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Abstract: Due to the extreme toxicity of polychlorinated efilzop-dioxins and dibenzofurans (PCDD/F), the
remediation of PCDD/F aquifer source zones is tremteded; however, it is very difficult due to itheersistence
and recalcitrance. The potential degradability GD®/F bound to a real matrix was studied in fivetsyns: iron

in a high oxidation state (ferrate), zero-valenonirnanoparticles (nZVI), palladium nanopowder (Pd),
a combination of nZVI and Pd, and persulfate (PSR results were expressed by comparing thetmtadity of
treated and untreated samples. This was done kghtimj the concentrations of congeners (determimgdg

a standardized GC/HRMS technique) by their defitoagtity equivalent factors (TEF). The results icatied that
only PSF was able to significantly degrade PCDDVBxicity in the system decreased by 65% after PSF
treatment. Thus, we conclude that PSF may be atiteolution for in-situ remediation of soil agdoundwater

at PCDD/F contaminated sites.
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I ntroduction

Polychlorinated dibenzp-dioxins (PCDD) and polychlorinated dibenzofuraRE€DF)
are without doubt the highest priority groups oflytants. They belong to the first groups
of pollutants (called the Dirty Dozen) to be inberd under the Stockholm Convention on
Persistent Organic Pollutants (POPs) in 2001. Tihe af this convention is to protect
human health and the environment from harmful andely distributed chemicals by
requiring its parties to eliminate or reduce tHease of POPs into the environment [1].

Contrary to all other POPs, PCDD/F were never tmeally produced as
organochlorinated pesticides as they are exclusivapurities/by-products with a varying
origin. PCDD/F are highly toxic for human healthdawildlife, remain intact in the
environment for long periods of time, are widelgtdbuted throughout the environment,
and bioaccumulate in fatty tissues of humans anhals. Their toxic effect is mediated
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through the interaction with an intracellular piotehe aryl hydrocarbon receptor (AHR)
[2], which occurs in most vertebrate tissues arfdcégs a number of other regulatory
proteins. The toxicity of PCDD/F depends on the bamand position of the chlorine
atoms in their molecule. Congeners with chlorimeshie 2, 3, 7, and 8 positions have the
highest affinity to the AH receptor and are therefsignificantly harmful. Seven dioxins
and ten furans have chlorines in these relevantipas and are considered toxic by the
WHO-TEQ scheme (World Health Organization Toxic Eqlent) [2]. The most toxic
dioxin is reported to be 2,3,7,8-tetrachlorodibepatioxin (TCDD), which is the strongest
known human carcinogen according to the Internatidxgency for Research on Cancer
[3]. On the contrary, PCDD/F containing between amg three chlorine atoms are not
considered to be toxicologically serious, wherettgio organic molecules, for example
coplanar PCB or polychlorinated naphthalenes, mssd®xin-like toxicity [4, 5].

The WHO-TEQ scheme was adopted internationallyhasntost appropriate way of
estimating the potential health risks of mixturdsP€DD/F as there are 75 PCDD and
135 PCDF possible congeners. The total TEQ valpeesses the total sample toxicity as if
only TCDD congener would be present. Each of theeseadioxin and ten furan toxic
congeners is given a toxicity ranking called thédequivalency factor (TEF) from O to 1,
where the reference congener is TCDD which by d&fm has a TEF = 1. Their
concentration is then weighted by their TEF, whiites a congener contribution to the
sample TEQ. Alternatively to calculating the spiecitongener contributions after
GC/HRMS determination, a screening method baseatediHine with sensitized AHR
could be used [4].

The remediation of PCDD/F contaminated soil is galhe very difficult.
Post-excavation soil cleaning methods mostly emmloysical or chemical methods like
thermal treatment [6, 7], surfactant washing [8pBpase-catalysed decomposition [10] of
PCDD/F.

