition

20000 1 J

TOC (ppmC)

Oxidation T ] Dissolution  iDecampogition sition step and th_e t_otal decontaminatipn process b_ased on the
Jcleanup results of the semi-pilot scale decontamination experiments. The
0 , booh P g e total removal efficiencies of all the metal species except for K
0 200 400 €0 8@ 100 1200 represented up to 97% or more in the decontamination process.
() Opergir%’;;ii?: (min) 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
Fig. 7. Concentration changes of: (a) Fe and (b) organics during the semi-pil@nd 41.5%, respectively. The highest removal efficiency of Fe is
scale decontamination experiment. expected from the highest adsorption capacity, shovign4.
Adsorption on the surface of activated carbons can be estimated
tion aspects showed the independency of the acid concentratiofased on laboratory experiments showRig. 3 The estimated
the value representing a similar value as 56%. The results implyesult at the solution pH of 2.5 shows that 7855 mg of Fe in the
that the organic removal could be enhanced by an oxygen souregeration volume was removed during the decomposition step,
(H202) in acidic conditions and that it was affected by concen-which is 94.1% of the total removed amount. It was shown in

tration of H O, rather than HPOy. the results that most of metal species were removed mainly be
adsorption on the surface of the activated carbon. The adsorption
3.3. Semi-pilot scale decontamination experiments of metal species on the activated carbon after the decomposition

step was observed using the SEM-EDX and the result is shown
After the adsorption and degradation aspects of metal speci@s Fig. 8.

and organic compounds were investigated through the laboratory In the case of the organic compounds, 75.0% were removed
experiments, the chemical decontamination experiments weiduring in the decomposition step and the removal efficiency of
performed in the semi-pilot scale decontamination equipmerthe total chemical decomposition process was 95.0%. Consid-
with four consequent steps (oxidation, reduction, dissolutiorering the adsorbed amount at pH 2.5 based on the laboratory
and decomposition/cleanup step). During the semi-pilot operexperiment irFig. 5, the estimated result shows that only 0.9%
ation, changes of metal species and organic compounds weoé total organic carbons were removed by adsorption on the
observed with elapsed operation tintég. 7(a and b) illus- adsorbent surface during the decomposition step. It is suggested
trates concentration changes of Fe and organics for four corhat the organic compounds were removed mostly by chemi-
sequent steps. The dissolved concentration of Fe increased byl oxidation followed by decomposition of gases, even though
a reductant (oxalic acid) as a form of oxalate metal complexcompositions and concentrations of gas components were not
(seeFig. 7(a)) after Fe was slightly dissolved in the oxida- measured during the semi-pilot scale decontamination experi-
tion step. Then, Fe concentration increased up to maximurmments. It is assumed that the chemical reaction enhanced due to
concentration (109.9 mg/L) in the dissolution step. In the fol-the production of hydroxyl radicals in the presence of Fe during
lowing decomposition step, it decreased to 40.3 mg/L showinghe decomposition step after adsorption on the surface of the
aremoval efficiency of 63.3%. Furthermore, the remaining metactivated carboif3,4].
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Fig. 8. SEM-EDX image showing adsorption of metal species on activated carbon.

It was shown through the laboratory and semi-pilot scalgrocess were removed by adsorption on the surface of the acti-
experiments that the metals and organic compounds could heted carbon. Meanwhile, organic compounds were degraded by
removed by adsorption on the surface and chemical convechemical conversion due to radicals in the presence of hydrogen
sion using an oxygen source and adsorbents. The adsorptigeroxide. The results of the laboratory and the semi-pilot scale
of metal species and organic compounds on the surface on tleperiments showed that metals and organic compounds exist-
adsorbent can affect the surface properties, especially the microyg in the chemical decontamination process solution could be
porous structureRl]. The second and third columnsTable 2  removed by adsorption of adsorption/chemical conversion using
represent the activated carbon surface characteristic values (thgdrogen peroxide with activated carbon.
surface area, pore diameter and pore volume) between the fresh
activated carbon (ACO0) and the activated carbon used in the
decomposition step (used AC). The results showed that adsorfeferences
tion of the metal species and organic compounds changed the _ _ L

. . . EL] M.A.M. Khra|sheh,. Y.S. Al-degs, WA Mcminn, Rem_e_dlatlc_)n of_
surface propertles of the activated carbon, thus reducmg surfac wastewater containing heavy metals using raw and modified diatomite,
area, pore diameter and pore volume. The total surface areawas chem. Eng. J. 99 (2004) 177-184.
reduced from 797 to 678%fy after the decomposition step. In  [2] J.L. Sotelo, G. Ovejero, J.A. Delgado, I. Martinez, Adsorption of lindane
addition, the surface area and the volume of microporous struc- from water onto GAC: effect of carbon loading on kinetix behavior,

tures were decreased compared with the characteristic values of Chem- Eng. J. 87 (2002) 111-120. , o
the fresh activated carbon [3] D. Mantzavinos, E. Psillakis, Enhancement of biodegradability of indus-

L. . . trial wastewater by chemical oxidation pre-treatment—review, J. Chem.
Itwas observed through the semi-pilot scale decontamination  technol. Biotechnol. 79 (2004) 431-454.

experiments that metal species in the chemical decontaminap] J.X. Ravikmar, M.D. Gurol, Chemical oxidation of chlorinated organics

tion process solution were removed by adsorption on the sur- by hydrogen peroxide in the presence of sand, Environ. Sci. Technol.

face of the activated carbon, while organic compounds were _ 28 (1994) 394-400. _ _

dearaded bv chemical conversion. In the studv. the remaining}S] R.J. de Jonge, A.M. Breure, J.G. de Andel, Biodegradation of powdered
9 ,y 8 ) ) Y, . activated carbon (PAC) loaded with aromatic compounds, Water Res. 30

metal species and organic compounds in the chemical decon- (1996) 875-882.

tamination process solution were removed up to values abovegs] H.J. Lee, D.W. Kang, J. Chi, D.H. Lee, Degradation kinetics of

95% in the system of 0, and activated carbon, thus increasing recalcitrant organic compounds in a decontamination process with

the effectiveness in the decontamination process. UV/H,0,/TiO, processes, Korean J. Chem. Eng. 20 (2003) 503-508.
[7] N. Karpel Vel Leitner, M. Dog, Mechanism of the reaction between

hydroxyl radicals and glycolic, glyoxlic, acetic and oxalic acids in aque-
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