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Abstract

Zero-valent iron (ZVI) permeable reactive barriers (PRBs) have become popular for the degradation of
chlorinated ethenes (CEs) in groundwater. However, a knowledge gap exists pertaining to the longevity of
ZVI. The present investigation addresses this situation by suggesting a numerical simulation model that is
intended to be used in conjunction with field or column tests in order to describe long-term ZVI
performance at individual sites. As ZVI aging processes are not yet completely understood and are still
subject to research, we propose a phenomenological modelling technique instead of a common process-
based approach. We describe ZVI aging by parameters that characterise the extent and rate of ZVI reactivity
change depending on the propagation of the precipitation front through ZVI. We approximate degradation
of CEs by pseudo-first order kinetics accounting for the formation of partially dechlorinated products, and
describe ZVI reactivity change by scaling the degradation rate constants. Three independent modelling
studies were carried out to test the suitability of the conceptual and numerical model to describe the
observations of accelerated column tests. All three tests indicated that ZVI reactivity declined with an
increasing number of exchanged pore volumes. Measured and modelled concentrations showed good
agreement, thereby proving that resolving spatial as well as temporal changes in ZVI reactivity is
reasonable.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

To date, zero-valent iron (ZVI) is the material most often proposed and used for the in-situ
treatment of chlorinated ethenes (CEs) in groundwater (Wilkin et al., 2002). Numerous researchers
have reported on the mechanism and kinetics of contaminant degradation by ZVI (e.g., Matheson
and Tratnyek, 1994; Bonin et al., 1998; Wüst et al., 1999; Arnold and Roberts, 2000). Recently,
researchers have focused on changes in iron reactivity over time and with exposure to
groundwater, with variability in such factors as flow rate, influent CE concentrations, inorganic
and microbial compositions (Gu et al., 1999; Farrell et al., 2000; Scherer et al., 2000; Köber, 2001;
Gavaskar et al., 2002; Agrawal et al., 2002; Klausen et al., 2003; Wilkin and Puls, 2003).
The long-term reactivity of ZVI in remedial systems depends on the continued effectiveness of

ZVI to serve as an electron donor (Farrell et al., 2000). Field data from ZVI PRBs indicate that
reactive performance of ZVI has not generally been problematic, that is, it has not shown severe
deterioration (Reynolds, 2002; Gavaskar et al., 2002; O'Hannesin, 2004). However, even the
earliest PRBs have been in service for less than a decade. Consequently, the long-term (decades)
reactive performance of ZVI remains unclear.
Laboratory studies provide an important glimpse into the effects of individual groundwater

constituents on the iron and indicate the inhibition or acceleration of CEs' degradation related to
water chemistry. However, most of the laboratory studies have investigated the effect of a single
constituent using artificial solutions (i.e., carbonate species — Agrawal et al., 2002; Klausen
et al., 2003; chromate — Schlicker et al., 2000; nitrate — Schlicker et al., 2000; Farrell et al.,
2000; Ritter et al., 2003; permanganate — Okwi et al., 2005; silicate — Klausen et al., 2003;
Kohn et al., 2005; natural organic matter — Tratnyek et al., 2001; Klausen et al., 2003). Ebert
et al. (2006) demonstrated that complex interactions take place in systems using groundwater of
more or less complex composition, and cumulative or antagonistic effects on CEs' degradation
are not derivable from the plain combination of effects observed in more simple (e.g., single-
constituent) experiments.
For a better estimation of the ZVI longevity, some of the experimental studies were supported

by modelling (e.g., Hatfield et al., 1996; Liang et al., 1997b; Mayer et al., 2001; Yabusaki et al.,
2001; Agrawal et al., 2002; Morrison, 2003). Most of the models presented thus far are process-
oriented. They facilitate gaining insight into the processes that are involved in the treatment of
contaminants by ZVI, namely: degradation, reduction of other electron acceptors present in the
ambient groundwater (Mayer et al., 2001), precipitation of secondary minerals (Mayer et al.,
2001; Yabusaki et al., 2001; Gavaskar et al., 2002), parallel iron dissolution reactions and
complexation reactions (Yabusaki et al., 2001), microbially mediated sulfate reduction and
degassing of hydrogen gas (Mayer et al., 2001). Recent reaction and transport models are capable
of simulating decreasing reactivity and permeability, both related to iron consumption and
mineral precipitation (Agrawal et al., 2002; Morrison, 2003; Li et al., 2004). However, there are
only a few models that are applied to real sites (e.g., Mayer et al., 2001; Yabusaki et al., 2001;
Morrison, 2003), and terms describing potential acceleration of degradation velocity are not
considered. A precise long-term assessment of ZVI performance has not been possible to date.
The chemical reactions occurring at mineral surfaces leading to change of reactivity are poorly
understood, as is the effect of mineral precipitation on porosity and permeability. Therefore, a
better understanding of these processes is needed to have confidence in ZVI longevity estimations
made with the process-oriented models.
In this paper, we propose a modelling approach that attempts to describe and quantify observed

phenomena of spatial and temporal changes in ZVI reactivity, rather than specific processes. This
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means that the effects of mineral precipitation (mediated by biogeochemical reactions) on the
reductive degradation of CEs are described in a lumped way. In doing so, we accept being unable
to identify individual processes and influencing factors which alter the ZVI performance at any
particular site over time. Subsequently, the setup of such a spatio-temporal simulation model (STS
model) is presented. Note that the impact of mineral precipitation on the ZVI performance with
respect to porosity reduction is not assessed, as it is typically of minor importance compared to the
impact with respect to ZVI reactivity (Gavaskar et al., 2002; Morrison, 2003; Vikesland et al.,
2003). As a premise to calibrate the model, it is assumed that meaningful performance data
exhibiting ZVI reactivity change are available. In this study, the model is applied to the data of
three accelerated column tests, which were conducted with actual groundwater from the sites at
the former NAS Moffett Field, USA (Gavaskar et al., 2002), Rheine, Germany (Möller, 1998;
Ebert et al., 1999, 2003; see also http://www.rubin-online.de and http://www.rtdf.org for more
information on PRB) and Stuttgart, Germany (Ebert et al., 2002). While the focus in the Moffett
Field column experiment was on the degradation of trichoroethene (TCE), the Rheine column
experiment focused on tetrachloroethene (PCE), TCE and cis-1,2-dichloroethene (cis-DCE) and
the Stuttgart column experiment on PCE, TCE, trans-1,2-dichloroethene (trans-DCE), cis-DCE
and vinyl chloride (VC).

