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Abstract

Nitroaromatic compounds (NACs) are prominent explosives. In this context, these toxic
substances were released into the environment and cause long-lasting groundwater
contamination. In preparation of a possible in-situ remediation, colloidal Fe-zeolites were
investigated for their capabilities as adsorbents and oxidation catalysts. It was shown that the Fe-
zeolites FeBEA35 and FeFAUS5 are potent inorganic adsorbents for NACs and simultaneously
capable of activating H,02 as Fenton-like oxidation catalysts. Adsorption isotherms of 15 NACs
on both zeolites were measured to evaluate the option of coupling adsorptive contaminant
enrichment with oxidative degradation. The faujasite-type zeolite FeFAU55 showed a distinct S-
type adsorption behaviour and reached significantly higher NAC loadings of > 20 wt%. For
FeBEA35, L-type adsorption isotherms and maximum loadings gmax of about 4 wt% were
obtained. Degradation of all NACs, monitored by nitrate formation, was observed. Apparent rate
constants of the NACs with hydroxyl radicals in a homogeneous, stoichiometric Fenton reaction
were related to the heterogeneous system to examine the role of adsorption on the oxidative
degradation. Beneficial influence of the adsorption on the oxidation rates was identified. The
results of this work open up promising prospects for future application of Fe-zeolites for the in-
situ remediation of NAC-contaminated groundwater.
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Environmental Implication

The target pollutants of this study are nitroaromatic compounds (NACs), i.e. 2,4,6-trinitrotoluene
(TNT) and its derivatives. TNT itself as well as its natural degradation products, amino-
nitrotoluenes, are proven to be both acutely and chronically toxic and carcinogenic. Worldwide,
many thousands of sites where explosives were processed and handled are contaminated and in
need of remediation to prevent further dispersal and discharge into, for example, potion water
reservoirs. As an alternative to cost-intensive and lengthy pump-and-treat measures for the
remediation of groundwater contaminated with NACs, we herein present Fe-zeolites as coupled
adsorbents and oxidation catalysts for in-situ application.

1. Introduction

The nitroaromatic compound (NAC) 2,4,6-trinitrotoluene (TNT) is the most prominent explosive
all over the world regarding armament, but also civilian use, e.g. for blasting in stone quarries.!
Shipping, use, and disposal of this highly toxic explosive that is persistent in the environment has
led to the contamination of many sites by TNT and its degradation and byproducts in former war
zones, near blast sites, and armament factories. The U.S. Army estimates more than 1.2 million
tons of soil contaminated with explosives on U.S. territory, and 3,240 sites in Germany alone are
suspected of being contaminated with NACs.?® Since for most NACs the range of acute and
chronic adverse health effects on humans and animals is broad, including significant changes of
the haemogram and mutagenic effects leading to high mortality of exposed individuals,
remediation of contaminated sites is essential.*>

Environmental contaminations with NACs are commonly treated by dredging and off-site
disposal or treatment of the dredged soil coupled with either on-site clean-up of contaminated
groundwater by pump-and-treat measures or monitored natural attenuation. However, natural
attenuation proceeds slowly and is not a reliable remediation method if protective goods, like
drinking water reservoirs or residential areas, are threatened by the contamination.?® Especially
for residual contaminations with a relatively low remaining pollutant load, nanoremediation-type
measures which are based on in-situ generation of permeable reactive barriers (PRBs) offer an
alternative to conventional lengthy pump-and-treat approaches.”® Thereby, particle
suspensions are injected into the aquifer to form an adsorptive and/or reactive zone after particle
immobilization which is passed by the contaminated groundwater.%1! Adsorption barriers have
the effect of retaining the contaminants within the treatment zone, allowing more time for
natural attenuation without further spreading of the contaminant plume. For recalcitrant
substances, however, pure adsorption barriers are often not sufficient; an additional pollutant
degradation function is required.'>!? Alternative methods for NAC removal exist, such as
chemical reduction, e.g. with zero-valent iron, but this produces reduction products that have
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comparable or even higher toxicities than the initial NAC contaminants.'**> However, some of
the partially reduced NACs, like diaminonitrotoluenes (DANTSs), are known to be removed from
the aqueous phase due to reactions with soil organic matter.®

Chemical oxidation is known to be a powerful tool for NACs degradation and detoxification of
contaminated water or soil. The application of various advanced oxidation processes (AOPs), like
photocatalytic oxidation, ozonolysis, and Fenton-like reactions, for the treatment of NAC
contaminations was previously described.’®2?? Compared to the parent compounds, oxidation
products of NACs show significantly reduced toxicity, provided that a sufficient oxidation degree
is achieved.” However, most AOPs for in-situ applications in aquifers or soils suffer from
insufficient mixing of the reagents (oxidant and catalyst) with the contaminated compartments
or clogging of flow paths by reaction products, e.g. iron oxides for applications of the Fenton
reaction, or MnO; when MnOy is used as oxidant.?3

In order to effectively incorporate chemical oxidation into an in-situ PRB, Trap-Ox Fe-zeolites are
the ideal material to accomplish that.*? Colloidal properties and mobility of these particles in
porous media such as aquifers were shown to be suitable for in-situ application.!! Thus, it is
envisaged that injection of a zeolite suspension followed by particle deposition and
immobilization at the subsurface sediment leads to the formation of a permeable adsorption
barrier in the aquifer. During groundwater passage through this barrier, contaminants are
removed from the aqueous phase by adsorption. Zeolites are not only powerful adsorbents, but
also - in contrast to carbon-based adsorbents - inert against strong oxidants. Fe-loaded zeolites
are even active in hydrogen peroxide activation due to their content of isolated iron ions bound
to the ion-exchange sites of the zeolite.?#?> Therefore, in a second step, the loaded barrier is
flushed with a diluted hydrogen peroxide solution before contaminant breakthrough. The
deposition of the solid catalyst on the sediment, and thus the retention of the contamination in
this zone, allows contact with the injected oxidant. This is equivalent to the effect of mixing of
contaminated water and liquid injected oxidant, which otherwise cannot be achieved in an
aquifer. Furthermore, in this way, also safety concerns known from conventional in-situ Fenton
applications are avoided: using dissolved iron ions and oxidant solutions need a certain degree
of mixing before or during injections, which causes gas and heat formation. In the Trap-Ox
approach, H,0; reacts with FeZ*/3* centers which are embedded into the zeolite structure and
thus offers a much wider applicable pH range.?* Compared to conventional in-situ Fenton
oxidation, the need of low pH values (< 3) or organic complexing agents is eliminated.
Consequently, Fe-zeolites are combined adsorbents and heterogeneous Fenton-like catalysts.
They are able to de-couple OHe generation from quenching reactions within the aquifer matrix
‘outside’ the particles, such as natural organic matter (NOM). Reactive species are generated in
the close proximity to the adsorbed target contaminants.'?> This decoupling should lead to a
reduction of parasitic H,02 consumption and avoids aquifer clogging by iron oxide precipitates.
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Furthermore, as the PRB is regenerated by the oxidation of adsorbed contaminants, the cycle of
continuous adsorption and periodic regeneration can be repeated multiple times.!?

