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Abstract

Various sorption phenomena, such as aging, hysteresis and irreversible sorption, can cause differences between contami-
nant (ad)sorption and desorption behavior and lead to apparent sorption ‘asymmetry’. We evaluate the relevance of these
characteristics for neptunium(V) (Np(V)) sorption/desorption on goethite using a 34-day flow-cell experiment and kinetic
modeling. Based on experimental results, the Np(V) desorption rate is much slower than the (ad)sorption rate, and appears
to decrease over the course of the experiment. The best model fit with a minimum number of fitting parameters was achieved
with a multi-reaction model including (1) an equilibrium Freundlich site (site 1), (2) a kinetically-controlled, consecutive, first-
order site (site 2), and (3) a parameter w2;de, which characterizes the desorption rate on site 2 based on a concept related to
transition state theory (TST). This approach allows us to link differences in adsorption and desorption kinetics to changes in
overall reaction pathways, without assuming different adsorption and desorption affinities (hysteresis) or irreversible sorption
behavior a priori. Using modeling as a heuristic tool, we determined that aging processes are relevant. However, hysteresis
and irreversible sorption behavior can be neglected within the time-frame (desorption over 32 days) and chemical solution
conditions evaluated in the flow-cell experiment. In this system, desorption reactions are very slow, but they are not irrevers-
ible. Hence, our data do not justify an assumption of irreversible Np(V) sorption to goethite in transport models, which effec-
tively limits the relevance of colloid-facilitated Np(V) transport to near-field environments. However, slow Np(V) desorption
behavior may also lead to a continuous contaminant source term when metals are sorbed to bulk mineral phases. Additional
long-term experiments are recommended to definitely rule out irreversible Np(V) sorption behavior at very low surface load-
ings and environmentally-relevant time-scales.
� 2011 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

In this study, we investigate the kinetics of neptu-
nium(V) (Np(V)) sorption and desorption on goethite.
Neptunium-237 is a radionuclide of concern in nuclear
waste repositories due to its long half-life (2.14 �
106 years), toxicity and mobility in oxidizing environments

(Thompson, 1982). While initially present in spent nuclear
fuel at low levels (0.03%), Np-237 will become the major
contributor to the radiation inventory of nuclear waste
after approximately 100,000 years (Kaszuba and Runde,
1999). Relative to tetra- and hexavalent neptunium,
Np(V) in the form of NpO2

þ is considered the most
relevant and mobile oxidation state in oxic environments
(Dozol et al., 1993; Choppin, 2006), and is hence the focus
of this study. Goethite (a-FeOOH) is a mineral commonly
found in subsurface environments. In addition to their
natural abundance, iron (oxyhydr)oxide colloids can poten-
tially form due to the corrosion of waste containers in
repositories (Jerden and Kropf, 2007).
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As for other metals, Np sorption to mineral surfaces is
an important process controlling contaminant mobility in
subsurface environments. On the one hand, Np sorption/
desorption onto bulk mineral phases determines the effec-
tive removal of dissolved species from the pore water solu-
tion and leads to contaminant retardation. On the other
hand, Np sorbed onto mobile mineral colloids may remain
suspended in solution and can be further transported with
the groundwater flow. In both cases, the kinetics of sorp-
tion and desorption processes may largely determine the
apparent effects of metal surface reactions on contaminant
mobility (Saiers and Hornberger, 1996; Cvetkovic, 2000;
Missana et al., 2004; Steefel, 2008). However, model calcu-
lations including colloid-facilitated transport are especially
sensitive to metal sorption/desorption kinetics and the
degree of reversibility of the metal-surface binding
(Cvetkovic, 2000; Cvetkovic et al., 2004).

For Np(V), previous lab-scale transport studies suggest
kinetic limitations for metal sorption/desorption reactions
to bulk mineral phases, such as granitic rock (Kumata and
Vandergraaf, 1998) and zeolitic tuff (Viswanathan et al.,
1998). Furthermore, colloid-facilitated Np transport has
been demonstrated on the lab-scale for Np(IV)-bentonite
(Nagasaki et al., 1999) and Np(V)–Fe(III) colloid systems
(Nagasaki et al., 1994). However, there is little evidence for
colloid-enhanced Np mobility on the field scale. For in-
stance, at the Mayak site (Russia) only negligible fractions
of Np were found associated with colloidal particles after
groundwater filtration with molecular-weight cut-offs of
P15 nm (Kalmykov et al., 2007). Hence, in order to assess
the potential for colloid-facilitated Np transport under field
conditions further, additional research is needed for the char-
acterization of Np(V) desorption behavior, and the develop-
ment of kinetic modeling concepts.

Results from previous Np(V)–iron (oxyhydr)oxide sorp-
tion studies under aerobic conditions indicate a fast initial
metal uptake in the order of minutes to hours followed
by slower metal sorption rates over days to weeks
(Nakayama and Sakamoto, 1991; Kohler et al., 1999;
Nakata et al., 2000; Jerden and Kropf, 2007). Neptunium
desorption experiments with Fe-(oxyhydr)oxides have been
performed at the same chemical solution conditions as
during adsorption (Keeney-Kennicutt and Morse, 1984),
after controlled changes in solution pH (Nakayama and
Sakamoto, 1991; Jerden and Kropf, 2007), or with various
types of extraction solutions (Keeney-Kennicutt and
Morse, 1984; Nakata et al., 2000; Nakata et al., 2002).
Nakata et al. (2000) found that after Np was sorbed to
hematite over one week, 24% remained sorbed after sequen-
tial desorption steps with 1 M KCl and 0.1 M K2C2O4.
Keeney-Kennicutt and Morse (1984) observed a Np frac-
tion of approximately 66% desorbed from goethite in
deionized water and natural seawater solutions after two
hours. Chemical solution conditions during the (ad)sorp-
tion step, such as redox conditions and salt composition,
affect the extent of metal desorption (Nakata et al., 2002;
Jerden and Kropf, 2007). Furthermore, extended (ad)sorp-
tion times appear to decrease the reversibility of Np sorp-
tion reactions (Nakata et al., 2000).

In addition to the fairly limited number of experimental
studies, only a few attempts have been made to simulate
Np(V) sorption kinetics based on experimental data.
Braithwaite and co-workers (Braithwaite et al., 2000) de-
scribed Np-237 sorption to a clay-rich sediment over time
using 2- and 3-box multi-reaction models, which include
fast (equilibrium) and slow reversible sorption sites, as well
as one irreversible sorption site. In addition, the kinetics of
NpO2

þ sorption on hydroxyapatite have been simulated

Notation

½C�in; ½C�out Np(V) concentration in influent or effluent
solution (mol L�1)

[C] Np(V) solution concentration in flow-cell
(mol L�1)

DG free energy change of reaction
J flow-rate (L min�1)
k+, k� forward and reverse rate constants for simpli-

fied surface reaction
k2, k�2 forward and reverse rate constants for first-or-

der kinetics on site 2 (min�1)
Kd sorption distribution coefficient (Kd value)

(L g�1)
Keq equilibrium constant for surface reaction (in

concentration-units)
Keq;1;Keq;2 equilibrium constants for reactions on sites 1

and 2 (in concentration-units)
KF Freundlich coefficient (molð1�n1ÞLn1 g�1)
M sorbent/colloid mass in flow-cell (g)
n1 Freundlich exponent (dimensionless)
Q conditional sorption coefficient for surface

reaction (in concentration-units)

Q1, Q2 cond. sorption coeff. for reactions on sites 1 and
2 (in concentration-units)

R ideal gas constant
R+, R� forward and reverse rates for simplified surface

reaction, e.g. (mol (min g)�1)
Rnet net rate of sorption reaction, e.g.