2. Method

2.1. Conceptual model

The reductive dechlorination of chlorinated compounds by ZVI is a surface-mediated reaction,
commonly described by first-order kinetics with respect to contaminant concentrations (Gillham
and O'Hannesin, 1994; Johnson et al., 1996; O'Hannesin and Gillham, 1998). Wüst et al. (1999)
observed a zero-order degradation law for high concentrations (N200 μM) of TCE and cis-DCE,
indicative of surface reaction limitation (Schäfer et al., 2003), that is, limitation in reactive sites
and possible hindering of further adsorption and degradation of contaminants. In our numerical
investigation, for all column tests, the first-order expression was adopted. For the Moffett Field
simulations, Kouznetsova (2006) tested the accuracy of approximating TCE degradation with the
first-order expression through comparison with alternatives, such as N-order (0bNb1, NN1;
Liedl et al., 1999) and combined zero-and first-order (Wüst et al., 1999) expressions. Numerical
examples demonstrated that, despite the high influent TCE concentration (∼668 μM), TCE
degradation can be efficiently and accurately simulated by the first-order. For the Rheine and
Stuttgart simulations, the first-order expression is adequate, as indicated by the moderate influent
contaminant concentrations (Rheine: ∼68 μM of PCE, ∼2.15 μM of TCE and ∼0.70 μM of cis-
DCE; Stuttgart: ∼0.13 μM of PCE, ∼21.84 μM of TCE, ∼1.15 μM of trans-DCE, ∼156.8 μM
of cis-DCE and ∼0.14 μM of VC).
Degradation of CEs and other intermediates during reaction on ZVI occurs via three processes,

referred to as reductive β-elimination, hydrogenolysis and hydrogenation (Arnold and Roberts,
2000). Most studies have focused on β-elimination, as it is considered to be the dominant process:
CEs are degraded to ethane, ethene and acetylene as the primary end products. Only a few studies
report partially dechlorinated reaction products (e.g., TCE, cis-DCE and VC) that may be formed
by more than one route (Orth and Gillham, 1996; Liang et al., 1997a; O'Hannesin and Gillham,
1998; Su and Puls, 1999; Arnold and Roberts, 2000; Farrell et al., 2000). Even though partially
dechlorinated species are minor products, they are regarded as contaminants in drinking water and
their presence may dictate the overall design of the PRBs (Vogan et al., 1995; Yamane et al., 1995;
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Tratnyek et al., 1997; Schäfer et al., 2003). In this study we account for the formation of partially
dechlorinated products; however, we do not distinguish the mechanisms or degradation pathways
through which they are generated. Therefore, the STS model is a simplified representation of the
reaction scheme from Arnold and Roberts (2000), which comprises a unidirectional network of
CE degradation reactions on ZVI. Fig. 1 illustrates the reaction scheme for an exemplary system
containing four toxic CEs (PCE, TCE, cis-DCE and VC). Meta-stable intermediates, such as
acetylene and further DCE isomers, typically produced at low amounts, are neglected. According
to the scheme, the degradation rate of each chlorinated ethene can be expressed as

dCj
dt
¼ −kjCj þ

Xp
i

jijkiCi; ð1Þ

where Ci is the aqueous concentration of compound i that degrades to compound j [M L
−3], Cj is

the aqueous concentration of compound j [M L−3], p is the number of compounds [−] that can
degrade to compound j, t is time [T], ki and kj are the first-order degradation rate constants
(corresponding to reductive elimination plus hydrogenolysis) of compounds i and j [T−1],
respectively, and κij is the mole percent conversion of compound i to compound j (i.e., branching
ratio). The differential equation system is approximated numerically by the finite difference
technique (Bayer, 2004; Bayer and Finkel, 2005).
As mentioned above, the dechlorination process may be adversely affected by mineral coatings

on ZVI surfaces, due to an inhibition of the electron transfer between ZVI and contaminant
species. Long-term column experiments and field observations by different investigators evinced
the existence of precipitation accumulation fronts (Farrell et al., 2000; Schlicker et al., 2000;
Klausen et al., 2003; Vikesland et al., 2003; Wilkin et al., 2003; Zhang and Gillham, 2005). For
instance, Klausen et al. (2003) observed a change in colour (indicative of precipitation) in ZVI
columns from an initial dark grey/black to a lighter grey that progressed slowly from the column
inlet toward the distal end. Furthermore, Klausen et al. (2003) stated that “at the proximal ends of
the columns, apparently unreactive zones grew over time”. To simulate a spatial deactivation
trend, we assume that a precipitation front moves through ZVI in the flow direction. Ahead of the
front, ZVI has its original reactivity; behind the front, in the zone of precipitate accumulation, the
reactivity of ZVI is lowered.
The length of the transition zone (TZ) between the regions of full and minimum reactivity of

ZVI (i.e., the remaining reactivity, RRj) represents the shape of the precipitation front (Fig. 2),
which is expected to be dependent on inorganic water chemistry, reaction kinetics, and flow
velocity. For instance, the abiotic reduction of nitrate occurs comparatively fast on ZVI and results
in a strong inhibition of CE degradation (Sinatar et al., 1995; Cheng et al., 1997; Rahman and

Fig. 1. Sequential degradation of PCE, TCE, cis-DCE, and VC.
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Agrawal, 1997; Farrell et al., 2000; Ritter et al., 2003). Schlicker et al. (2000) observed
passivation/precipitation fronts with narrow transition zones moving throughout the columns in
experiments with high nitrate or chromate backgrounds. In contrast, carbonate precipitation is
often spread over broad distances. Thus, a more even decrease in reactivity could be observed
(Klausen et al., 2003; Ebert, 2004), suggesting that a broader transition zone develops in this case.
To simulate a spatial (i.e., along the flow direction) and temporal variability of ZVI reactivity,

degradation rate constants of the contaminants, j, are scaled by space-and time-dependent,
dimensionless factors, Fj [−], that range from 0 to 1. Recall that our model does not particularly
investigate the chemical changes that occur due to iron aging in different geochemical systems.
Therefore, the scaling factors are conditioned by such model parameters as: (i) the deactivation
period, DP [T], (ii) the remaining reactivity of ZVI, RRj [−] or [%], and (iii) the length of the
transition zone between the regions of full and minimum reactivity, TZ [L]. The change from full
to minimum reactivity within the transition zone is assumed to be linear. Since the ZVI aging may
have a different effect on the degradation of particular contaminants (Wang and Farrell, 2003),
parameter RRj is expressed compound-specifically. The value of DP serves as a proxy for the
propagation velocity of the precipitation front, as DP is the time after which deactivation to RRj
has completely evolved through a reference ZVI flowthrough thickness, Lref [L] (e.g., the column
length in the lab studies).
The scaling factors for degradation rate constants Fj(L,t) may be determined as a function of

time t [T] and distance L [L] from the ZVI reactor inlet by examining the propagation of the
precipitation front. Assigning n as the superscript identifying normalisation to the ZVI cross-
sectional area, the following expressions can be formulated:

Vnref ; j ¼ Lref d ð1−RRjÞ; ð2Þ

VnTZ; j ¼
TZd ð1−RRjÞ

2
; and ð3Þ

Vnj ðtÞ ¼
td ðVnref ; j þ VnTZdjÞ

DP
ð4Þ

where Vref,j
n is the (normalised) reference ZVI volume [L] deactivated to the minimum level of

reactivity RRj, VTZ,j
n is the (normalised) deactivated volume [L] within the transition zone between

Fig. 2. Conceptual model of ZVI deterioration: propagation of passivation front.
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regions of full and minimum reactivity RRj, and Vj
n(t) is the total deactivated (normalised)

ZVI volume [L] at time t [T].
For early times, that is, when the transition zone has not yet completely evolved in the column

(Vj
n(t)≤VTZ,jn , see Fig. 2a), the ZVI flowthrough thickness Lmax,j [L], up to which the precipitation

front has propagated after time t [T], is expressed as:

Lmax; jðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2dVnj ðtÞ
hj

s
ð5Þ

where θj is the slope [L
−1] that characterises Fj within the transition zone and

hj ¼ 1−RRjTZ
: ð6Þ

Lmax,j [L] equals TZ [L] when the transition zone has completely propagated into the column. This
occurs at time

t* ¼ TZ
2Lref þ TZDP: ð7Þ

For later times (tN t⁎), when Vj
n(t)NVTZ,j

n (see Fig. 2b and c), the relevant expression is

Lmax; j tð Þ ¼ TZþ
ðVnj ðtÞ−VnTZ; jÞ
ð1−RRjÞ : ð8Þ

Finally, the compound-specific scaling factor Fj(L,t)∈ ⌊RRj,1⌋ is expressed as follows:

FjðL; tÞ ¼ 1−hjd ðLmax; jðtÞ−LÞ for Lat0; Lmax; jðtÞb; ð9aÞ

FjðL; tÞ ¼ 1 for LNLmax; jðtÞ: ð9bÞ
Note that, according to the STS model, having TZ greater than ZVI flowthrough thickness of the
whole reactor is also possible. This case is a more general interpretation of reactivity transition:
minimal and/or maximal reactivity in the model exists as extrapolated references (Fig. 3). As can

Fig. 3. Extrapolation of maximum reactivity in STS model.
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be expected for high groundwater flow velocities or thin walls, reactivity then changes over the
entire flowthrough thickness.
It should be mentioned that, according to Zhang and Gillham (2005), precipitate formation

appears to be a self-regulating process, with the precipitates causing reduced reactivity, which in
turn reduces the rate of precipitate formation (respectively, rate of ZVI deactivation, dVj

n/dt). In
laboratory experiments, Okwi et al. (2005) observed a rapid loss of reactivity that progressed
through a column as a moving front, followed by a much slower but progressive loss of reactivity
across the entire column. It appears that the phenomenon of changing rate of ZVI deactivation
should be incorporated in the models simulating ZVI long-term performance, but knowledge
about this phenomenon is not yet sufficient to do so. Therefore, in the STS model we assume that
deactivation parameters (RRj, DP, TZ) and the rate of ZVI deactivation (dVj

n/dt) are constant over
time. Another assumption that we introduce due to the knowledge deficit is that branching ratios
are not affected by iron aging. The speculations of other researchers about this issue are presented
subsequently in the results and discussion section.

2.2. Model calibration

Compared to other modelling studies (Farrell et al., 2000; Gavaskar et al., 2002; Klausen et al.,
2003), an essentially different way of model parameter estimation (i.e., fitting to experimental
data) is suggested here. While other investigators calibrated the model parameters against
concentration profiles over column distance independently for different exposure times (local
time fitting), we perform simultaneous fitting of these data (global fitting). Using all concentration
data at once is shown to be a more robust approach which is less susceptible to outliers (see
section NAS Moffett Field column simulations). The model parameters to be calibrated are initial
degradation rate constants (kj), branching ratios (κij), as well as deactivation period (DP), length
of transition zone (TZ) and remaining reactivity (RRj). We solved the calibration by using a
heuristic optimisation technique, the derandomised evolution strategy (CMA-ES; Hansen et al.,
2003), which is especially useful for nonlinear problems and does not require closed form
objective functions. The algorithm is implemented as an external solver that repeatedly calls the
STS model. Each model call provides an indication of the ability of the model to reproduce
concentration data accurately. Kouznetsova (2006) examined two quantitative measures for the
STS model calibration: the absolute logarithmic error, absL and the relative residual mean square
error, rRMS. The minimization of the errors was achieved after several hundreds model calls, the
input parameters of which were specified iteratively by the heuristic solver. In curve fitting with
the rRMS, higher concentrations (at the proximal end of the column) were simulated more
accurately than smaller concentrations (at the distal end of the column). It was concluded that
absL offers slight advantages compared to rRMS, as it yields a better fit at the distal end of the
column, being less biased in favour of fitting higher concentrations. Therefore, in this study the
optimal parameter fit for a specific compound is defined as the one producing the minimum absLj
[log(M L−3]:

absLj ¼
P jlogðCj;measÞ−logðCj;modÞj

m
ð10Þ

where Cj,meas is the measured and Cj,mod is the modelled concentrations [M L
−3] of compound j,