In this work, the general applicability of Trap-Ox Fe-zeolites for the adsorption and degradation
of NACs is examined for the first time. Zeolites are available in a broad variety of framework types
and compositions with different behaviour and properties. Two examples were chosen as Fe-
zeolites, FeBEA35 and FeFAUS55, and compared with regard to adsorption and mineralization of
15 NACs. These are common precursors, side- or transformation products of TNT found in the
environment.® The two chosen zeolites represent the BEA and FAU framework type. They belong
to the most important industrial zeolites with sufficiently large pore openings for accommodation
of organic molecules (and specifically such with substituted aromatic rings) due to their 12 T-
atom ring pores (T stands for Si or Al).?”

2. Materials and methods
2.1 Materials

Trap-Ox Fe-zeolite FeBEA35 was supplied by Intrapore GmbH (Essen, Germany).
FAU55/ZEOflair 200 was purchased from Zeochem (Riti, Switzerland) and iron-loaded by liquid
ion exchange using a method according to Gonzalez-Olmos et al.*2 FeBEA35 is a BEA-type zeolite
with both straight, channel-shaped pores of 6.6 to 6.7 A diameter and serpentine pores with a
diameter of 5.6 to 5.7 A. FeFAUSS, in contrast, has pore openings with a 6.9 A diameter with
larger cavities of 11.9 A, so-called supercages, at the inter-sections of the pores. A structural
depiction of both zeolite types can be found in Figure SI-1. In Table 1, the properties of the two
zeolite samples are summarized. Molar ratios of SiO : Al,O3 (modulus) and Fe contents were
determined by X-ray fluorescence analysis and BET specific surface areas by N
adsorption/desorption analysis as described in the supporting information of Qian et al.?®
Notably, the weight-normalized particle size distributions reveal significant fractions around 10
um diameter (see Figure SI-3), different from the number-normalized values in Table 1.

Table 1: Properties of the Fe-zeolites studied in this work.

FeBEA35 FeFAUS5
Molar ratio of SiO; : Al,O3 35 55
Fe content [wt%] 1.3 0.4
BET surface area [m? g!] 627 765
Porosity [cm3 g1]* 0.4 0.5
Pore limiting diameter [A]* | 6.7 7.4
Largest cavity diameter [A]* | 6.9 11.9
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Particle diameter D10, Dso,
Do [pm] (number-based)**

0.2,0.3,0.5

0.3,05,1.6

*according to the Database of Zeolite Structures

29 **

The NACs examined in this work are listed in Table 2.

see Figure SI-3

Table 2: Abbreviations, suppliers, and purities of the NACs examined in this work.

NAC Abbreviation Supplier Purity

2,4,6-trinitrotoluene TNT AccuStandard Certified reference
quality

1,3,5-trinitrobenzene TNB AccuStandard Certified reference
quality

2,4-dinitrotoluene 2,4-DNT Aldrich 97 %

2,6-dinitrotoluene 2,6-DNT Alfa Aesar 97 %

1,3-dinitrobenzene DNB Sigma-Aldrich Neat

2,4-dinitrobenzoic acid DNBA Aldrich 96 %

2-nitrotoluene 2-NT Merck Synthesis grade

4-nitrotoluene 4-NT J&K 99 %

nitrobenzene NB Acros Organics >99 %

2-amino-4,6- 2-ADNT Ceriliant Analytical standard

dinitrotoluene

4-amino-2,6- 4-ADNT Ceriliant Analytical standard

dinitrotoluene

3,5-dinitroaniline DNA Aldrich 97 %

2,6-diamino-4- DA-4-NT Aldrich 99 %

nitrotoluene

2,4-diamino-6- DA-6-NT chemPUR 95 %

nitrotoluene

1,3-diamino-5- DANB BLDpharm >95%

nitrobenzene

Phenol (p.a.), H202 (30 %) and FeSOq - 7 H20 (p.a.) were purchased from Merck. Aniline (> 99.5 %)
was obtained from Sigma-Aldrich, oxalic acid dihydrate (98 %) from Alfa Aesar, KNOs (puriss.) and
HNOs (min. 65 %) from CHEMSOLUTE.

2.2 Adsorption experiments

Contaminant adsorption by the zeolite materials was studied according to a procedure previously
reported.®® Briefly: for the measurement of the adsorption isotherms, various amounts of
FeBEA35 and FeFAUSS5 zeolites were added as aqueous suspensions to aqueous solutions of the
NACs as single components with concentrations in the range from 10 to 250 mg L%, resulting in
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suspensions with 0.2 to 8 g L™ solids and pH of 5 to 6. NACs concentrations were adjusted using
methanolic stock solutions (Cmethanol << 1 vol%). In this batch system, the equilibrium free NAC
concentrations Creenac covered the pm L? and mg L? range to cover the full Freundlich and
Langmuir isotherms and determine the maximum loading gmax. The suspensions were
equilibrated for at least 72 h by shaking to ensure that adsorptive equilibrium was reached in all
systems. The remaining freely dissolved NAC concentrations were measured with HPLC-DAD
(Shimadzu LC2020 system equipped with a Phenomenex Gemini 3 um Cs-phenyl column) at a UV-
detector wavelength of 254 nm after filtration with 0.2 um syringe filters (Whatman puradisc
PTFE). The isotherm data were evaluated according to the models of Freundlich and Langmuir
(see section SI-4).

2.3 Oxidation experiments

For the performance tests of the Trap-Ox system, 5 g L' zeolite suspensions in 10 mg L'! aqueous
solutions of the single NACs were used (pH = 6). The system was ultra-sonicated for 15 min and
equilibrated overnight by stirring. In order to start the reaction, hydrogen peroxide was added to
reach a concentration of 3 wt%. H,0, conversion was monitored. Nitrate formation was used to
follow the progress of pollutant oxidation because i) nitrate is a measure for deep oxidation of
the NAC and ii) nitrate is not adsorbed by the zeolite while NAC concentrations in the aqueous
phase are affected by adsorption equilibria. Nitrate concentration was determined by ion
chromatography (Dionex IC system equipped with an lonPac AS11-HC column) after filtration of
the samples with 0.2 um syringe filters. Two independent experiments were conducted for each
NAC.