In this paper, we studied the potential degradatib®CDD/F bound to a real soil
matrix by applying five different oxidants and retants with a potential for in-situ
remediation. Two extreme oxidation states of irorrav tested: Fe nanoparticles
(zero-valent iron nanoparticles, nzVI) and*Féerrate, Fe(VI)). Ferrate is a very strong
oxidant whose superior performance for environmaet@ediation has been demonstrated
in various recent researches [11-13]. On the dihed, ZVI in the form of nanopatrticles is
a strong reductant with a large specific surfacd has been utilized for groundwater
remediation and wastewater treatment [14, 15]. $heond metal having a potential
dechlorination capability was the catalytic, nohieetal palladium in the form of
a nanopowder. A combination of Pd and nZVI was atsalied as it has been reported that
such a combination improves the degradation rafeshlorinated compounds [16, 17]
including PCDD/F [18, 19]. Finally, heat-activatB&F was tested as sulfate and hydroxyl
radical generator. SO and OH are one of the strongest known oxidants used faitin
chemical oxidation in the remediation of soil amdupdwater [20].

Materials and methods

Chemicals

PCDD/F was used in the form of an industrial sasdy certified reference material
(BCR 529) [21] obtained from Sigma Aldrich. Infortita on the presence of the certified
concentrations of PCDD/F is given in Table 1. Thetified values were not available for
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all of the congeners presented in the material;ev@n the concentrations of the other
congeners were determined through analysis and imegpod agreement with the data
obtained by Antunes et al [22]. The toxicity equévd factors (TEF) [23] used for dioxins
are also given in Table 1.

Table 1
Composition of the certified reference materiall[24d the TEF values [23]
Certified value Uncertainty
PCDDI/F (#) Ing/kg] [ng/kg] TEF
2,3,7,8-TCDD (D1) 4.5 0.6 1
1,2,3,7,8-PeCDD (D2) 0.44 0.05 0.5
1,2,3,4,7,8-HxCDD (D3) 1.22 0.21 0.1
1,2,3,6,7,8-HxCDD (D4) 5.4 0.9 0.1
1,2,3,7,8,9-HxCDD (D5) 3.0 0.4 0.1
1,2,3,4,6,7,8-HpCDD (D6) - - 0.01
OCDD (D7) - - 0.001
2,3,7,8-TCDF (F1) 0.078 0.013 0.1
1,2,3,7,8-PeCDF (F2) 0.145 0.028 0.05
2,3,4,7,8-PeCDF (F3) 0.36 0.07 0.5
1,2,3,4,7,8-HxCDF (F4) 34 0.5 0.1
1,2,3,6,7,8-HXCDF (F5) 1.09 0.15 0.1
2,3,4,6,7,8-HXCDF (F6) 0.37 0.05 0.1
1,2,3,7,8,9-HXCDF (F7) 0.022 0.010 0.1
1,2,3,4,6,7,8-HpCDF (F8) - - 0.01
1,2,3,4,7,8,9-HpCDF (F9) - - 0.01
OCDF (F10) - - 0.001

Potassium ferrate was provided by the company LAGe content of Fe was
determined by elemental analysis as being 25.5%RBem temperaturé’Fe Mossbauer
spectroscopy determined the iron oxidation statefobows: 5% Fe(V), 7% Fe(VI) and
88% of Fe(lll). This implies that the ferrate powdeontained 5.5% KeQ, and
6.5% KFeQ,.

Standard NANOFER 25P nzZVI (NANO IRON, s.r.o., Olamp Czech Republic) was
used in the form of a dry powder preserved in amtinitrogen atmosphere. The particles
were without surface modification and had an aversige of 50 nm, average surface area
of 20-25 ni/g and a narrow size distribution of 20-100 nm. Ebatent of iron was high,
ranging between 80 and 90 wt. %. An aqueous suspen$ F€ was prepared from the
powder at a ratio of 1:4 nZVl:water, which yieldadsuspension with an nZVI content of
200 g F&dn?.

Palladium nanopowder (<25 nm) with purity 99.9%swabtained from Aldrich.
Sodium persulfate (PSF) of p.a. quality was obthinem Penta.