and m is the total number of observations [−]. In Eq. (10), it is understood that the summation is
carried out with respect to all sampling ports at all sampling times. Fig. 4 summarises the
elementary steps of the calibration procedure.
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If there is only one compound of interest (e.g., in the Moffett Field column test), the above-
mentioned calibration parameters are adjusted simultaneously, except for branching ratios, which
are not relevant in this case. If there is more than one compound (e.g., the Rheine and Stuttgart
column tests), simultaneous adjustment of parameters may result in non-uniqueness of the
parameter values due to interdependence of degradation rate constants of parent and daughter
compounds and branching ratios. Hence, in these cases we chose to derive the parameter values in
a stepwise fashion, starting with degradation data for the highest chlorinated ethene and
proceeding to the lesser chlorinated ethenes. For instance, if the examined contaminant mixture
contains PCE, TCE and cis-DCE, then calibration will start with data for PCE degradation and
proceed via TCE to cis-DCE. After DP, TZ (both independent of CE type) and parameters for the
highest chlorinated ethene are calculated; they are retained for use in the calibration process for
the next, lesser chlorinated ethene. An assumption embedded in this sequential parameter
adjustment is that the degradation rate of a parent compound is not dependent on the number and
concentrations of daughter products (i.e., interspecies competition is not considered). The
fractions accounting for the degradation of a highly chlorinated ethene to partially dechlorinated
byproducts (κij) are estimated while adjusting the parameter values of the target ethenes, that is,
potential daughter products. Table 1 shows the sequence in which model parameters are derived
for the exemplary mixture containing PCE, TCE and cis-DCE.

2.3. Model input and model configuration

The values of all model input parameters that were not subject to calibration are specified in
accordance to the Moffett Field, Rheine and Stuttgart column tests. Column packing materials and
properties, as well as column setup and operating conditions, are listed in Table 2. For further
details the reader should refer to Gavaskar et al. (2002), Parbs et al. (2003), Ebert (2004), Ebert
et al. (2002).

Fig. 4. Flowchart of the calibration procedure.

Table 1
Stepwise calibration for a mixture containing PCE, TCE and cis-DCE

Steps Calibrated parameters

1 kPCE, RRPCE, DP, TZ
2 kTCE, κPCE-to-TCE, RRTCE
3 kcis-DCE, κPCE-to-cis-DCE, κTCE-to-cis-DCE, RRcis-DCE
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Table 2
Summary of the NAS Moffett Field, Rheine and Stuttgart column tests

NAS Moffett Field column Rheine column Stuttgart Column

Packing material Iron (peerless metal powders
and abrasives; Detroit, Michigan)

Grey cast iron (Gotthart Mayer, AG)
(33 vol.%) and gravel

Grey Cast Iron (Gotthart Mayer, AG)

Porosity⁎ 0.64 0.37 0.40
Operation time⁎ 274 days/1300 PV 420 days/242 PV 205 days/49 PV
Column dimensions⁎ 91.4 cm×3.8 cm I.D 97 cm×10 cm I.D. 101.5 cm×10 cm I.D.

Locations of sampling ports Distance from inlet (cm)⁎

0; 15.2; 30.5; 45.7; 61.0; 91.4 0; 3; 8; 13; 22; 32; 47; 62; 77; 92; 97 0; 1.5; 6.5; 11.5; 21.5; 31.5; 46.5; 61.7; 76.6; 91.5
Sampling events Days from the start of the test⁎

(pore volumes)
5(42); 10(84); 17(140); 22(187);
27(223); 31(257); 38(317); 76(475);
205(1012); 213(1047); 273(1295)

4(2); 27(16); 46(27); 67(39);
96(55); 111(64); 145(84); 166(96);
220(127); 293(169); 312(180);
361(208); 420(242)

16(4); 35(8); 57(14); 78(19); 99(24); 125(30); 154(37); 181(44);
205(49)

Operating conditions

Concentrations⁎ TCE
(mg L−1)

PCE
(μg L−1)

TCE
(μg L−1)

cis-DCE
(μg L−1)

PCE
(μg L−1)

TCE
(μg L−1)

trans-DCE
(μg L−1)

cis-DCE
(μg L−1)

VC
(μg L−1)

Influent 69.4–1260 7795–13,324 44–803 49–102 5.4–59.3 993–5440 33.1–157 6525–20,635 0–38.3
Effluent 19.7–79.6 1–7519 1–317 1.4–205 b1 b1 b1 60–4298 7–186

Flow rate⁎ 3.8 mL min−1

until 317 PV,
1.9 mL min−1

until 1300 PV

1.02 – 1.29 mL min−1 0.63 – 1.10 mL min−1

⁎ Input parameters used in the STS Model.
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Each column experiment was simulated using a one-dimensional transient flow and transport
model. The measured values of the volumetric flow rate and CE inflow concentrations were
used to describe the boundary conditions. Contaminant transport was assumed to be purely
advective (plug flow). A finite difference grid spacing of Δx=1 cm was used to discretise the
column length. The time step length Δt [T] was adjusted automatically according to Δt=Δx /v,
with v [L/T] being the flow velocity. (Courant criterion for the model equals 1). Changing
operation conditions were resolved by time intervals of 4 to 7 days depending on the duration of
the particular experiment. The chosen discretisation was proven to be appropriate, as preliminary
calculations with finer discretisations (e.g., Δx=1 mm and time interval of 1 day) showed the
same results. That is, the values of the fitted parameters and absL were the same. According to the
ZVI flowthrough thickness in the columns, the reference thickness for the evaluations of ZVI
aging was set to Lref,Moffett=92 cm, Lref,Rheine=97 cm and Lref,Stutt=101.5 cm.
Please note that, following the recommendation of Gavaskar et al. (2002), in the NAS Moffett

Field column we excluded from calibration the data collected at 42 and 317 pore volumes. For the
former case, early concentration data was shown to be biased by sorption to non-reactive sites.
Since this is not accounted for in the STS model, it would have resulted in an overestimation of
the fitted rate constants had the data been included. In the latter case, concentration data were
taken shortly after the flow rate had been abruptly adjusted from 3.8 mL min−1 to 1.9 mL min−1

thus reflecting exceptional non-equilibrium conditions which render the data unsuitable for
calibration. Following the recommendation of Gavaskar et al. (2002) further, we did not consider
measured influent and effluent concentrations in the calibration, thereby avoiding column end
effects that bias the calculations of the degradation rate constants (i.e., abrupt change in diameter
between the tubing and the column; accumulation of the gas bubbles in the effluent end of the
column). For the Rheine and Stuttgart column simulations, the model parameters were fitted
excluding the influent measured concentrations from calibration. Concentrations measured at 2
and 16 pore volumes for the Rheine column and at 4 pore volumes for the Stuttgart column were
also excluded, because the concentration profiles indicated that sorption sites were not
sufficiently saturated and there were strong non-equilibrium conditions in the columns.
Furthermore, the apparent outliers in measured concentrations were excluded. The outliers were
determined on the basis of standard deviations, σ, calculated using three parallel samples that
were taken at each sampling port (if σ is greater than 10%, the concentration measurement is not
considered). In the Rheine column, the outliers comprise 11.8% of the evaluated data and in the
Stuttgart column −6.7%.