(mol (min g)�1)
[S] sorbed Np concentration (mol g�1)
[S1], [S2] Np concentrations sorbed onto sites 1 and 2

(mol g�1)
[STot] total Np concentration sorbed (mol g�1)
T temperature (K)
t time (min)
VC solution volume in flow-cell (L)
w TST-related fitting parameter (dimensionless)
wad ;wde TST-related fitting parameters for net (ad)sorp-

tion/desorption (dimensionless)
w1;w2 TST-related fitting parameters for sites 1 and 2

(dimensionless)

Kinetics of neptunium(V) sorption and desorption on goethite 6585



Author's personal copy

using Lagergren first order kinetics (Thakur et al., 2006). A
simulation of Np desorption processes was not included in
any of these studies. However, the simulation of kinetically-
limited desorption reactions is needed in order to capture
contaminant transport behavior over extended time-frames,
which is especially important for radionuclides with long
half-lives, such as Np-237.

A variety of sorption phenomena can cause differences
in contaminant (ad)sorption and desorption behavior lead-
ing to an apparent sorption ‘asymmetry’ depending on the
net direction of the surface reaction. They can be summa-
rized as: (1) aging processes, (2) hysteresis effects, and (3)
irreversible sorption behavior. As descriptions of these
sorption characteristics can vary, we provide the following
definitions of these phenomena as they are applied in this
study.

For many experimental systems, (ad)sorption rates are
significantly higher than desorption rates (McBride, 1991),
which can be explained by differences in activation energies
between forward and reverse reactions (Adamson, 1990;
Lasaga, 1998). However, if sorption rates appear to change
over extended time-frames, ‘aging processes’ may be in-
volved. In this study, ‘aging’ is defined as one or more sur-
face chemical process(es) that follow(s) the initial sorption
reaction and cause(s) changes in contaminant surface speci-
ation over time (Nyffeler et al., 1984; Jannasch et al., 1988;
Comans et al., 1991; Millward and Liu, 2003; Garnier et al.,
2006). Hence, a fraction of metal surface species may be-
come less ‘accessible’ for a rapid equilibration with the solu-
tion phase (Smith et al., 2009; Wendling et al., 2009)
resulting in lower metal desorption rates and/or a contam-
inant fraction that remains sorbed within experimental
time-frames. Overall, aging is a time-dependent phenome-
non that may or may not result in apparent irreversible
sorption behavior or sorption hysteresis.

In contrast to aging, we define sorption ‘hysteresis’ as a
thermodynamic property, which is indicated by different
sorption affinities depending on the net direction of surface
reactions, i.e. during net (ad)sorption and desorption pro-
cesses (Sander et al., 2005). This results in different iso-
therms and sorption equilibria for (ad)sorption and
desorption processes, and creates a hysteresis loop
(Fig. 1a). Systems with sorption hysteresis are believed to
exhibit different microscopic pathways for metal uptake
and release (Sander et al., 2005).

In the literature, the term hysteresis is often used as an
equivalent to some degree of irreversible sorption behavior,
which implies a non-equilibrium transfer of contaminants
between solution phase and mineral surfaces (e.g., (Laird
et al., 1994; Gao et al., 2003; Sander et al., 2005)). Under
constant solution conditions, the contaminant fraction that
remains sorbed after desorption equilibration is often larger
than the one during the initial (ad)sorption step. This differ-
ence is commonly interpreted as an ‘irreversibly’ sorbed
fraction (shown as fraction A in Fig. 1a). However, strictly
speaking, irreversible sorption represents only one specific
case of sorption hysteresis (Sing et al., 1985), where a frac-
tion of the contaminant remains sorbed (or is expected to
do so) after complete desorption equilibration with a sol-
ute-free solution of identical chemical composition (fraction

B in Fig. 1a). Whenever we state the term irreversible sorp-
tion, we refer to this latter, strict definition (fraction B).

Varying approaches have been used in the literature for
the interpretation and simulation of aging and hysteresis.
Aging processes are often interpreted based on an increase
in apparent distribution coefficients (Kd values) over time,
and the need to incorporate consecutive surface sites into
kinetic sorption models (Nyffeler et al., 1984; Jannasch
et al., 1988; Ciffroy et al., 2001; Ciffroy et al., 2003; Garnier
et al., 2006). Hysteresis effects have been quantified based
on empirical hysteresis indices, which parameterize ob-
served differences in experimental adsorption and desorp-
tion data (e.g., (Laird et al., 1994; Huang and Weber,
1997; Lesan and Bhandari, 2003)). A detailed overview of
these parameters is given elsewhere (Sander et al., 2005);
however, the area (Fig. 1a) between adsorption and desorp-
tion isotherms (Zhu and Selim, 2000) and changes in
apparent Kd values (Laird et al., 1994; Huang et al., 1998)
are some examples of sorption characteristics compared

Fig. 1. (a) Qualitative concept of sorption hysteresis at ‘true’
equilibrium conditions, where (ad)sorption and desorption pro-
cesses show different sorption isotherms. A larger concentration
remaining sorbed after desorption is commonly interpreted as
‘irreversibly’ sorbed fraction (A). But following a strict definition
(Sing et al., 1985), a contaminant fraction is only irreversibly
sorbed, if the hysteresis loop cannot be closed (B). (b) Np
(ad)sorption/desorption isotherms determined in batch and flow-
cell experiments at the same chemical solution conditions (pH = 8,
I = 5 mM NaCl/0.7 mM NaHCO3): a strictly-defined, irreversible
Np sorption cannot be evaluated within the scope of the flow-cell
experiment.
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in hysteresis indices. In kinetic sorption models, hysteresis
has mostly been simulated indirectly, by including a variety
of surface site types with fast (or equilibrium) and slow (or
‘irreversible’) sorption kinetics (Buchter et al., 1996; Zhu
and Selim, 2000; Undabeytia et al., 2002; Selim and Zhu,
2005).

Changes in apparent distribution coefficients and other
sorption parameters as a function of time or reaction direc-
tion may be good indications for aging and hysteresis effects,
but do not provide any predictive capabilities. Furthermore,
the interpretation of a strictly-defined irreversible sorption
behavior based on experimental ‘short-term’ data, e.g., ob-
served over weeks, seems inappropriate, especially if con-
taminant transport predictions extend over substantially
longer time-frames. Most currently available kinetic models
incorporate fundamental changes in (ad)sorption and
desorption behavior indirectly. However, we believe that a
new approach is needed that allows for a direct simulation
of changes in sorption reaction pathways, e.g., as a function
of the direction of surface reactions.