2.4 Determination of apparent reaction-rate constants of NACs with OHe

Apparent reaction-rate constants of the explosives with hydroxyl radicals were determined by
competition kinetics using a homogeneous, ‘stoichiometric’ Fenton reaction (pHo=7) of 10 mg L
NAC (corresponding to cnac,o = 40 — 80 uM) in the presence of 10 — 40 mg L' aniline or phenol as
competitor (corresponding to Ccompetitor,0 = 100 uM). Aniline and phenol were used as competitor
agents because reliable reaction rate constants are available in the literature for those
compounds and they could be simultaneously analysed with the NACs using HPLC-DAD. Different
amounts of Fenton’s reagent (molar ratio nre(y: NH202 =1 : 1, Creqy = 100 — 400 uM) were added
subsequently to the aqueous solution of the two competing target compounds. The respective
amount of Fe(ll) was dissolved first in the degassed solutions before adding H,0, under vigorous
stirring. After 10 min reaction time, the reaction was quenched with methanol and the remaining
concentrations of NAC and aniline or phenol were measured with HPLC-DAD. From the ratio of
residual concentrations of NAC to aniline or phenol and the known second-order rate constants
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for the reaction of aniline or phenol with OHe taken from literature, the respective apparent
second-order rate constants of the explosives were calculated (see section SI-3).3?

3. Results

3.1 Adsorption of NACs to Fe-zeolites

As Fe-zeolites are considered to create an in-situ adsorption barrier for contaminant retention
before being regenerated by the Fenton-like reaction, it is crucial to know the adsorption
parameters of the target contaminants to the zeolites. From those parameters, lifetime of the
barrier before contaminant breakthrough and thus the optimal date for the regeneration step
can be estimated.*°

In Figure 1, the correlation between the loading gi of the individual explosive i on the zeolite and
its remaining freely dissolved concentration cfree,i at equilibrium is shown exemplarily for 4-ADNT
at the two studied zeolite types (all graphs shown in Figures SI-6 to 19).
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Figure 1: Adsorption isotherms of 4-ADNT on Fe-zeolites FeBEA35 (left, insert: Freundlich plot
fitted to Cfree,a-apnT < 2 mg L1) and FeFAUSS5 (right, with logarithmic x-axis). Cfree,a-aont= 0.039 —
37 mg L}, Creolite = 0.06 — 4 g L'Y; values for high loadings on FeFAUSS5 (Cfree > 0.6 mg L) might be
biased by solubility limitations32.

The example of 4-ADNT represents the qualitative shape of the adsorption isotherms of most of
the other examined NACs and shows that the adsorption mechanisms at the two types of zeolites
are different. For FeBEA35, L-type isotherms are obtained.?® In gas-phase adsorption, this
isotherm shape is typical for the monolayer adsorption of small organic molecules from the water
phase to micro- and mesoporous materials. In case of L-type isotherms, sorption affinity
(expressed as single-point sorption coefficient Kp) decreases with growing contaminant loading
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g at the surface of the microporous adsorbent which leads to a monotonic function (Figure 2,
left).

However, adsorption on FeFAUS5 can rather be described by a S-type isotherm, which is why we
chose a logarithmic x-axis for the graphical representation. In gas phase adsorption, this isotherm
shape occurs in cases where the presence of an adsorbed monolayer strongly enhances the
adsorption of additional molecules, a phenomenon which might also occur during adsorption of
NACs in the supercages of FeFAU55 from the liquid phase. S-type isotherms were previously
observed for the adsorption of aromatic compounds to faujasite, e.g. trichlorophenol, and
attributed to intermolecular interactions inside the supercages of this zeolite type.3* S-type
isotherms reach a maximum Kp at a certain loading g (in case of the example 4-ADNT at
Kp=1.4 -10° L kg'), which afterwards decreases again (Figure 2, right). Graphs for all NACs are
given in Figures SI-6 to 19. This observation might be linked to the structure of FeFAU55, whereby
the adsorbent loading reaches a maximum gmax = 25 wt% after complete pore filling of the
supercages. Note that the maximum adsorption coefficients Kp are much higher on FeFAU55
compared to FeBEA35.
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-1
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Figure 2: Sorption coefficients Kp of 4-ADNT versus the loading g for the adsorption to
FeBEA3S5 (left) and FeFAUSS5 (right); Cfree,a-apnt = 0.039 - 37 mg L, Creolite = 0.06 — 4 g L'X. Dashed
lines are provided to guide the eye.

In order to provide a basis for comparison of the adsorption behaviour of the various NACs to the
chosen Fe-zeolites, adsorption isotherms were measured and evaluated using the most common
models (Freundlich and Langmuir). In Table 3, the resulting Freundlich parameters logKr and n
and the fitted concentration range for each NAC are given. They can be used to estimate
breakthrough times through an adsorbent-loaded column or permeable adsorption zone under
certain conditions.'® Table 4 summarizes the associated values for maximum loading gmax and, if
applicable, maximum Kp values (for NAC adsorption on FeFAUS55). The full set of adsorption data
received from adsorption experiments using the two Fe-zeolites and all NACs (except for DNBA)

9
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included into this study are depicted in Figures SI-6 to 19. S-type isotherms were split into the

nearly linear range for Freundlich evaluation at low g and the Langmuir range when approaching

saturation at high g. Thereby, the values constituting the rising branch of the Kp vs. g plot were

assigned to the Freundlich isotherm and the falling branch to the Langmuir isotherm,

respectively. Adsorption of DNBA in its anionic form (pKa = 1.43%) to both zeolites was also tested,

but the depletion in the aqueous phase concentration due to adsorption was too low even at

high adsorbent dosages for the derivation of reliable adsorption isotherms. Under the given

conditions, Kp values in the range of only 10 L kg* were obtained for this substance. This can be

attributed to the ionic character, i.e. significantly higher hydrophilicity, and repellent electrostatic

interactions between zeolite surfaces and the DNBA anion.

Table 3: Adsorption isotherm parameters of NACs on Fe-zeolites FeBEA35 and FeFAU55
according to Freundlich equation (Ctotalnac = 10 — 250 mg L, Czeolite = 0.02 — 8 g L2).