3. Results and discussion

3.1. NAS Moffett Field column simulations

The breakthrough curves of modelled effluent TCE concentrations compared to column
influent and effluent TCE concentrations are shown in Fig. 5 (here “effluent” is understood as the
concentration at the last port, as it is more meaningful than the concentration at the column end
(according to Gavaskar et al., 2002)). Effluent TCE concentration showed a decrease over
influent concentration, as was expected due to TCE degradation by ZVI. Fig. 5 exemplifies the
best-fit profile for TCE effluent, illustrating that both the measured and the modelled effluent TCE
concentrations are in good agreement throughout the exchange of 1300 pore volumes. Additional
plots of concentration profiles for different times are presented in Fig. 6. The corresponding best-
fit model parameters are listed in Table 3. To give an estimate of the uncertainty in the fitted
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parameters, Monte-Carlo simulations were performed (i.e., parameters were varied randomly and
simultaneously within a 25% range of each best-fit parameter value). This way, 10000 alternative
parameter settings were evaluated. All settings that yield an absL error not higher than 2% above
the absL error of the best-fit setting were counted as ‘acceptable’ and were further analysed
with respect to the parameter ranges. The bounds of these ranges (min and max) are also listed in
Table 3. The ranges of the individual parameters normalised to the corresponding best-fit value
indicate that the accuracy of the model fit is particularly sensitive for kTCE and RRTCE, whereas
the impacts of DP and TZ are moderate and low, respectively. Please note that the size of the
parameter ranges is governed by the error tolerance used. This issue will be highlighted further
below in the example of the Rheine column simulations.
It should be mentioned that, according to Gavaskar et al. (2002), it is possible that in the first

part of the Moffett Field column test (until 317 pore volumes) precipitate formation and retention
had not reached their maximum in the column. The colloidal precipitate particles were washed out
of the column before the reduction of the water flow rate from 3.8 mL min−1 to 1.9 mL min−1 at
317 pore volumes. However, after the flow rate reduction, all the precipitates generated were
retained in the column. Based on the fact that the data fit is good at all times (Fig. 6), we presume
that the effects of varying the flow rate do not significantly influence the accuracy of the ZVI
longevity estimation (i.e., the calibrated parameters).
It is instructive to compare the TCE degradation parameters calibrated using the STS model

with those obtained by means of local fitting of the pseudo-first order model, assuming spatially
constant degradation (i.e., rate constants are constant irregardless of position within the column).
The results of this comparison are shown in Fig. 7. Spatially constant degradation rate constants
kSC are provided for specific times of TCE concentration measurements (see also the best-fit
exponential regression line kSC,trend). The spatially varying (i.e., profiled), degradation rate of the
STS model is described by three values: (i) the minimum value of the rate constant, kSTS,min (at
the column inlet), (ii) the maximum value, kSTS,max (at the column outlet), and (iii) the effective
value, kSTS,eff. The latter is the uniform equivalent of the rate constant profile of the STS model
(i.e., the rate constant that gives the same TCE concentration at the column outlet as the one
calculated on the basis of the spatially non-uniform rate constant profile). Note that the effective

Fig. 5. Breakthrough curves of modelled (mod) effluent TCE concentration compared to observed influent (inf) and
effluent (eff) concentrations for the NAS Moffett Field column. Column data from Gavaskar et al. (2002).
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rate constant proved to be equivalent to the arithmetic mean of the rate constant profile. The
propagation of the passivation front through the column is completely reflected by the
development of kSTS,min and kSTS,max over time. The bend in the kSTS,max at 170 pore volumes
indicates the point in time when the front (i.e., the transition zone) has reached the column outlet.
The time when the transition zone has completely propagated into the column corresponds to the
bend in the kSTS,min at 533 pore volumes. The reason the transition zone reaches the column outlet
prior to its complete propagation into the column is the greater length of the transition zone
compared to the column length (comp. Tables 2 and 3). After 1110 pore volumes, kSTS,min
coincides with kSTS,max, indicating that the whole column (Lref,Moffett) is deactivated to the
remaining ZVI reactivity toward TCE, RRTCE. The degradation rate constant of TCE decreases
during the course of the experiment from 1.71 h−1 to 0.57 h−1, according to the STS. Fig. 7 shows
that the margin of the kSTS profile encases all locally fitted rate constants except one (at 317 pore
volumes). Compared to the scatter of the locally fitted rate constants (kSC), global fitting of the
STS model yields a clear and more realistic trend. It is apparent that, especially for a low number
of concentration measurements and a broad spread of locally fitted rate constants, an overall trend
line can hardly be adapted.
As mentioned above, the STS model determined that after the exchange of 1110 pore volumes

(see Fig. 7, or DP in Table 3), the TCE degradation reaches a steady value. The latter could signify

Fig. 6. Modelled (solid lines) and measured (markers) spatial concentration profiles for TCE in the Moffett Field column at
different pore volume ages. Note that the plots show influent and effluent concentrations that were not considered in
calibration.
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a quasi steady-state situation, where further accumulation of precipitates does not result in a
remarkable decline in surface area concentration of ZVI within the observation period. These
observations are consistent with data for TCA reduction reported by Agrawal et al. (2002), in
which sustained ZVI reactivity toward TCAwas observed after extensive accumulation of FeCO3
on the iron surface. Agrawal et al. (2002) suggested a model assuming that the TCA reduction
rate decays exponentially (to a nonzero limit) with C(IV) exposure time. They mentioned reactive
Fe2+ sites, green rust, pits, pores, and crevices in the precipitate layer as possible explanations for
sustained ZVI reactivity. In general, instead of a linear change of the reaction rates, an exponential
change could be specified for the STS model. Due to the satisfactory data fit for the Moffett Field
column (Figs. 5 and 6), the simpler linear change was preferred.