The goal of this study is to improve the understanding of
Np(V) sorption and desorption kinetics on goethite by
combining experimental data with kinetic modeling. In par-
ticular, the relevance of the following (kinetic) sorption
characteristics is evaluated: (1) aging processes, (2) hystere-
sis effects, and (3) equilibrium versus irreversible sorption
behavior. The proposed modeling concept and general re-
sults should be applicable to many other metal-mineral sys-
tems besides Np and goethite.

2. MATERIALS AND METHODS

2.1. Experimental

2.1.1. Goethite preparation and characterization

Unless stated otherwise, all solutions were prepared with
ultrapure water (Milli-Q Gradient System, >18 MX cm
resistivity) using ACS grade chemicals without further
purification. Goethite (a-FeOOH) was synthesized from
Fe(NO3)3

�9H2O as described in the literature (Schwertmann
and Cornell, 1991); for details see Electronic Annex. A
XRD pattern confirmed goethite as the major phase (Scin-
tag PAD-V diffractometer; ICDD reference card 29-0713).
A point of zero salt effect of 8.5 ± 0.1 was determined
through potentiometric titrations of 10 g L�1 goethite sus-
pensions in 0.001 M, 0.01 M, and 0.10 M NaCl (Metrohm
titrator, room temperature, Ar(g) headspace). Potential
changes in goethite particle size and morphology due to
continuous stirring in flow-cell experiments were evaluated
based on BET surface area measurements (Micrometrics
Gemini surface area analyzer) and scanning electron micro-
scope images (JEOL JSM-7401F SEM). There was no sig-
nificant difference in the BET surface area of goethite
before (14.8 m2 g�1) and after (13.5 m2 g�1) stirring based
on a 99.9% confidence limit. However, SEM analysis indi-
cated the destruction of star-shaped particles over time,
which could generate small amounts of fresh, reactive sur-
face sites (Fig. EA-1, Electronic Annex). These morpholog-
ical changes were not included in kinetic sorption models,
as we assumed a large excess of total reactive surface sites,

and as potential changes in site concentrations or distribu-
tions could not be specifically quantified based on BET
measurements. However, future studies may benefit from
a more detailed characterization of potential changes in sur-
face site densities over long experimental time-frames, e.g.
using mineral titrations.

2.1.2. Composition and analysis of solutions

A 1.5 mM 237Np(V) stock solution was purified by anion
exchange to remove the 233Pa daughter, then used to pre-
pare a 3.2 lM 237Np working solution in 5 mM NaCl/
0.7 mM NaHCO3 (pH 8). An aliquot of a tritium (3H) stock
solution was added to achieve a non-reactive tracer concen-
tration of 1000 cpm ml�1. In order to ensure equilibration
with atmospheric CO2(g), the solution was stirred uncapped
for more than 3 days prior to use. Over the course of the
experiment, 237Np and 3H concentrations were determined
by liquid scintillation analysis (Packard Tricarb 2550TR/
XL LSC). Pure 237Np and 233Pa solutions were used to se-
lect an appropriate alpha/beta discrimination setting for li-
quid scintillation counting. No specific measures were taken
to prevent bacterial growth in experimental solutions or the
flow-cell setup.

2.1.3. Setup for flow-cell experiment

A flow-cell design was used to characterize Np(V)
sorption/desorption kinetics on goethite under controlled
chemical conditions. Flow-cell experiments provide several
advantages compared to batch systems, such as continu-
ous sampling and removal of desorbed reaction products,
an increased total solute mass in contact with the mineral
surface, and the minimization of mass transfer limitations
in terms of film or particle diffusion (Seyfried et al., 1989;
Selim and Amacher, 1997). In addition, flow-cell experi-
ments allow for variations in solute–solid contact times
over the course of an experiment based on controlled
changes in flow rates (Limousin et al., 2007) or flow
interruptions (stop-flow events). These features can be
used to evaluate kinetically-limited processes over the
course of an experiment, e.g. as a function of surface
loading and time.

Flow-cell experiments were set up in a 10 ml ultra-filtra-
tion stirred cell (Millipore; fitted with 100 nm pore size Mil-
lipore polycarbonate filter). The influent flow-rate was set
at 12 ml h�1 (Minipuls 2 peristaltic pump) resulting in an
average retention time of 50 min. The assumption of ideal
mixing conditions in the flow reactor was confirmed by
comparing measured tritium break-through with the ana-
lytical solution for the given average retention time (data
not reported). Effluent fractions were collected on an Eldex
fraction collector over time, and their exact volumes deter-
mined gravimetrically.

Initially, goethite and background electrolyte were loaded
into the flow-cell to generate 10 ml of a 2 g L�1 suspension,
and equilibrated over a time-frame equivalent to approxi-
mately 50 reactor pore volumes. The ‘(ad)sorption step’ of
the experiment was started by pumping Np(V) working solu-
tion (3.2 lM 237Np, 5 mM NaCl/0.7 mM NaHCO3, pH 8,
1000 cpm ml�1 3H) into the flow-cell. In order to determine
if sorption was rate-limited under flow conditions, the flow
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was stopped twice for time-intervals of 1.95 and 21.1 h,
respectively while continuously stirring the suspension. This
effectively changed the solute–solid contact time from the
average retention time in the reactor (50 min) to the individ-
ual time-periods of the stop-flow events.

After sorption of Np(V) on goethite over 26.38 h
(1.10 days, 3.995 pore volumes exchanged), a ‘desorption
step’ was initiated by pumping Np- and tritium-free back-
ground electrolyte solution into the cell. In between the
sorption and desorption phases a third (ad)sorption stop-
flow event occurred for 0.53 h. The desorption part of the
experiment was performed in the same manner as the
(ad)sorption step (over 32.46 days) except for the differences
in influent solution composition. Additional stop-flow
events of increasing time-length (20.63, 66.20, 87.58,
138.02 and 413.45 h) were performed to characterize poten-
tial rate limitations for Np(V) desorption from goethite. The
total time-frame of the flow-cell experiment was 33.56 days.

2.1.4. Setup for Batch Experiments

Batch experiments were performed to compare Np(V)
sorption/desorption behavior in batch and flow-cell systems
at the same chemical solution conditions but different sorp-
tion equilibration times. For the batch (ad)sorption step,
goethite was equilibrated with various concentrations of
Np(V) in centrifuge vials while mixing on an overhead sha-
ker (2 g L�1 a-FeOOH, pH 8, I = 5 mM NaCl/0.7 mM
NaHCO3, atmospheric CO2). At selected time-points,
1.1 ml-fractions of the suspensions were removed, centri-
fuged at 8000 rpm over 60 min (Beckman-Coulter Allegra
22-R, F2404 rotor), and the resulting supernatant solutions
analyzed for remaining metal concentrations. After Np(V)
sorption over 18 days, the remaining sample suspensions
were centrifuged (4500 rpm for 60 min; swing-bucket rotor
SX-4250) and the supernatant solutions replaced with fresh
background electrolyte of the same chemical solution com-
position. After metal desorption under shaking over
30 days, Np solution concentrations were determined as de-
scribed for the (ad)sorption step above.