FeBEA35 FeFAU55
NAC conc. NAC conc.
range used range
Ky for fittin K: used for
'°gm nl] Cfree,NACg '°gm nl] fitting
[mg L-I] Cfree,NAC
[mg L]
TNT 4.1 0.63 <0.6 13.1 6 <0.1
TNB 3.4 0.55 <8.2 4.5 1.4 <1.6
2,4- <0.3 <04
DNT 4.6 0.72 8.8 9.1
2,6- <0.8 <0.1
DNT 4.3 0.73 21.3 13.9
DNB 3.8 0.78 <2.9 4.8 9.0 0.9
2-ADNT 4.2 0.41 <15 5.9 2.9 0.6
4-ADNT 4.1 0.56 <2.0 10.4 4.8 0.1
DNA 3.7 0.62 <2.9 4.7 2.4 <1.8
2-NT 3.8 0.71 <2.3 8.7 16.8 <0.6
4-NT 4.4 0.55 <0.6 7.0 5.1 <0.4
NB 3.7 0.88 <2.0 1.6 28.9 <1.3
DA-4- 43 045 | <%0 3.5 001 | <%
NT
DA6- 4.4 0.62 <03 3.9 0.88 <33
NT
DANB 3.9 0.76 <1.8 3.1 1.1 <73

The data shown in Table 3 are calculated based on the decrease in aqueous phase (i.e. freely

dissolved) concentrations due to adsorption. Freundlich parameters are valid for the

10
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concentration ranges given for each NAC. The resulting Freundlich parameters for sorption of
NACs on/in zeolite FeFAUS5 appear ‘abnormally’ (e.g. n >> 1), because the Freundlich model was
not developed for S-type isotherms. Nevertheless, due to its empirical nature it may be formally
applied and the resulting parameters can be used for modelling of breakthrough profiles. In case
of DA-6-NT adsorption is superimposed by a partial chemical transformation of the substance
induced by the presence of the zeolites. Without any additional reagent, a second peak with
lower retention than DA-6-NT and absorption maxima at A =212 and 236 nm appeared in the
HPLC chromatograms. This observation was accompanied by a slowly progressing dark
discolouration of the samples. The by-product was not identified, but DA-6-NT is therefore
excluded from further comparisons. It was frequently reported in the literature that aromatic
amines undergo reactions with clay minerals, leading to formation of covalent bonds to the
minerals or oligomerization.3®-38 |t is conceivable that DA-6-NT is also prone to such reactions
with the zeolite surface and it cannot be excluded that other, particularly amino-NACs show
similar behaviour, although not accompanied by visible discolouration. Here, spectroscopical
characterization of the loaded zeolites could provide further insight.

Table 4: Experimental maximum loadings gmax,exp Of NACs on Fe-zeolites FeBEA35 and
FeFAUS55 and calculated maximum loadings gmax according to the Langmuir equation. For S-
type adsorption isotherms, also the maximum sorption coefficients Kp max and the respective
loadings are given (Ctotal,nac = 10 — 250 mg L2, Czeolite = 0.02 — 8 g L'2). For the adsorption of DA-
4-NT, DA-6-NT, and DANB to FeFAU55, no Kp,max values could be determined due to L-type
isotherm behaviour.

FeBEA35 FeFAU55
KD,max
Gmax,exp gmax ?;:I Gmax,exp [105 L kg-]'] Gmax ?nr:::l
[wt%] [wt%] ke'!] [wt%] (atg [wt%] ke'']
[mol kg])
TNT 2.3 2.3 0.10 15.7 13.3(0.24) 22.6 0.99
INB | 1.1 1.6 007 | 162 0.7 (0.25) 28.0 131
2,4-
DNT 3.6 5.1 0.28 24.1 3.9(0.29) 24.3 1.34
2,6- 4.0 3.8 0.21 20.1 12.6 (0.29) 22.9 1.26
DNT
DNB 3.5 3.7 0.22 24.4 0.8 (0.32) 25.6 1.52
2-
ADNT 3.6 3.8 0.19 25.1 2.8 (0.27) 22.3 1.13
4-
ADNT 3.0 3.2 0.16 26.4 13.8 (0.27) 24.5 1.24
DNA 2.1 1.8 0.10 23.6 1.1 (0.29) 24.0 1.31
2NT |36 37 027 |178 1.4 (0.39) 214 1.56
4-NT 5.0 5.3 0.39 254 3.2(0.39) 23.4 1.70
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NB 3.8 3.6 0.29 18.7 0.8 (0.43) 19.2 1.56
Z/%M- 5.1 5.1 0.30 16.4 n.a. 15.7 0.94
Zﬁ'& 25.6* 15.6* 0.93* 27.2 n.a. 32.3 1.93
DANB | 3.8 3.1 0.20 22.0 n.a. 21.6 1.41

* Adsorption of DA-6-NT is superimposed by chemical transformations giving rise to
overestimation of gmax.

Maximum loadings of the NACs on FeBEA35 range from 1.6 wt% (TNB) to 5.3 wt% (4-NT), whereas
FeFAU55 maximum loadings between 15.7 wt% (DA-4-NT) to 28.0 wt% (TNB) were found. An
exception, as mentioned above, is DA-6-NT with a formally calculated gmax of 15.6 wt% on
FeBEA35 and 32.3 wt% on FeFAUS5, respectively. The values derived for the adsorption of DANB
on FeFAUS55 should also be considered with caution due to the relatively large error range (Figure
SI-17). In case of FeBEA35, the highest loadings could be achieved with 4-NT and DA-4-NT, the
lowest with TNB and TNT. For FeFAUS5S5, also 4-NT reached the highest loading, followed by 2-NT
and NB. Lowest loadings were achieved for DA-4-NT and TNT. Compared to other adsorbents
from the literature, the obtained maximum loadings for FeFAUS55 are high and in the range of
highly specialized adsorbents, like covalent organic frameworks, while loadings similar to those
reached with FeBEA35 were also reported for minerals such as montmorillonite or hectorite
(Table SI-5).3°#1 When calculating gmax on @ molar basis, the deviations of gmax between the
different NACs are smaller, with (0.21 + 0.09) mol kg for FeBEA35 and (1.33 + 0.22) mol kg for
FeFAUS55 (DA-6-NT excluded). On the molar basis, adsorption mechanisms of the various NACs
seem to be specific for each zeolite. The interaction between NACs as electron-deficient m-
acceptors and surfaces with negative charge, e.g. phyllosilicates or basal siloxane surfaces, is
already described in the literature.*>*3 Due to the strong negative charge of the zeolites’ inner
surfaces caused by the incorporation of Al3* in the silicate framework, those literature findings
can likely be transferred to the Trap-Ox Fe-zeolites.** The n-rt electron donor-acceptor (EDA)
interactions of surface oxygen with NACs were reported to lead to adsorption that was far more
pronounced (5 orders of magnitude higher) than expectable based on octanol-water partition
coefficients (Kow values), representing hydrophobic interactions.*>*> Also Haderlein et al. showed
that there is no correlation between Kp and Kow for NACs adsorption to clay minerals, leading to
the assumption that hydrophobic interactions are not the main driver of adsorption.#%4 FTIR
measurements confirmed the theory of n-m EDA complex formation by proving a coplanar
orientation of NACs towards the siloxane surface.***34>-%47 However, the values of gmax on
FeFAUS55 are remarkably high. Furthermore, Freundlich isotherms of the adsorption to FeFAU55
are extremely steep, resulting in values for n>1, indicating that adsorption of a monolayer
favours adsorption of further molecules. Those observations lead to the conclusion that the
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adsorption of NACs to FeFAUS55 proceeds via mt-mt stacking of molecules adsorbed within the 3D-
supercages of FeFAU55 with diameters of 11.9 A sterically allowing pore filling. This stacking of
NACs is hardly possible in the channel-shaped pores of FeBEA35 as the molecules can only enter
the pores in a queue.