3.2. Rheine column simulations

Fig. 8 presents graphical results of the stepwise calibration procedure and Table 4 lists the best-
fit parameters for the Rheine simulations. The calibration results for the STS model indicate that
in this experiment, TCE has the highest initial rate constant (kTCE=0.228 h

−1) compared to PCE
(kPCE=0.122 h

−1) and cis-DCE (kcis-DCE=0.046 h
−1), which is typical for the type of iron used

Fig. 7. The pseudo-first order TCE rate constants vs. the number of exchanged pore volumes in the NAS Moffett Field
column. Spatially constant TCE rate constants kSC (markers) and the corresponding best-fit exponential trend kSC,trend
(solid line) are compared to TCE rate constants determined by the STS model, i.e., minimum kSTS,min (dashed line),
maximum kSTS,max (dotted line) and effective kSTS,eff (dashdot line).

Table 3
Summary of optimised parameters for the Moffett field simulations

Parameters Symbols Units Best-fit Ranges for other
‘acceptable’ settings

Min Max

Initial degradation rate constant kTCE [h−1] 1.71 1.64 1.90
Remaining reactivity RRTCE [%] 33 30.5 35.5
Deactivation period DP [days]/[PV] 226/1110 190/949 262/1259
Length of transition zone TZ [m] 1.6 1.49 1.66
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(Ebert, 2004). It is interesting to make a further comparison with the rate constants reported by
other researchers. According to Johnson et al. (1996), by using surface area normalized rate
constants (kSA), it is possible to make generalisations about degradation rates by iron metal that
apply over a wide range of laboratory conditions. The surface area in the Rheine experiment is
1.21 m2 mL−1. Compared to kSA presented by Johnson et al. (1996), the average kSA calculated
by the STS model are smaller for the degradation of PCE and TCE. Other studies have also shown

Fig. 8. Modelled (solid lines) and measured (markers) spatial concentration profiles for PCE, TCE and cis-DCE in the
Rheine column at different pore volume ages.

Table 4
Summary of optimised parameters for the Rheine simulations

Parameters Symbols Units Compounds

PCE TCE cis-DCE

Initial degradation rate constant k [h−1] 0.122 0.228 0.046
Remaining reactivity RR [%] 11.5 17.9 95.0
Branching ratio κPCE-to-TCE [%] 11.8

κPCE-to-cis-DCE [%] 5.0
κTCE-to-cis-DCE [%] 25.5

Deactivation period DP [days]/[PV] 443/255
Length of transition zone TZ [m] 1.7
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more rapid degradation of TCE (Wüst et al., 1999; Su and Puls, 1999; Miehr et al., 2004), while
comparable or smaller cis-DCE degradation rate constants were determined (Johnson et al., 1996;
Wüst et al., 1999). Fig. 9 presents the results of the comparison of surface area normalised first-
order rate constants. Additionally, the values of kSA identified by the STS model for the Stuttgart
column are shown (the surface area in the Stuttgart experiment is 1.75 m2 mL−1.). Please note
that, due to the mixture of iron and gravel used in the Rheine column, the observed reaction
kinetics are slow compared to other experiments using the same granulate iron (Fig. 9— Stuttgart
grey cast iron; Ebert, 2004). However, weighting kSA identified by the STS model with the
volume fraction of iron (33%) eliminates the differences (corrected kSA,PCE=3.07·10

−4 L
m−2 h−1, kSA,TCE=5.73·10

−4 L m−2 h−1, kSA,cis-DCE=1.15·10
−4 L m−2 h−1).

The values of RRj serve as an indicator of the susceptibility of compound-specific iron
reactivity to aging. The lower values for PCE (RRPCE=11.5%) and TCE (RRTCE=17.9%) evince
a higher reactivity decrease for these contaminants compared to the small decline for cis-DCE
(RRcis-DCE=95.0%). We acknowledge, however, that in this specific case the STS model may not
provide accurate values for the cis-DCE degradation rate constant and the remaining reactivity,
RRcis-DCE. Due to the relatively small ZVI flowthrough thickness (97 cm), degradation of cis-
DCE is obscured by cis-DCE production from PCE and TCE. In Fig. 8, a continuous increase of
the cis-DCE concentrations can be observed with increasing distance from the column inlet,
which impedes a distinct interpretation of the data. The PCE and TCE fractions degrading to cis-
DCE cannot be determined accurately here either, as the net cis-DCE production is strongly
dependent on the goodness of fit of cis-DCE degradation. The Rheine experimental setup (i.e.,
ZVI flowthrough thickness) was sufficient to describe production of TCE. Although different ZVI
types may exhibit completely different reactivities, the fraction of PCE degrading via
hydrogenolysis to TCE, reported herein (see Table 4, κPCE-to-TCE=11.8%), compares closely to
that reported in batch studies by Arnold and Roberts (2000), who concluded that hydrogenolysis
accounts for 13% of PCE.

Fig. 9. Comparison of surface area normalised first-order rate constants.
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Some researchers have stated that branching ratios might change with ZVI aging (Farrell et al.,
2000; Gavaskar et al., 2002). For instance, Gavaskar et al. (2002) supposed that with
accumulation of precipitates, the hydrogenolysis pathway replaces β-elimination as the dominant
degradation mechanism. One consequence of this replacement is that chlorinated by-products
would be produced in greater quantities. On the other hand, Wang and Farrell (2003) noted that
cessation of hydrogenolysis may occur if there is competition for hydrogen (i.e., by sulphate
reducers). However, for the experimental data analysed here, a simplified approach using constant
branching ratios proves to be sufficient, as shown by a good visual fit of modelled and measured
concentrations (Fig. 8). Note that constant branching ratios are not an obligatory limitation of the
STS model. Transient branching ratios may also be integrated.
The calibrated STS model indicates that the ZVI deactivation does not reach a limit before the

end of the experiment on day 420 (242 pore volumes). It is identified by the deactivation period
DP that degradation rates are expected to reach steady values after 255 pore volumes (Table 4).
Therefore, we can conclude that at the end of the experiment (i) the precipitation front did not
propagate through the entire ZVI flowthrough thickness, and (ii) part of the column, namely from
the column distance of 88 cm from the inlet up to the column outlet at 97 cm, was within the
transition zone.
Using the procedure described above for the Moffett Field column, ranges of model parameters

were identified for subsets of parameter settings that meet the given error tolerance of 5%, 2% and
1%. Table 5 provides a summary of the results. It is shown that the size of the subsets considerably
decreases for the more stringent error tolerance. And even for the rather loose tolerance of 5%, the
range of all parameters is narrowed compared to the original range of variation (50%). The size of
the range and its change with decreasing error tolerance gives an indication of the significance of
the individual parameters. A comparison of individual parameters’ relative ranges (range/best-fit
value) reveals that DP and kPCE have the highest impact on the accuracy of the model fit. kTCE and
kcis-DCE have lower impacts compared to kPCE. Similarly, RRTCE and RRcis-DCE have lower
impacts when compared to RRPCE. This is explained by the fact that model parameters for TCE
and cis-DCE are dependent on the model parameters for PCE, due to the partial dechlorination of
PCE to TCE and cis-DCE. As mentioned above, cis-DCE degradation and production by higher
chlorinated ethenes cannot be described accurately due to experimental setup. Therefore, no