2.2. Modeling

Our modeling goal is to simulate the kinetic Np(V)
adsorption/desorption behavior observed in the flow-cell
system with a ‘global’ set of fitting parameters that is valid
for both sorption directions. In the process of model devel-
opment, we evaluated the relevance of (1) aging, (2) hyster-
esis, and (3) irreversible sorption behavior. In the following,
we provide a general overview of our modeling approach;
additional details are given in Section 3.2 Modeling Results.

The simulation of Np(V) solution concentrations over
time is based on the combination of the metal mass balance
equation for the flow-cell with a kinetic rate law describing
Np sorption reactions. The Np mass balance in the flow-cell
is defined as (Bar-Tal et al., 1990; Seyfried et al., 1989)

½C�inJ ¼ ½C�outJ þ V C
d½C�

dt
þM

d½S�
dt

ð1Þ

with ½C�in; ½C�out = Np(V) concentration in influent or efflu-
ent solution (mol L�1), ½C� = Np(V) solution concentration
in flow-cell (mol L�1), J = flow-rate (L min�1), t = time

(min), VC = solution volume in flow-cell (L), M = sor-
bent/colloid mass in flow-cell (g), and ½S� = sorbed concen-
tration (mol g�1).

As ideal mixing conditions in the flow-reactor were dem-
onstrated experimentally using a non-reactive tracer (com-
parison between experimental and mathematical data not
reported), we can define ½C� ¼ ½C�out and rearrange the mass
balance equation to

d½C�
dt
¼ 1

V C
½C�in � ½C�
� �

J �M
d½S�
dt

� �
ð2Þ

Numerical solutions for metal concentrations (½C�) at
individual time steps were calculated based on a finite differ-
ence approach (Euler method). Fortran codes (Silverfrost
Plato 4.10 compiler) were combined with PEST (Parameter
ESTimation), a non-linear parameter estimation program,
which determines fitting parameters by least square minimi-
zation utilizing the Gauss–Marquardt–Levenberg method
(Doherty, 2004). For the non-linear fitting in PEST, data
points were solely weighted based on their individual ana-
lytical errors for Np liquid scintillation analysis (In PEST:
Weight = 1/absolute error).

For testing of various modeling concepts, different
expressions of reversible sorption rate laws were substituted
for d½S�=dt in Eq. (2) (Skopp and McCallister, 1986; Bar-Tal
et al., 1990). Overall rate laws were described by Np(V) sorp-
tion to surface ‘sites’ based on kinetic isotherm expressions,
which were selected from linear, Langmuir or Freundlich
equations (Table 1). Traditionally, metal sorption reactions
on iron-oxide minerals have been simulated assuming two
types of mineralogical surface sites with high (type 1) and
low (type 2) sorption affinities (Dzombak and Morel,
1990). While high- and low-affinity surface sites may have
some kinetic relevance as well, we will use the term ‘site’ in
context of our kinetic modeling in a much broader sense.
Following ‘multi-reaction’ modeling approaches by Selim
and Amacher (1997), a ‘site’ represents any type of sorp-
tion/desorption interaction between solutes and the mineral
phase that can be differentiated by their specific kinetic
behavior or their degree of sorption non-linearity. Numer-
ous retention mechanisms and processes may be occurring
in parallel or consecutively for the Np(V)–goethite system
under investigation. However, this multi-reaction modeling
approach does not require any knowledge of exact sorp-
tion/retention mechanisms a priori, and allows for the
testing of various configurations of surface ‘sites’.

The relevance of various (kinetic) sorption characteris-
tics for Np(V) sorption/desorption on goethite was evalu-
ated as follows. First, aging processes were interpreted
based on the necessity to include two or more site types
(Fig. 2), e.g., with different kinetic sorption characteristics
(Ciffroy et al., 2001; Ciffroy et al., 2003; Garnier et al.,
2006). Second, the significance of sorption hysteresis and
‘irreversible sorption’ was determined based on (1) a com-
parison of ‘overall’ Np(V) distribution coefficients (Kd val-
ues) calculated from kinetic parameters, which were fitted
to net (ad)sorption and desorption data separately; and
(2) the improvement of model fits after the incorporation
of an irreversible sorption site (Buchter et al., 1996; Celis
and Koskinen, 1999).
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Last, we evaluated the possibility of different net
(ad)sorption and desorption rates in the absence of irrevers-
ible sorption characteristics, which allows for a differentia-
tion between Np(V) equilibrium sorption and irreversible
sorption behavior. For this purpose, we introduced a ki-
netic modeling concept related to transition state theory
(also known as activated complex theory), which is based
on the following general considerations. For net (ad)sorp-
tion and desorption processes, the same overall sorption
reaction may occur via different reaction pathways. For in-
stance, metal uptake may be a combination of chemical and
physical processes, such as various types of diffusion and
chemical surface reactions, while desorption is more likely
to be dominated by physical processes (Jannasch et al.,
1988; Sparks, 2000). Furthermore, aging processes can af-
fect metal speciation on the surface over time (Comans
et al., 1991; Ciffroy et al., 2001) resulting in the formation
of different reaction intermediates for net (ad)sorption
and desorption processes. According to transition state the-
ory (TST), variations in reaction pathways lead to changes
in apparent activation energies and overall reaction rates
(Lasaga, 1998). For example, experimentally-determined
activation energies for contaminant sorption/desorption
reactions have been previously used to gain insights into
overall reaction mechanisms (Ogwada and Sparks, 1986b;
Farrell et al., 1999), and to evaluate differences between
net (ad)sorption and desorption processes (Ogwada and
Sparks, 1986a). Hence, a TST-related modeling concept al-
lows us to link differences in net (ad)sorption and desorp-
tion rates to variations in overall reaction pathways
without assuming hysteresis effects or irreversible sorption
behavior a priori. Similar kinetic concepts have been

applied to characterize the kinetics of environmentally rele-
vant aqueous solution reactions (Morgan and Stone, 1985),
gas adsorption on solids (Adamson, 1990), and mineral
dissolution/precipitation reactions for various minerals
(Alekseyev et al., 1997; Carroll et al., 1998; Oelkers, 2001;
Chairat et al., 2007; Dixit and Carroll, 2007; Yang and
Steefel, 2008; Maher et al., 2009). However, these modeling
concepts have not been utilized for contaminant sorption
onto mineral surfaces previously.

3. RESULTS AND DISCUSSION

3.1. Experimental results

3.1.1. Results from flow-cell experiment

In the following, we present experimental and modeling
results by depicting solution concentrations of Np(V) and
tritium in the flow-cell effluent as a function of pore vol-
umes exchanged (Fig. 3). The number of pore volumes is
an equivalent of time under flow conditions, but remains
constant during stop-flow events.