Comparing the different substance classes for their adsorption to FeFAU55, it is obvious that
Kb,max Values are consistently higher for nitrotoluenes than for the respective nitrobenzenes. This
observation is in contrast with the findings of Haderlein et al., who reported decreased Kp values
for the adsorption of ortho- and para-methyl NACs to clay minerals. In case of ortho-substituted
compounds, the authors attribute this effect to the steric hindrance of the coplanar orientation,
the so-called ortho-effect.?? The pores of zeolites, however, offer different steric conditions and
seem to enable specific adsorptive interactions. Extremely high Kpmax values > 10° L kg?,
especially TNT, 2,6-DNT, and 4-ADNT, i.e. NACs with two nitro groups in ortho-position to the
methyl group, catch the eye. It was previously reported that ortho nitro groups are forced out of
the ring plane.*®

A more detailed inspection of Kpmax-values in Table 4 for adsorption on FeFAU55 reveals a
remarkable correlation: the number of nitro groups in the adsorbate molecule which are twisted
out of the aromatic plane (i.e. in ortho-position to another substituent) correlates positively with
their adsorption affinity. This effect is obvious for the DNT isomers and for the ADNT isomers (see
Table 4 and Figure SI-25). Hence, these nitro groups seem to play a key role for adsorption in
FeFAU55. How to interpret the steric effect, planar vs. out-of-plane twisted nitro groups? One
can assume that planar nitro groups have a better chance to delocalize the partial positive charge
at the nitrogen atom across the aromatic w-electron system, whereas aplanar nitro groups have
a more localized positively charged N-atom. If such positively charged atoms are beneficial for
interactions with negatively charged sites at the zeolite surface, then it is plausible that the
stereochemistry of the nitro groups affects significantly or even dominantly adsorption of the
aromatic molecules.

It is noteworthy that NACs with two amino groups (DA-4-NT, DA-6-NT, and DANB) nevertheless
differ in their adsorption behaviour on FeFAU55 compared to the other NACs, despite
comparably high loadings. Similarities in their adsorption behaviour to FeBEA35 can be seen with
Freundlich exponents close to 1 and no maximum Kp (Table 3). Figure 3 shows the plot of Kp
versus g for DANB as an example of how Kpisinfluenced by already adsorbed contaminant layers.
All plots are shown in Figure SI-6 to 19.
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Figure 3: Impact of loading g on the sorption coefficient Kp as measure for adsorption affinity
in the adsorption of DA-6-NT to FEFAUSS5 (Cfree,pa-6-n7= 0.2 — 185 mg L%, Creolite = 0.25-4 g L7,
dashed line provided to guide the eye).

This observation indicates that diamino-nitroaromatics do not reach pore filling after adsorption
to FeFAUSGS like the other NACs. It is likely that their interaction with the zeolite proceeds partially
via the formation of hydrogen bonds between the amine hydrogen and electron pairs of surface
oxygen, leading to a non-co-planar orientation of the adsorbed molecules on the surface and
similar adsorption parameters as observed on FeBEA35.4° In future studies, spectral analysis of
the loaded zeolites could yield further insight into the adsorption mechanism of NACs to Fe-
exchanged zeolites.

3.2 Oxidation of NACs

During in-situ application, a PRB from Trap-Ox zeolites needs to be regenerated with H,0; to
oxidize the adsorbed contaminants and restore adsorption capacity of the barrier after the
adsorption phase. To assess their degradability in the Trap-Ox system, NACs adsorbed to the two
zeolites under investigation were therefore oxidized by the addition of H,0, to the suspension.
With total NAC concentrations of 10 mg L™ and a zeolite concentration of 5 g L'}, an experimental
setup was chosen where the major amount of the NACs is present in the adsorbed state (go =
0.2 Wt%, Ciree << 1 mg L'}, compare Figures SI-6 to 19). Due to the large extent of adsorption of
the NACs, educt depletion cannot be directly measured by analysis of the liquid phase. As a
plausible indicator for progressing NAC oxidation, the formation of nitrate during the reaction
was utilized. In Figure 4, the nitrate yields, normalized to the maximal possible elimination of
nitro groups at full oxidation, are shown. Thereby, it is assumed that nitrogen from amino groups
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332 is not converted to nitrate, which is in accordance with the obtained nitrate yields. It was
333 reported that during the Fenton-like oxidation of aniline, the amino group is converted to
334  ammonium.>®
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Figure 4: Nitrate yields in the Fenton-like oxidation of NACs with FeBEA35 (solid
symbols/lines) and FeFAU55 (empty symbols/dashed lines). Nitro- and aminobenzenes are
depicted in red, NACs with a para-nitro group in blue, and without a para-nitro group in
green (cnaco = 10 mg L2, Creolite = 5 8 L2, CH202,0 = 3 Wt%). Error bars represent the deviation of
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It is noticeable that the nitrate yields for all NACs except for 2,6-DNT do not approach 100 %
during the observation period of 100 h, although a plateau in nitrate formation is reached or
emerges (Figure 4) and the H,0; concentration in the system is still on average 70 % of the initial
value at that time (Figure SI-22).

CH, COOH
ON NO, O,N NO, O,N NO,
O O + HeooH
Oxidation Ring opening HO O +NOy

NO, NO, NO,

CHj

05N NO,
(Lo
NO,

Figure 5: Suspected oxidation mechanism of TNT in Fenton-like oxidation systems based on
Liou et al.!