Table 5
Summary of the random and simultaneous parameter variation for the Rheine column

DP TZ RRPCE kPCE RRTCE kTCE κPCE-to-
TCE

RRcis-
DCE

kcis-
DCE

κPCE-to-cis-
DCE

κTCE-to-cis-
DCE

[PV] [m] [%] [h−1] [%] [h−1] [%] [%] [h−1] [%] [%]

Best-fit (BF) 255 1.7 11.5 0.122 17.9 0.228 11.8 95.0 0.046 5 25.5
Error tolerance: 5% (Number of selected parameter sets: 135 out of 10,000)
Range Min 205 1.29 8.71 0.104 13.44 0.172 8.90 72.29 0.0346 3.76 19.28

Max 314 1.87 14.37 0.151 22.34 0.278 14.71 99.61 0.0527 5.22 31.69
Range/BF 0.4273 0.3365 0.4922 0.3875 0.4972 0.4649 0.4924 0.2876 0.3935 0.2920 0.4967
Error tolerance: 2% (Number of selected parameter sets: 21 out of 10,000)
Range Min 212 1.36 9.83 0.116 15.58 0.184 9.39 72.96 0.0347 3.76 19.28

Max 287 1.85 14.27 0.142 22.31 0.254 14.7 99.07 0.0466 4.32 31.57
Range/BF 0.2941 0.2882 0.3861 0.2131 0.3760 0.3070 0.45 0.2748 0.2587 0.1120 0.4820
Error tolerance: 1% (Number of selected parameter sets: 8 out of 10,000)
Range Min 219 1.37 10.21 0.125 15.91 0.184 9.55 74.59 0.0349 3.77 21.50

Max 265 1.85 14.27 0.142 22.31 0.243 13.42 97.41 0.0418 4.32 29.36
Range/BF 0.1804 0.2824 0.3530 0.1393 0.3575 0.2588 0.3280 0.2402 0.15 0.11 0.3082
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reliable conclusions can be made regarding the significance of the uncertainty in the cis-DCE
model parameters (i.e., RRcis-DCE, kcis-DCE, κPCE-to-cis-DCE, κTCE-to-cis-DCE). kTCE, κPCE-to-TCE and
RRTCE (in the order of decreasing significance) have a moderate impact on the ZVI longevity
estimation. TZ has the lowest impact.

3.3. Stuttgart column simulations

The set of parameters reflecting the CEs degradation behavior in the Stuttgart column is given
in Table 6 (best-fit values as well as the min/max values for an error tolerance of 2%). The
graphical results of the parameter optimisation procedure are presented in Fig. 10. With influent
PCE concentrations between 5 μg L−1 and 60 μg L−1 and trans-DCE concentrations between
33 μg L−1 and 157 μg L−1, degradation of these CEs to under the detection limit could be
observed in the first third of the ZVI flowthrough thickness (Fig. 10). TCE also degraded to under
the detection limit at approximately the same flow distance, although the influent concentrations
of TCE were much higher than those of PCE and trans-DCE (i.e., between 1206 μg L−1 and
4747 μg L−1). In contrast to PCE, TCE and trans-DCE, degradation of cis-DCE and VC was
observed along the entire ZVI flowthrough thickness. The calibration results for the STS model
indicate that in the Stuttgart experiment, similar to the Rheine experiment, TCE has the highest
initial degradation rate constant (kTCE=1.3 h

−1) and cis-DCE the lowest (kcis-DCE=0.09 h
−1)

compared to the other CEs. At the same time, cis-DCE degradation is most affected by ZVI aging
(RRcis-DCE=18.5%). ZVI also exhibits a pronounced loss in reactivity towards PCE
(RRPCE=20.7%) and medium loss towards TCE (RRTCE=50.7%), trans-DCE (RRtrans-DCE=
61.5%) and VC (RRVC=80%). The impact of ZVI aging on the CEs degradation in the Stuttgart
experiment can be demonstrated, for instance, on the VC degradation profiles (Fig. 10). The

Table 6
Summary of optimised parameters for the Stuttgart simulations

Parameters Units Symbols Best-Fit Ranges for other
‘acceptable’ settings

Min Max

Initial degradation rate constants [h−1] kPCE 0.85 0.69 0.90
kTCE 1.3 1.13 1.52
ktrans-DCE 0.64 0.59 0.78
kcis-DCE 0.09 0.07 0.11
kVC 0.15 0.12 0.18

Remaining reactivities [%] RRPCE 20.7 15.9 25.3
RRTCE 50.7 39.5 63.1
RRtrans-DCE 61.5 55.4 71.5
RRcis-DCE 18.5 14.5 21.6
RRVC 80 61.9 94.5

Branching ratios [%] κPCE-to-TCE 35.6 27.0 44.2
κPCE-to-trans-DCE 1.3 1.1 1.6
κPCE-to-cis-DCE 22.1 16.6 27.6
κTCE-to-trans-DCE 2.7 2.0 3.1
κTCE-to-cis-DCE 1.5 1.2 1.8
κtrans-DCE-to-VC 12.3 9.9 13.8
κcis-DCE-to-VC 4.7 3.6 5.1

Deactivation period [days]/[PV] DP 402/96 382/91 492/117
Length of transition zone [m] TZ 0.91 0.80 1.1
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influent VC concentrations were near zero and the effluent concentrations between 15 μg L−1 and
31.6 μg L−1. In each VC concentration profile, an increase in the VC concentrations up to a
maximum of 143 μg L−1 was observed, followed by a decrease. The VC quantities produced by
higher chlorinated ethenes became smaller over the duration of the experiment, so that, at the end
of the experiment, an increase in VC concentrations by only 27 μg L−1 was measured.
The Stuttgart experimental setup (inflow CE concentrations, ZVI flowthrough thickness)

differs favourably from the Rheine setup, as the branching ratios can be determined accurately
(Table 6). The branching ratio of PCE to TCE and of trans-DCE to VC identified by the STS