At the beginning of the (ad)sorption step, an influent
with a constant Np(V) concentration (3.2 lM 237Np) is
pumped into the metal-free system. Due to mixing and dilu-
tion in the cell, this causes a slow increase in Np(V) effluent
concentrations over time (Fig. 3). Furthermore, Np(V) is
‘lost’ from solution due to metal sorption to goethite, which
is indicated by lower Np(V) effluent concentrations com-
pared to the tracer. When the influent flow was stopped
and resumed for (ad)sorption stop-flow events, Np(V) con-
centrations in the effluent remained fairly constant. This
suggests that Np(V) (ad)sorption was close to steady-state

Table 1
Sorption isotherms used in kinetic modeling.

Sorption isotherm Rate law: Rnet = R+ � R� Equilibrium equation

Linear (1st order) d½S�=dt ¼ kþ½C� � k�½S� ½S� ¼ ðkþ=k�Þ½C� ¼ Kd ½C�
Langmuir d½S�=dt ¼ kþ½C�ð½S�max � ½S�Þ � k�½S� ½S� ¼ ðkþ=k�Þ½S�max ½C�

1þðkþ=k�Þ½C� ¼
KL ½S�max½C�

1þKL ½C�

Freundlich d½S�=dt ¼ kþ½C�n � k�½S� ½S� ¼ ðkþ=k�Þ½C�n ¼ KF ½C�n

Empirical d½S�=dt ¼ kþ½C�a � k�½S�b ½S� ¼ ðkþ=k�Þ1=b½C�a=b

½S� ¼ sorbed conc. (mol g�1), ½C� ¼ solution conc. (mol L�1), kþ ¼ forward rate constant, k� = reverse rate constant, n, a, b = sorption
coefficients (), Kd = distribution coefficient (L g�1), KL, KF = Langmuir (L mol�1), Freundlich const. (molð1�nÞLng�1).
Note: Units of rate constants vary depending on individual rate law and the correction of unit differences between solution and surface
concentrations.

Fig. 2. Examples of conceptual models used for the simulation of Np(V) sorption/desorption kinetics to goethite in 1-site and multi-reaction
models. In all models, site 1 represents a non-linear equilibrium site (Freundlich or Langmuir). In 2-site consecutive models (b), site 2 is
described by reversible first-order sorption kinetics; in 2-site parallel models (c), site 2 shows the same isotherm kinetics as site 1. Metal
transfer to the irreversible site 3 (d) follows (irreversible) first-order kinetics.
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under flow conditions (average retention time of 50 min)
and for the given surface loadings (1.62 and 2.90 lmol
Npsorbed g�1 goethite for the first and second stop-flow
events).

The desorption step was initiated by switching to a Np-
free influent solution after pumping Np(V) working solu-
tion into the flow-cell for approximately four (3.995) pore
volumes (total (ad)sorption contact time of 26.38 h). This
lead to a decrease in Np(V) and tritium concentrations in
the effluent. After exchanging 5.7 pore volumes of electro-
lyte, the relative 3H concentration in the effluent reached
approximately 2% of the relative tracer concentration pres-
ent at the beginning of the desorption step. This is consis-
tent with the expected behavior of a non-reactive tracer.
Neptunium(V) effluent concentrations remained higher
compared to the tracer due to Np(V) desorption from goe-
thite. During the desorption process, the flow-cell was
stopped five times (20.63, 66.20, 87.58, 138.02 and
413.45 h) to evaluate kinetic limitations for metal desorp-
tion reactions at various time-points and over an approxi-
mately one order of magnitude range of surface loadings
(from 3.73 to 0.54 lmol Npsorbed g�1goethite). The increases
in Np effluent concentrations following each stop-flow
event indicate that additional metal desorption occurred
under extended desorption equilibration times. Therefore,
experimental data suggest that steady-state conditions were
not reached under continuous flow conditions, and that Np
desorption is rate-limited within an average retention time
of 50 min.

We calculated a decrease in Np surface loads from 7% to
1% (3.73 and 0.54 lmol Npsorbed g�1goethite) over the
course of the desorption step assuming an average site den-
sity of 2.3 sites nm�2 for iron oxides (Dzombak and Morel,
1990). When examining Np(V) sorption to hematite,
Kohler and co-workers (1999) noted that for adsorption
densities above 5% of the total site concentration, the slope
of sorption isotherms decreased below one, which indicates

Np(V) interactions with weaker sorption sites. Hence, our
experimental results may be indicative of the influence of
high- and low-affinity surface sites, as defined by Dzombak
and Morel (1990).

After passing 68 pore volumes through the flow-cell,
15% of the initial Np remained sorbed to goethite, and
Np was continuously desorbed until the termination of
the experiment. Hence, based on experimental results alone,
it is unknown whether a complete recovery of sorbed Np
could have been achieved. Slow Np desorption may be
the result of Np(V) partitioning to strongly sorbing sites
with considerably slower desorption kinetics. Nevertheless,
slow desorption reactions do not necessarily imply irrevers-
ible Np sorption (Fig. 1a). The development of a kinetic
sorption/desorption model allows a detailed evaluation of
this question.

3.1.2. Results from batch experiments

Results from batch (ad)sorption/desorption experiments
are presented in the form of Np(V) sorption/desorption
‘isotherms’ (Fig. 1b). This allows a comparison of metal
sorption behavior in batch and flow-cell systems at the
same chemical solution conditions but different sorption
equilibration times. However, due to kinetic limitations,
portions of these ‘isotherms’ do not represent full equilib-
rium conditions for Np surface reactions.

For metal (ad)sorption in batch systems, there is no indi-
cation for surface site limitations over the range of neptu-
nium surface concentrations tested. Furthermore, aqueous
Np(V) concentrations decrease only slightly when sample
equilibration times are extended from one hour to one
day. This indicates that steady-state conditions have nearly
been achieved within a one-hour time-frame. Flow-cell data
based on a 50-min average retention time match the one-
hour batch (ad)sorption isotherm quite well, except for the
highest metal concentration tested. Apparently, steady-state
conditions are not reached within a one-hour time-frame at
high surface loadings (3.73 lmol Npsorbed g�1goethite). For
the metal desorption step, Np partitioning between solid
and solution phases deviates substantially between flow-cell
and batch systems. Under flow conditions, net Np desorp-
tion rates are not sufficiently fast to reach equilibrium solu-
tion concentrations in the cell. The system continuously
moves away from the steady-state conditions that are indi-
cated by batch (ad)sorption/desorption results. When Np
equilibration times are substantially increased during
desorption stop-flow events (20.63–413.45 h), aqueous Np
concentrations increase and approach batch desorption iso-
therms. Overall, data indicate that steady-state conditions
for Np (ad)sorption and desorption are reached within
one and 30 day(s), respectively.