Several authors describe the hydroxyl-radical driven oxidation of NACs as mainly proceeding via
(i) the oxidation of the methyl group forming aldehydes and benzoic acids and (ii) hydroxylation
of the aromatic ring and finally ring opening (Figure 5). This mechanism is also likely for the
heterogeneous Fenton system, as we could identify partial desorption of trinitrobenzoic acid and
TNB from FeBEA35 after addition of H,0; to a sample treated with Trap-Ox (see section SI-7). As
final degradation products, Fenton-like oxidation is reported to yield mainly short-chain
carboxylic acids and nitrate.*®52> Thereby, also gaps in the nitrogen balances or discrepancies
between nitrate formation and degradation rates of NACs were reported. Ho et al. and Gratzel
et al. proposed nitromuconic acid derivatives as nitrated aliphatic intermediates in
photooxidation of NACs.>**® Similarly, Garcia Einschlag et al. reported the formation of
unidentified nitrated intermediates during UV/H,0. treatment of various NACs. Tanaka et al.
found also ammonium as a reduction product of the photocatalytic degradation of nitrophenols
using TiO; as catalyst.>®>>> Nevertheless, repeated nitrate measurements of some samples after
the depicted reaction time indicate slowly ongoing nitrate formation (section SI-5). Therefore,
relocation of the reaction from the adsorbed to the dissolved state for ring-opened, more
hydrophilic reaction intermediates, leading to lower degradation rates in the Trap-Ox system,
can be postulated. The slow nitrate release from DNBA as a substance that is only slightly
adsorbed (less than 10 % under the given conditions) supports this assumption. It should be
noted that excessive production of short-chain carboxylic acids, such as oxalic acid, as
degradation product could decrease the catalytic performance of Trap-Ox Fe-zeolites due to
complexation of the embedded iron (see section SI-2) and should be investigated more deeply,
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as well as options to re-load the zeolites with Fe in-situ. Furthermore, Oh et al. suspected the
formation of additional nitrogen species, such as N2O or NO2, when retrieving only 92.2 % of
nitrogen in form of NOs and NHs* after sequential treatment of TNT with Fe® and Fenton
oxidation.>” Another possible explanation for the gap in the nitrogen balance is the blockage of
certain areas of the zeolite pores by unoxidized, adsorbed NAC which leads to a slow-down of
the oxidation.

From the measured nitrate concentrations resulting from the oxidation, first-order rate constants
for the heterogeneous reaction (Knetreseass and khetrerauss) were determined. For this purpose,
measured values at low conversion levels (< 50 %) were used to minimize the impact of secondary
reactions. The knet-values are given in Table 5. In the heterogeneous system, the reaction
constants obtained vary over three orders of magnitude. With 0.003 h-* for FeBEA35 and 0.005 h!
for FeFAUS5, respectively, by far the lowest constants were obtained for DNBA, which is the only
anionic substance under investigation. All the other tri- and dinitro compounds vyield rate
constants between 0.01 and 0.1 h'! with the sequence TNB < TNT < DNTs < DNB.

Whereas nitrate release from both dinitrotoluene isomers is similar using FEBEA35 (knet= 0.04 h!
for 2,4-DNT and 0.05 h! for 2,6-DNT), a more pronounced difference is obvious using FeFAU55
(0.07 h'* for 2,4-DNT and 0.03 h! for 2,6-DNT). With regard to the sorption characteristics of the
DNTs on FeFAUSS5, it is striking in this context that 2,4-DNT exhibits significantly higher Freundlich
parameters and Kpmax values than 2,6-DNT (12.6 vs. 3.9 - 10° L kg both at a loading of
0.29 mol kg1). At the same time, maximum loading of 2,4-DNT is higher (1.34 vs. 1.26 mol kg™?).

Regarding the amino-dinitro compounds, it is noticeable that the nitrate release from 2-ADNT
(knet= 0.2 h'! on both zeolites) is significantly faster than from 4-ADNT (Kknet reeass = 0.04 h'! and
khet Ferauss = 0.07 h™t). 4-ADNT is again a NAC with an extremely high Kp,max value at FeFAU55 (13.8
compared to 2.8 - 10° L kg! both at a loading of 0.27 mol kg!). There is one more NAC with a
Kb,maxvalue in a comparable range like 2,6-DNT and 4-ADNT that simultaneously shows a low rate
constant of only 0.01 h'* on FeFAUS55: TNT reaches a Kp max value of 13.3 - 10° L kg! at a loading
of 0.24 mol kg and at the same time the lowest gmax of all NACs with 0.99 mol kg*. On the other
hand, nitrate formation from DNA is considerably faster using FeFAU55 than FEBEA35 (Knhet reFauss
= 0.2 h! compared to Knetreseass = 0.05 h?). With 1.1-10°Lkg?, this substance reaches a
comparably low Kpmax value. A particularly high sorption affinity (in the form of a high Kp,max
value) is clearly disadvantageous for the oxidative degradation of the NACs. Here, it is possible
that the strong and specific adsorptive interactions, which occurs predominantly for NACs with
non-coplanar nitro groups in ortho-methyl position, stabilize or shield the NAC against radical
attack. The other NACs (mononitro and diaminonitro compounds) show rate constants between
0.1 and 0.4 h'! with the sequence 4-NT = DA-6-NT < 2-NT = DA-4-NT < NB < DANB. The fact that
nitrobenzenes show a faster nitrate release compared to nitrotoluenes can be attributed to the
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different reaction mechanism, since the attack on the methyl group as the often described first
reaction step is omitted in nitrobenzenes.

Table 5: First-order reaction rate constants of NAC degradation in the heterogeneous, Fenton-
like Trap-Ox system knet using FeBEA35 and FeFAU55 as adsorbents and catalysts
(ctotanaco = 10 mg LY, Creolite = 5 g LY, €H202,0 = 3 Wt%) and the respective apparent second-order
rate constants kon.app Of the homogeneous, stoichiometric Fenton reaction (averaged from
competition kinetics with aniline or phenol; cnaco=40 - 80 UM, Caniline/phenol,o= 100 UM,
Ctotal,H202/Fe(1l) = 100 — 400 pM; for more details see section SI-3).