M ethods

A total of 1.0 g of the certified BCR-329 materiaas placed into each reactor
containing 522.5 cfhof demineralized water and stirred vigorously 86r minutes. After
that, the appropriate reactant (Fe(VI), nzVl, Pdl+RZVI and PSF) was added. The
reaction times differed in accordance to the redctssed. The dosed amounts of the
individual chemicals together with durations ofa@ns are summarized in Table 2. The
reaction of PCDD/F with Fe(VI) and nzZVI was perfadin triplicate and the reaction
with Pd, Pd+nzZVI and PSF in duplicate. The baseptasnconsisting of water and PCDD/F
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only were repeated nine times in total with reactiones ranging from 3 to 60 days, thus
covering all of the different reaction times usadthis study. PSF was activated by heat,
namely at 50°C, during the whole reaction time.

Table 2
Dosed amounts and the reaction times
Reaction time’ Fe(VI) nZVI Pd PSF
Base 3-60 days - - - -
Fe(VI) 3 days 1.0g - -
nzZvVl 60 days - 5.0¢9 - -
Pd 22 days - - 0.1lg
Pd+nzVI 22 days - 5.0¢9 0.1lg -
PSF 7 days - - - 10.0g

“reaction times were chosen on the previous expEgieith reagents reactivity - no remaining redutonilizing
effect is supposed to persist in reactors at tldeogthe reaction time

Analytical methods

The samples were processed in a commercial labgrgfd S) by the standard
extraction and cleaning procedure for PCDD/F, iditig the addition of the appropriate
3C,, labelled internal standards according to EN 194842 The separation, identification
and determination of PCDD/F in the extracts comagjrthe standards for determining the
recoveries were performed using GC/HRMS accordingN 1948-3 [25]. The seventeen
congeners listed in Table 1 were determined.

Results and discussion

For clarity and simplification, all of the resultgere expressed as toxicity equivalency
values (TEQ), which is a summary parameter evalgathe congener concentration
weighted by its TEF.

The composition of the base samples was deternainddhe results were expressed as
TEQ of each PCDD/F congener in each base sampleoa in Figure 1. Furthermore, the
TEQ contribution of each average PCDD/F congenéhaooverall toxicity of the average
base sample is shown in Figure 2. The total TEQhefaverage base was determined
as 11.138 ng/g.

It is apparent from Figure 2 that almost two thir@pecifically 6.8 ng/g, which
corresponds to 61.1%) of the overall TEQ resultesinf the D1 congener. The other
relatively high contributions (but significantlyver in comparison to D1) were 7.4% and
6.0% for D4 and D6, respectively. The lowest TEG wahibited by F1, F2 and F9.

PCDD/F samples were treated by iron in its twoesxe oxidation states, FazVI)
and Fé° (Fe(VI), ferrate), by palladium nanopowder (Pdy, & combination of Pd with
nZVI and by PSF. The overall results of this stadg summarized in Figure 3 where the
columns represent summary TEQ values of all ofctiregeners. With the exception of the
PSF treated samples, no significant degradatiathefsum of PCDD/F was observed for
any of the reactants. A distinct decrease in therally PCDD/F toxicity and thus overall
PCDD/F content was caused solely by PSF. This deerevas from 11.1 to 3.9 ng/g, which
corresponded to 65%.
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Fig. 1. TEQ of individual congeners in base samples
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Fig. 2. Contribution of individual congeners to theerall toxicity of the base