(Ad)sorption/desorption ‘isotherms’ from the flow-cell
system further suggest that ‘true’ hysteresis effects are prob-
ably minimal. Apparent hysteresis effects, interpreted based
on the differences between the (ad)sorption and desorption
‘isotherms’, may be primarily due to kinetic limitations and
short Np desorption equilibration times under flow condi-
tions. In addition, the comparison of experimental results
with a theoretical example of metal sorption/desorption
behavior shows that the flow-cell experiment was not

Fig. 3. Experimental results from Np(V)–goethite flow-cell exper-
iment performed at: 3.16 � 10�6 M ((ad)sorption) and 0 M
(desorption) Np(V) influent concentrations, 2 g L�1 goethite,
pH = 8, I = 5.7 � 10�3 M NaCl/NaHCO3, in 10 ml flow-cell solu-
tion volume, with a 0.2 ml min�1 flow-rate (50 min. average
retention time); adsorption stop-flow events took: a1 = 1.95 h,
a2 = 21.1 h, a3 = 0.53 h; desorption stop-flow events: d1 = 20.63 h,
d2 = 66.20 h, d3 = 87.58 h, d4 = 138.02 h, d5 = 413.45 h.
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performed long enough to evaluate a strictly-defined irre-
versible sorption behavior (fraction B in Fig. 1a). This is
due to the continuous, slow Np desorption processes that
were observed until the end of the experiment. As a conse-
quence, an interpretation of irreversible sorption behavior
based on modeling results is limited to the time-frames
and system conditions evaluated in the flow-cell
experiment.

3.2. Modeling results for flow-cell experiments

In this section, we first describe the main characteristics of
the kinetic multi-reaction model that provides the best model
fit using a minimum number of fitting parameters. This is fol-
lowed by a brief, general overview of the mathematical back-
ground for transition state theory (TST), and a discussion of
the incorporation of the TST-based concept into the model
framework. Additional information regarding TST can be
found in the Electronic Annex and in the literature (Morgan
and Stone, 1985; Stumm, 1992; Lasaga, 1998; Brantley,
2008). Furthermore, the Electronic Annex also contains a
description of Np(V) (ad)sorption and desorption kinetics
on goethite in batch systems, as predicted from the best
model fit of experimental flow-cell data. Finally, we present
an evaluation of the specific model features that are relevant
for the interpretation of kinetic sorption characteristics.

3.2.1. Main characteristics of kinetic multi-reaction model

Within the scope of this study, a multi-reaction Freund-
lich model provides the best model fit with the lowest num-
ber of fitting parameters (Fig. 4; Table 2). This model
includes two surface ‘sites’ set up in series (Fig. 2b), and al-
lows for changes in sorption rates depending on the net
direction of surface reactions based on a TST-related mod-
eling concept. Both sites are treated as ‘unlimited’ surface
sites, as no specific surface site concentrations are included
in the model. Site 1 simulates the direct sorption of aqueous
Np(V) to the surface in form of a non-linear, Freundlich-
isotherm-based equilibrium site

½S1� ¼ KF ½C�n1 ð3Þ

where ½C� and ½S1� are the respective Np(V) concentrations
in solution (mol L�1) and sorbed onto site 1 (mol g�1), KF

represents the Freundlich coefficient (molð1�n1ÞLn1 g�1), and
n1 the Freundlich exponent (dimensionless). Site 2 describes
the slow (kinetically-controlled), consecutive transfer of
sorbed Np from site 1 to site 2, which is simulated with a
first-order rate law.

d½S2�
dt
¼ k2½S1� � k�2½S2� ð4Þ

In this equation, k2 and k�2 represent the forward and
reverse rate constants (min�1), ½S2� is the Np surface con-
centration on site 2 (mol g�1), and t time (min). Based on
model testing (data not reported), Np sorption onto goe-
thite appears to be strongly non-linear for the forward reac-
tion to site 1 under the given experimental conditions. We
selected a Freundlich isotherm for site 1, as batch sorption
data do not indicate any substantial surface site limitations
in form of a ‘plateau’ of metal surface concentrations

(Fig. 1b), which is typical for Langmuir isotherms. Linear
isotherms were not able to capture Np sorption/desorption
behavior (‘curvature’) to goethite appropriately; empirical-
isotherm models (Bar-Tal et al., 1990) including non-linear
kinetics for the reverse reaction (Table 1) could not improve
model fits any further. Equilibrium or ‘instantaneous’ sorp-
tion on site 1 was confirmed mathematically as described in
detail in the Electronic Annex (Fig. EA-2).

Differences in reaction rates between net (ad)sorption
and desorption conditions became apparent during model
development. These differences can be simulated by treating
the (ad)sorption and desorption parts independently, which
is a common practice for the interpretation of hysteresis ef-
fects (Huang and Weber, 1997; Lesan and Bhandari, 2003;
Missana et al., 2004; Shirvani et al., 2006). In these ‘split’
models, two sets of kinetic rate constants are used as fitting
parameters depending on the net direction of surface reac-
tions. However, this effectively doubles the number of fit-
ting parameters and impedes our goal of producing a
‘global’ model. Therefore, a TST-related kinetic concept
was introduced to simulate variations in (ad)sorption and
desorption rates on site 2. The resulting best-model-fit is
based on a ‘global’ set of fitting parameters except for the

Fig. 4. Best model fit with minimum number of fitting parameters:
multi-reaction model including an equilibrium Freundlich site (site
1), a consecutive first-order site (site 2) and the fitting parameter
w2;de. Dashed lines represent calculated model outputs using the
upper (UL = 1.62 � 10�2) and lower limit (LL = 3.75 � 10�3)
values of w2;de. Model fits overlap in regions where individual lines
are not visible.
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TST-related parameter w2, which varies for net (ad)sorp-
tion and desorption conditions.

3.2.2. General background for transition state theory-related

modeling concept

Transition state theory provides a direct link between
the rate and the driving force of a reaction. In an elemen-
tary reaction, reactants are first transformed into an acti-
vated complex before they form the reaction products
(Brantley, 2008). The bimolecular rate constant (k) for this
elementary process is dependent on its associated activation
energy (E0), which is the difference in potential energy be-
tween reactants and the activation complex (Stumm,
1992; Lasaga, 1998).

For a fixed set of chemical solution conditions in the
flow-cell experiment, we neglect solution speciation and as-
sume the following, simplified surface reaction for illustra-
tion purposes.

C ()
kþ

k�
S ð5Þ

Forward (Rþ) and reverse (R�) rates are commonly ex-
pressed in units of concentrations in the kinetics literature
(Lasaga, 1998). For Eq (5), they are defined as

Rþ ¼ kþ½C� ð6aÞ

and

R� ¼ k�½S� ð6bÞ

where kþ and k� are forward and reverse rate constants.
Based on the principle of detailed balancing, both rates
are equal for elementary reactions under equilibrium condi-
tions (Lasaga, 1998). Hence, the equilibrium constant for
the surface reaction is

Keq ¼
kþ
k�
¼
½S�eq

½C�eq

ð7Þ

We now introduce the conditional sorption coefficient Q,
which is the ratio of sorbate and solution concentrations
under non-equilibrium conditions. We define Q in accor-
dance with existing environmental chemistry nomenclature
(Stumm, 1992), which describes equilibrium constants for
surface reactions Keq as (ad)sorption constants. (In con-
trast, Q is commonly defined as aqueous ion activity quo-
tient in mineral dissolution/precipitation studies applying
TST-related kinetic concepts (Alekseyev et al., 1997;
Carroll et al., 1998)).