NAC Knet,reseass [h™] Knet,rerauss [h] kot-,app
[10°L mol?t-s?]
TNT 0.017 0.01 1.02
TNB 0.041 0.023 0.165
2,4-DNT 0.036 0.067 2.6
2,6-DNT 0.047 0.034 2
DNB 0.058 0.063 0.5
DNBA 1 0.0025 0.0054 0.3
2-ADNT 0.18 0.2 16
4-ADNT 0.037 0.066 6.3
DNA 0.048 0.2 14
2-NT 0.2 0.18 13.4
4-NT 0.1 0.1 13
NB 0.2 0.25 7
DA-4-NT 0.18 0.18 20
DA-6-NT 0.1 0.1 32
DANB 0.25 0.4 31

1 as anion (pKa=1.4)%

The dominant reactive species in the Fenton reaction and also in the Trap-Ox process are hydroxyl
radicals. To assess possible influences of the adsorption on the selectivity of the Fenton-like
reactions, second-order rate constants of the various NACs with OH-radicals were measured in a
homogeneous Fenton reaction for comparison. They can be used to estimate the reactivity of the
freely dissolved compounds. OH-attack is the first step but not the only relevant factor for
mineralization and nitrate release which was measured in the heterogeneous systems. A
common method to determine second-order reaction rate constants, e.g. with hydroxyl radicals
in a Fenton-like approach, is to follow the direct competitive reaction kinetics of a target and a
reference compound with known rate constant. In fact, the determination of true second-order
rate constants from competition experiments relies on certain pre-conditions which are further
discussed in section SI-3. As this is difficult to verify for all considered compounds, we address
the experimentally determined values as apparent rate constants kon.app. Nevertheless, they
provide relevant information on the ease of oxidation of the various NACs in Fenton-like systems
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where OHe are considered as main oxidant species. kon.app Values, averaged from those derived
from competitive reaction with phenol and aniline, are given in Table 5. The full dataset is given
in section SI-3.

The apparent second-order rate constants for the homogeneous Fenton reaction of the studied
NACs vary over three orders of magnitude. It should be noted that rate constants kom.app > 10 -
10° L mol! s approach the diffusion-controlled limit of the reaction in water. One can speculate
that the rate-determining primary step may change (other radicals in addition to OHe may
contribute) and variations of those apparent rate constants should be interpreted with due
caution. Furthermore, for some NACs, the double-logarithmic plots from which the values for
kow.,app Were derived (shown in Figure SI-4) are not strictly linear (e.g. in case of DNB) or forced
regression through the zero point (e.g. for TNB). Nevertheless, it is useful to know a gradation of
reactivities of the NACs in mixtures expected to occur in the field in order to be able to adjust
reaction conditions and stoichiometries to the targeted problem substances.

The obtained kon.app Values increase in the order TNB = DNBA < DNB < TNT < 2,6-DNT < 2,4-DNT
< 4-ADNT < NB < 4-NT = 2-NT < DNA < 2-ADNT < DA-4-NT < DANB = DA-6-NT. It becomes obvious
that kon-app increases with increasing number of amino groups in the molecule and decreases
with increasing number of nitro groups. Since nitro groups exert an electron-withdrawing effect
on the aromatic ring system and thus reduce the electron density, substrate reactivity towards
hydroxyl radicals as electrophilic species is lower the more nitro groups are present in the
molecule. Amino groups have the opposite effect and increase the m-electron density, thus
enhancing reactivity towards OH-radical attack. Interestingly, it was observed that NACs with two
ortho-methyl nitro substituents are less reactive than their isomers (2,4-DNT > 2,6-DNT and 2-
ADNT > 4-ADNT). When investigating the UV-promoted Fenton oxidation of NACs, Li et al.** also
found that the reaction rate decreases in the order 2-NT > 4-NT > 2,4-DNT > 2,6-DNT > TNT and
found a correlation with the charge density on the benzylic C-H-bonds. The authors attributed
their observations on the one hand to decreased resonance stabilization of ortho nitro
compounds and thus higher susceptibility to OHe attacks, as ortho nitro groups are forced out of
the ring plane, and on the other hand to steric shielding of the methyl group from radical attack.*®
Therefore, NACs with nitro groups in ortho position to the methyl group are not only degraded
in a less favourable way when adsorbed to FeFAUS55, but also when freely dissolved. Absence of
the methyl group decelerates the reaction of nitrobenzenes (NB, DNB, and TNB), but has an
accelerating effect for aminonitrobenzenes (DNA and DANB) compared to the respective
toluenes. It was already suspected by Liou et al.?° that the methyl group is the preferred site of
radical attack for electron-deficient toluenes, which is a possible reason for NTs, DNTs, and TNT
to react faster than NB, DNB, and TNB.?° For aminonitro compounds, radical attack to the methyl
group appears to be less preferred due to enhanced electron density in the aromatic ring.
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Figure 6: Double-logarithmic plots of the reaction rate constants of NAC degradation in the
heterogeneous, Fenton-like Trap-Ox system knet using FeBEA35 (left) and FeFAUS5S5 (right) vs.
the respective apparent second-order rate constant kow.,app Of the homogeneous,
stoichiometric Fenton reaction (for more details see Table 5 and section SI-3).

In the next step, the heterogeneous and homogeneous reaction rate constants were related to
gain insight into the role of sorption in the reaction mechanism. In Figure 6, the double-
logarithmic plots of the knet Vs. the kow.app Values are shown. The solid correlation lines between
knet and kow.,app implemented in Figure 6 are lines with the slope of 1. This slope implies that the
selectivity of the oxidation is the same in both the heterogeneous and the homogeneous systems.
Thus, adsorption in the zeolite does not play a significant role in substrate selectivity. Along this
line, a reaction mechanism in which free OH-radicals are generated at the Fe-centres, which then
attack the physisorbed NACs, is plausible. Thus, adsorption in the zeolite causes only an
enrichment of the substrate molecules. Since this is the same for all substrates, as in the present
case (equal loadings g), adsorption does not appear to interfere with the reaction mechanism.