Contrary to the PSF treated sample and to our prgson, the TEQ in ferrate treated
samples increased. This could be explained by ¢neaté oxidation of the real matrix
containing PCDD/F, which could help/contribute ke trelease of PCDD/F bound to the
matrix and thus a higher extraction yield coulddaeen caused. However, the increase in
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TEQ may also have been caused solely by experiarent, as the difference between the
base and ferrate treated samples is within theerarfigstandard deviation. The relatively
high standard deviation ranges in the case ofdtvate and nZVI treated samples could be
explained by difficult dosing of these two part@muthemicals due to their inhomogeneity.
In the case of ferrate, the inhomogeneity lieshie $olid sample itself which was dosed,;
whereas nZVI was dosed in the form of an agueospension, which is known to solve
the problem of nZVI sedimentation and/or aggregati®6]. Neither nZVI (despite the
highly reactive pyrophoric form used), nor Pd, mwen their combination, caused any
significant degradation. As mentioned above, adogrtb Kim et al [18], the combination
of nZVI and Pd rapidly dechlorinates PCDD. Howe\ertheir study bimetallic palladized
nanosized ZVI (Pd/nFe) was used. In contrast, anlgimple mixture of nzZVI and
nanosized Pd was used in our experiment. Thigtiagt explain our negative result, as such
a contact between the two surfaces was not achievaar study.

15

_
o

TEQ [ng/g]

base Fe(VI) nZVI Pd Pd+nZVI PSF

Fig. 3. Summary of the whole study expressed in TBIQes (mean + standard deviation)

The behavior of the individual congeners in the PBfated samples and their
contribution to the overall decline in TEQ are shoim Figure 4. The rate of decline
differed for each PCDD/F congener; however, itpparent that there was a decrease in
each of them. No increase in the concentratiomgfad the congeners was observed. The
most significant contribution to the overall de@eavas exhibited by congeners D1, D2
and D4. When taking into account the relative valube highest relative decline was
observed for D2, F1 and F2, which decreased by, %114 and 85.3%, respectively;
whereas the lowest observed decline was 28.5, 4 47.5% for F8, D6 and D7,
respectively. One can conclude that high reactioftiP SF towards PCDD/F congeners can
be due to the high reaction rate between bothteufiad hydroxyl radicals and the electron
rich bonds in aromatic rings [27, 28].

As there was a different rate of decline of eaclDB congener after PSF treatment,
their relative contribution to the overall toxicity the sample changed (Fig. 5) compared to
the base sample (Fig. 2). The highest contributiomre than one half, was still
conclusively caused by D1, but the others did agtdo far behind this time. The highest
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contributions to the total TEQ of PSF treated samplere 53.8, 9.5 and 9.0% for D1, D4
and D6, respectively.
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Fig. 4. Decline of individual congeners in the R&fated samples (mean + standard deviation)
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Fig. 5. Contribution of individual congeners to theerall toxicity of PSF treated samples

Only a few studies are comparable with our systéim et al [29] described
approximately 15% TCDD degradation in a heat-atéigaersulfate system. In contrast to
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the real soil matrix that we report here, Kim et[29] dosed TCDD as being solvent-
dissolved and started the reaction after completéoae evaporation.

The behavior of individual congeners and their dbation to the overall PCDD/F
TEQ increase in Fe(VI) treated samples is showRigure 6. It can be assumed that the
overall behavior was caused mostly by D1 and pabnttyD4. Other congeners with
increasing concentrations were D3, D5, D7, F2, k@& B10. On the other hand, there are
also congeners with decreasing concentrations.higteest relative decrease was observed
in the case of F9 and F5 with 23.7 and 20.0%, cisdy.
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Fig. 6. Behavior of individual congeners in the\R@¢reated samples (mean * standard deviation)

Conclusions

In this paper the potential degradation of PCDDdara to a real matrix was studied
by five different oxidants and reductants commamggd for in-situ remediationg Fe(VI),
nzZVl, Pd, Pd+nzVI and PSF. We conclude that onby tfeatment by sulfate and hydroxyl
radicals formed in the heat-activated PSF systehibégd a significant decrease in the
PCDD/F concentrations. This decrease was 65% wbhmparing the total toxicity of the
base and the treated samples. Thus, PSF activiasi@ may be used for the remediation
of aquifers contaminated by these priority pollisafruture research should be devoted to
studying wider range of activation temperaturesengby the lower ones are of much
technological interest. Other PSF activation proces (electroactivation, alkaline
activation or hydrogen peroxide activation as exas)phave also a potential to create
strongly mineralising conditions applicable for PQ/B degradation.
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