Based on the relationship between kinetics and thermo-
dynamics (see Electronic Annex), the ratio of the forward
(Rþ) and reverse (R�) rates of an elementary reaction can
be expressed as (Morgan and Stone, 1985; Stumm, 1992)

Rþ
R�
¼ Keq

Q
¼ exp �DG

RT

� �
ð8Þ

where DG is the free energy change (driving force) of the
reaction, R the ideal gas constant and T temperature (K).
From Eq. (7), the net rate of the sorption reaction
(Rnet ¼ Rþ � R�) follows as

Rnet ¼ kþ½C� 1� exp
DG
RT

� �� �
¼ kþ½C� 1� Q

Keq

� �
ð9Þ

From a thermodynamic point of view, Eq. (7) is only va-
lid if the equilibrium constant and conditional sorption
coefficient are expressed in units of activities. However,
the end result (Eq. (8)) remains the same when an activity
correction is included, as activity coefficients are canceled
for the ratio of Q=Keq (for details see Electronic Annex).

Table 2
Model fitting parameters for Freundlich 1-site and 2-site multi-reaction models.

Fitting parameters Units Freundlich 1-site
(global)

Freundlich 2-site
(global)

Freundlich 2-site (split) Freundlich 2-site
(global) with w2,de

d

(Ad)sorption Desorption

KF (molð1�n1ÞLn1 g�1 1.48E-04 1.52E-03 2.80E-04 2.08E-04 1.07E-03
KF-LLa (molð1�n1ÞLn1 g�1 1.03E-04 8.93E-04 1.70E-04 1.48E-04 1.39E-03
KF-ULb (molð1�n1ÞLn1 g�1) 2.13E-04 2.59E-03 4.61E-04 2.93E-04 8.20E-04
n1 () 0.33 0.46 0.35 0.45
n1-LL () 0.31 0.42 0.31 0.43
n1-UL () 0.36 0.50 0.39 0.47
k2 (min�1) n/a 1.50E-04 5.16E-03 4.21E-06 5.03E-03
k2-LL (min�1) n/a 1.10E-04 2.67E-03 3.19E-08 2.87E-03
k2-UL (min�1) n/a 2.03E-04 9.94E-03 5.55E-04 8.82E-03
k�2 (min�1) n/a 2.93E-04 1.33E-02 6.07E-05 1.22E-02
k�2-LL (min�1) n/a 2.22E-04 6.61E-03 4.66E-05 6.29E-03
k�2-UL (min�1) n/a 3.87E-04 2.67E-02 7.89E-05 2.37E-02
w2,de () n/a n/a n/a n/a 9.96E-03
w2,de-LL () n/a n/a n/a n/a 3.75E-03
w2,de-UL () n/a n/a n/a n/a 1.62E-02
GOF valuec (mol L�1)2 3.68E-12 2.13E-12 7.30E-13 9.81E-13
Correlat. factor () 0.9533 0.9667 0.9881 0.9842

a LL = lower limit for fitting parameter (95% confidence limit).
b UL = upper limit for fitting parameter (95% confidence limit).
c GOF value = Goodness-of-fit value (sum of squared weighted residuals).
d Considered the best model fit with a minimum number of fitting.
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This rate law describes a direct relationship between the
driving force (DG) and the net rate of an elementary reac-
tion based on the breakdown of a single critical activation
complex (Lasaga, 1998; Chairat et al., 2007; Brantley,
2008). Strictly speaking, kinetic expressions based on TST
concepts are only valid for elementary reactions (Brantley,
2008). However, this concept may be applied to overall
reactions if one assumes that the overall reaction mecha-
nism, consisting of a series of elementary reactions, is pri-
marily rate-limited by one single elementary reaction
(Lasaga, 1998). Otherwise, Eq. (8) should be regarded as
a semi-empirical relationship describing the net kinetic rate
of an overall reaction.

A more general form of the TST rate law formulation,
which has been applied to overall reactions in the past
(Morgan and Stone, 1985; Carroll et al., 1998; Maher
et al., 2009) is

Rnet ¼ Rþ 1� Q
Keq

� �w
 !

¼ Rþ 1� exp
wDG
RT

� �� �
ð10Þ

Generally, the variable w should be interpreted as an
empirical fitting parameter. However, in some instances it
may also be regarded as the inverse ratio of the Temkin
coefficient, which is the average stoichiometric number of
activation complexes formed per reactant (Oelkers, 2001;
Chairat et al., 2007; Dixit and Carroll, 2007). For example,
with a w value of 0.5 and a Temkin coefficient of 2, two mo-
les of activation complexes are generated per mol of reac-
tants. Hence, a deviation of w from unity has been
interpreted as an indication for the involvement of a num-
ber of parallel and/or successive elementary reactions with
comparable rates (Alekseyev et al., 1997). On the other
hand, at w ¼ 1, TST-related rate laws become mathemati-
cally equivalent to their corresponding isotherm-based rate
laws (Table 1).

We expanded this TST-related concept further to allow
for different apparent activation energies and reaction rates
for the overall sorption processes depending on the net direc-

tion of a surface reaction, i.e. (ad)sorption versus desorp-
tion. Hence, changes in sorption rates are assumed to be
due to different reaction pathways depending on the net
direction of sorption reactions. In this semi-empirical ap-
proach, the parameter w (Eq. (9)) is fitted individually for
each direction: one value of w is calculated for net adsorp-
tion at Q < Keq and at sorption equilibrium (Q ¼ Keq), a
separate value for net desorption at Q > Keq. Differences
in w result in different relationships between net sorption
rates and Q=Keq (or the driving force of the reaction) for
net (ad)sorption and desorption processes (Fig. 5).

In principal, this approach can be applied to any type of
kinetic 1-site, 2-site or other multi-reaction sorption model.
However, specific fitting parameters for w have to be in-
cluded for each site and in each reaction direction (wad

and wde). Furthermore, mathematical expressions for Q
and Keq have to be modified to reflect the specific sorption
isotherms selected. These expressions can be found by set-
ting d½S�=dt equal to zero in the individual isotherm-based
rate laws (Table 1). As an example, the mathematical
framework for the application of this concept to Freundlich

and Langmuir isotherms is provided in the Electronic
Annex.

Overall, the w term can be seen as a descriptor for poten-
tial changes in reaction pathways for net adsorption and
desorption processes, and as an indicator for the surface
sites/reactions that might be most relevant for these
changes. Sites with constant w values are characterized by
constant reaction pathways, and/or elementary reactions
that are too fast to capture any significant pathway changes
for the overall surface reactions. On the other hand, sites
with changing w values are involved in overall surface reac-
tions with different net adsorption and desorption path-
ways, and relatively slow sorption kinetics.