The nitrobenzenes do not follow this correlation in both zeolites. This observation is conclusive
in that the nitrobenzenes, unlike the nitrotoluenes, do not have a methyl group as a preferred
site of initial radical attack. However, the amino-nitrobenzenes with no methyl group as well, fit
the correlation. Moreover, the missing methyl groups can hardly explain the increased reactivity
of nitrobenzenes compared to nitrotoluenes in the adsorbed state. In conclusion, we do see
significant correlations between reaction selectivities in homogeneous and heterogeneous
oxidation of NACs. However, they are not interpretable straightforwardly. It should be noted that
some curved instead of straight lines obtained in the double-logarithmic plots (log (c/co) shown
in Figure SI-5) indicate complex reaction kinetics during the determination of the ko app-values
(for example due to superimposition of stoichiometric and catalytic Fenton reactions or reactions

21



488
489
490
491
492
493

494
495
496
497
498
499
500
501
502

503
504
505
506
507
508
509
510
511
512
513
514

515

516
517
518
519
520
521
522

with other radical species than OHe). However, the kon.app-values of all nitrobenzenes would
have to be higher by a factor of 10 to fit the correlation obtained for the other NACs. A
mechanistic background of the increased reactivity of the nitrobenzenes in the heterogeneous
system can therefore be assumed. This observation again indicates that the presence of a methyl
group plays a role for the sorption of nitrotoluenes, especially on FeFAUS55. Stronger specific
adsorption on the downside decreases the reactivity of adsorbed NACs.

On the other hand, there is also clear evidence in our results for the essential role of adsorption
in the zeolite-based oxidation of NACs: under the given experimental conditions, DNBA is
predominantly present as anion (pKa = 1.4)3>. The comparison with dinitrobenzene shows that
both compounds react with similar rates in the homogeneous system (DNBA: kop. app = 0.3 - 10°
L mol? s vs. DNB: ko app= 0.5 - 10° L mol ™ s1). However, in the heterogeneous Trap-Ox system,
the rate constant of DNB is ten times higher than that of DNBA (DNB: khet = 0.06 h'! on both
zeolites vs. DNBA: knet = 0.003 h'! on FeBEA35 and 0.005 h'! on FeFAU55). This is in line with a
large fraction of freely dissolved DNBA (= 90 %), which is not sufficiently close to the site of OH-
generation.

The reaction rate constants derived in this paragraph can be consulted to estimate which NACs
are preferentially degraded in Fenton-like reactions for mixed contaminations, as are usually
found at contaminated sites. In aged contaminations, where mainly amino derivatives of TNT are
present, TNT faces fast-reacting competitors and may be degraded itself in an unfavourable
manner due to its lower inherent reactivity. Furthermore, problems might arise because
dealkylated transformation products without amino groups also react slower than their parent
compounds, possibly leading to the release of nitrobenzenes (TNB, DNB, and NB, respectively).
Therefore, it is of utmost importance to ensure the further degradation of the slow-reacting
substances by sufficient contact with OH-radicals. Improved adsorption and thus retention within
the treatment zone as well as sufficiently high dosing of oxidant would be a way to achieve this.
The kinetic data for Trap-Ox oxidation presented in Figure 5 are promising with respect to the
unexpected high reactivity of nitrobenzenes.

4. Conclusion and technological implication

The adsorption and degradation of 15 nitroaromatic compounds (NACs) in the Trap-Ox Fe-zeolite
system, using the two Fe-loaded zeolites FeBEA35 and FeFAU55, was examined in this work. The
adsorption behaviour of the NACs varied significantly between the BEA-type and the FAU-type
zeolite. The adsorption to FeBEA35 could be described by regular L-type isotherms, reaching
maximum NACs loadings between 1.6 and 5.3 wt%. In contrast to that, the adsorption to
FeFAUS55 was better described by S-type isotherms, with a very low slope at low loadings and a
steep increase in the medium part of the isotherm. This isotherm shape implies the existence of
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a maximum adsorption coefficient Kp max (between 8.1 - 10* and 1.4 - 10° L kg'* depending on the
individual NAC). Maximum loadings between 16 and 26 wt% were achieved.

The two zeolites showed similar catalytic activities for the NACs degradation. The oxidation of all
NACs in the Trap-Ox system could be observed by monitoring nitrate release as a helpful indicator
for the degradation progress. Nitrate yields of 50 to 100 % were achieved.

The rate constants derived from this nitrate release were related to apparent second order
reaction rate constants determined for the homogeneous Fenton reaction, which can be used to
estimate the intrinsic reactivity of the individual NACs in a Fenton-like reaction. Both rate
constants are lower for electron-deficient NACs with more nitro substituents, whereas amino
substituents accelerated the oxidation reaction. The correlation between both rate constants
indicates that the adsorption to the zeolites does not interfere deeply with the reaction
mechanism, where free OH-radicals generated at the Fe-centres attack the physisorbed NACs.
However, the nitrobenzenes examined in the frame of this work fall out of correlation, indicating
the presence of a mechanism increasing their reactivity in the adsorbed state compared to the
homogeneous system. Comparison of the hardly adsorbed 2,4-dinitrobenzoate with the well
adsorbed 1,3-dinitrobenzene proves the role of the adsorption as essential condition of catalytic
oxidation. Therefore, formation of intermediate products with a much lower adsorption affinity
and possibly lower reactivity to OHe, such as nitrated benzoic acids and ring-opened
nitroaliphatic compounds, may lead to a slower overall mineralization kinetics.

The results of this work open up an optimistic perspective for the application of Trap-Ox Fe-
zeolites for the adsorption and degradation of NACs also under groundwater conditions in the
field. In general, both Fe-zeolites are suitable for adsorption and degradation of NACs. The high
capacity of FeFAU55 allows for long lifetimes of an adsorptive barrier. However, as the
degradation of TNT proceeds significantly faster on FeBEA35, also mixed or consecutive barriers
are conceivable to combine fast TNT degradation while avoiding breakthrough of the early-stage
degradation product TNB. For TNT itself, the following scenario with an FeBEA35 barrier is
reasonable: 5 m barrier length with 0.5 wt% zeolite on aquifer sediment loading, a sediment true
density of 1.75 kg L't and porosity of 30 %, assuming a groundwater flow velocity of 0.5 m d* and
a cmminput= 0.2 mg LY. This would allow an operation time of more than 12 years until TNT
breakthrough. Common metabolites of TNT, such as 2-ADNT, would allow almost 23 years for
breakthrough.!® After the contaminant retardation period, the permeable adsorption zone can
be regenerated by in-situ catalytic oxidation with H,O..

A reasonable next step of this research following this perspective will be the consideration of
both adsorption and degradation in flow-through systems, as already demonstrated on the
example of MTBE.'2 Thereby, common models for the adsorption on FeBEA35 can be cross-
checked with experimental data, and new models for FeFAU55 should be developed. In addition,
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further investigations should be accompanied by toxicological studies of the resulting reaction
products for the expected evidence that chemical degradation of the hazardous NACs is also
accompanied by an expected lowering of the hazard potential. Finally, the suitability of the
technology to remove NAC from groundwater should be validated in a pilot field test to
investigate the influence of site factors, e.g., natural organic matter or sediment composition.
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