Fig. 10. Modelled (solid lines) and measured (markers) spatial concentration profiles for PCE, TCE, trans-DCE, cis-DCE
and VC in the Stuttgart column at different pore volume ages.
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model are larger than those observed by other investigators (e.g., from Arnold and Roberts
(2000), b13% and 1%, respectively). However, the branching ratios of PCE to DCE isomers are
comparable to those anticipated by Arnold and Roberts (2000) if branching ratios were to favor
hydrogenolysis products to the exclusion of the reductive elimination products (N26%). The
branching ratios of TCE and cis-DCE to lesser chlorinated ethenes are similar to the branching
ratios obtained in column (Orth and Gillham, 1996; O'Hannesin and Gillham, 1998) and batch
(Arnold and Roberts, 2000) studies (i.e., 3–6% of the parent compound).
As in the Rheine column simulations, we can conclude, on the basis of the DP value (Table 6),

that at the end of the Stuttgart experiment i) the precipitation front did not propagate through the
entire ZVI flowthrough thickness, and ii) part of the column, namely from the column distance of
30 cm from the inlet up to the column outlet at 101.5 cm, was within the transition zone. The
calibrated STS model indicates that the remaining ZVI reactivity is from 20.7% to 83.5% towards
PCE, 50.7% to 89.8% towards TCE, 61.5% to 92.0% towards trans-DCE, 18.5% to 83.1%
towards cis-DCE and 80% to 95.8% towards VC after an exposure to 49 pore volumes. Lower
limits of ranges refer to the column inlet and upper limits to the column outlet. The ZVI reactivity
decline is expected to reach steady values along the entire ZVI flowthrough thickness after 96
pore volumes.

4. Summary and conclusions

This study focuses on the development of a model for the simulation of the degradation of
chlorinated ethenes by ZVI undergoing aging. The main goal is an exact reproduction of
contaminant concentration changes in ZVI, as they determine the required ZVI flowthrough
thickness for achieving certain remediation targets. The conceptual model proposed here is
grounded on the findings of previous studies of the spatial and temporal changes in the
contaminant degradation capacity of ZVI when used for groundwater clean-up. Moreover, the
model is based on our observations of the movement of zones of maximal, transitional and
minimal ZVI reactivity in flow direction through iron columns. The formation of these zones is
expected to be due to long-term passivation processes mainly caused by surface precipitation of
inorganic constituents, and controlled by iron type and groundwater chemistry. The formulated
numerical spatio-temporal simulation (STS) model was calibrated to concentration data from
three accelerated column tests (Moffett Field, Rheine and Stuttgart). Taking the entire data set into
account during calibration (global fitting), a high level of agreement between calculated and
measured concentration profiles of CEs has been achieved for all three cases. Best-fit values of
model parameters as well as parameter ranges for alternative parameter settings yielding a given
error tolerance were reported. The parameter ranges provide a first estimate of the significance of
individual parameters. The narrowness of ranges at stringent error tolerance indicates that the
modeling gives reasonably well behaved results. A thorough parameter analysis, however, was
beyond the scope of this paper. A comprehensive testing of parameters’ sensitivity and
uncertainty, including possible interdependencies (e.g., by multivariate statistics, correlation
analysis) will follow.
It should be noted that accelerated column tests differ in some respects from flow systems in

the field PRBs. For instance, because of the accelerated flow rate in the columns, mineral
precipitates are distributed along a longer distance than would normally occur in a field barrier,
where sharper deactivation fronts and longer deactivation periods could be expected. In our study,
despite possible limitations in transferring the ZVI aging in the columns to the ZVI aging in the
field PRB, accelerated column tests were considered to be the best way of obtaining a direct
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determination of any future change in iron reactivity. The model has been found to reliably
describe conditions observed in the laboratory experiments. However, limited field data exist to
confirm that the model can simulate long-term field conditions. Accordingly, additional research
and monitoring are necessary to check if the performance anticipated from this study can be
transferred to the field.

List of symbols and abbreviations
AFB Air Force Base
CEs chlorinated ethenes
DCE dichloroethene (trans-, cis-)
PCE tetrachloroethene
PRBs permeable reactive barriers
PV pore volumes
STS spatio-temporal simulation
TCA 1,1,1-trichloroethane
TCE trichloroethene
VC vinyl chloride
ZVI zero-valent iron
absLj absolute logarithmic error [log(M L−3)]
Ci aqueous concentration of compound i that degrades to compound j [M L−3]
Cj aqueous concentration of compound j [M L−3]
Cj,meas measured concentration of compound j [M L−3]
Cj,mod modelled concentration of compound j [M L−3]
DP deactivation period [T]
Fj, Fj(L,t) compound-specific scaling factor for degradation rate constant [−]
ki, kj first-order degradation rate constant [T−1]
kSA surface area normalised rate constant [L2 T−1]
kSC spatially constant degradation rate constant [T−1]
kSC,trend spatially constant degradation rate constant calculated by exponential regression [T

−1]
kSTS,min minimum degradation rate constant (at the column inlet) calculated by the STS model

[T−1]
kSTS,max maximum degradation rate constant (at the column outlet) calculated by the STS model

[T−1]
kSTS,eff effective degradation rate constant calculated by the STS model [T

−1]
Lmax,j ZVI flowthrough thickness up to which the precipitation front has propagated [L]
Lref reference ZVI flowthrough thickness [L]
m number of measurements [−]
n superscript identifying normalisation to the ZVI cross-sectional area [−]
N reaction order [−]
p number of compounds that can degrade to compound j [−]
RRj remaining reactivity of ZVI [−] or [%]
rRMS relative residual mean square error [−]
t time [T]
t⁎ time when the transition zone has completely propagated into the column [T]
Δt time step length [T]
TZ length of the transition zone [L] between the regions of full and minimum reactivity of

ZVI, RRj
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v flow velocity [L T−1]
Vj
n(t) total (normalised) deactivated ZVI volume at time t [L]
Vref, j
n (normalised) reference ZVI volume [L] deactivated to the minimum reactivity of ZVI;

RRj
VTZ, j
n (normalised) deactivated ZVI volume [L] within the transition zone between regions of

full and minimum reactivity of ZVI, RRj
Δx space step length [L]
κij fraction of compound i degrading to compound j, i.e. branching ratio [−]
θj slope [L−1] that characterises Fj within the transition zone
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