3.2.3. Incorporation of transition state theory-related concept

in multi-reaction model

Modeling results suggest different overall rates and reac-
tion pathways for the kinetically-controlled (ad)sorption/
desorption processes on site 2. In contrast to site 2, all w
-terms for site 1 (w1;ad ; w1;de) could be fixed at values equal
to one without causing any substantial decline in the good-
ness-of-fit value. This implies that potential changes in
sorption rates and reaction pathways are irrelevant for
the non-linear, equilibrium site 1.

Site 2 allows for the kinetically-controlled, first-order
transfer of sorbed Np(V) from site 1 to site 2
(S1 ()

k2

k�2

S2). Applying the TST-related concept, net Np
(ad)sorption is described by

d½S2�ad

dt
¼ k2½S1� 1� Q2

K2;eq

� �w2;ad¼1
 !

ð11Þ

and net desorption by

d½S2�de

dt
¼ k2½S1� 1� Q2

K2;eq

� �w2;de
 !

ð12Þ

The conditional sorption coefficient on site 2 is defined
as Q2 ¼ ½S2�=½S1�, the sorption equilibrium constant as
K2;eq ¼ k2=k�2. During fitting, values of Q2 were calculated
from Np(V) solution and surface concentrations at individ-
ual time-points in the experiment; values of K2;eq are based
on the fitted values of rate constants.

The fitted values of w2;ad (=1) and w2;de (� 0:01) deter-
mine the mathematical relationships between the net sorp-
tion rates and Q2=K2;eq (Fig. 5). For all w parameters with
values of unity (w1;ad , w1;de, w2;de) the model simulates a lin-
ear relationship between net (ad)sorption/desorption rates
and Q=Keq ratios (Fig. 5). Due to the low value of w2;de,
Np desorption behavior is mainly controlled by the sur-
face-concentration dependent desorption rates on site 2.
With w2;de � 0:01, this parameter should be regarded as
an empirical fitting parameter. A Temkin coefficient of
approximately 100 seems unusual, since typical values
range between one and three for dissolution/precipitation
kinetics (Oelkers, 2001; Dixit and Carroll, 2007; Yang
and Steefel, 2008). In this modeling approach, net sorption
rates are dependent on the direction of the surface reaction
(individually fitted w values), as well as on the actual driv-
ing force for the reaction (DG). The latter is related to the
ratio of Q=Keq (Eqs. (7)–(9)), and a function of Np(V)
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solution and surface concentrations, which vary over the
experimental time-frame. Hence, a plot of the Q=Keq ratios
for individual sites allows us to evaluate if sorption equilib-
ria are reached (Q=Keq ¼ 1), and how net (ad)sorption/
desorption rates change with Q=Keq over the course of the
experiment (Fig. 6a). Net (ad)sorption occurs for Q=Keq ra-
tios smaller than one (‘undersaturation’ of the surface with
respect to Np(V)), desorption for ratios greater than one
(‘oversaturation’ with sorbed Np(V)).

Results show a ratio for site 1 (Q1=Keq;1) close to unity
over the whole course of the experiment (Fig. 6), which con-
firms that site 1 represents an ‘equilibrium’ site. Conse-
quently, the overall sorption kinetics of Np are strongly
affected by changes in the driving force for the surface reac-
tion on site 2. For instance, for the (ad)sorption part of the
experiment, Q2=Keq;2 ratios substantially increase during
both stop-flow events, coming closer to sorption equilib-
rium conditions at a ratio of 1. During desorption,
Q2=Keq;2 ratios decrease after stop-flow events but never
completely reach values of one (Fig. 6a). Therefore, site 2
desorption equilibria have not been reached under continu-
ous flow conditions or during stop-flow events. Due to the
change in w -values for Np (ad)sorption and desorption, net
rates on site 2 substantially drop for the desorption part of
the experiment (Fig. 6). Furthermore, with decreasing Np
surface loads resulting in smaller Q2=Keq;2 ratios over time,
absolute values of Np desorption rates decrease over the
course of the desorption experiment (Figs. 5 and 6b).

In the context of this 2-site kinetic model, it is interesting
to compare maximum neptunium surface concentrations on
sites 1 and 2 with the distribution of high and low affinity
surface sites. In this experiment, the highest, total neptu-
nium surface concentration was simulated as 3.98 � 10�6

(mol Np g�1), with 3.33 � 10�6 (mol Np g�1) on site 1

(equilibrium site) and 6.47 � 10�7 (mol Np g�1) on site 2
(kinetic site). Hence, at the highest neptunium surface load-
ing, 83.7% and 16.3% of Np(V) was sorbed to equilibrium
and kinetic sites, respectively. For comparison, we com-
puted the distribution of low and high affinity surface sites
based on an average goethite surface area of 14.2 (m2 g�1),
a total surface site density of 2.3 (sites nm�2), and a fraction
of 1% of high affinity surface sites (Dzombak and Morel,
1990). This results in 5.35 � 10�5 (mol sites g�1) low affinity
and 5.41 � 10�7 (mol sites g�1) high affinity surface sites.
Therefore, our specific modeling results suggest that kinet-
ically-limited sites represent a minimum of 1.2% of total
sites, which is in the same concentration range as high affin-
ity surface sites. However, kinetically-limited sites and high
affinity surface sites may not necessarily be identical, and
further research is needed to investigate specific surface site
characteristics.

3.2.4. Relevance of aging processes

The necessity to include consecutive surface sites in ki-
netic sorption models has previously been interpreted as
an indication for aging processes (Ciffroy et al., 2001;
Ciffroy et al., 2003; Garnier et al., 2006). Hence, we will
compare fitting results for a kinetic 1-site Freundlich model
(Fig. 2a) and the multi-reaction Freundlich model described
above (Fig. 2b), without including any w-terms for
simplification.

Both models provide fairly good fits of Np(V) sorption
and desorption behavior under continuous flow conditions,
but do not capture all system responses to stop-flow events
(Fig. 7). A plot of simulated Np surface concentrations on
sites 1 and 2 illustrates the importance of slow (site 2) and
fast (site 1) sorption reactions in the multi-reaction model
(Fig. 8). A good model fit for stop-flow events is largely

Fig. 5. Relationship between net sorption rates and the ratio Q=Keq (sorption coefficient over equilibrium constant) for different values of w
plotted over the range of Q=Keq values observed during modeling (see Fig. 6). For simplification, a constant forward rate of Rþ ¼ 1 was
assumed in Eq. (9). Net (ad)sorption (Rnet > 0) occurs for Q=Keq < 1 (top left corner), net desorption (Rnet < 0) for Q=Keq > 1 (bottom right
corner). w -values affect changes in net sorption rates over the course of (ad)sorption and desorption processes.
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dependent on the ‘appropriate’ transfer of Np(V) between
these two ‘sites’. For example, net Np desorption is only
calculated for events, where a decrease in metal concentra-
tion on site 2 leads to a concentration increase on site 1. The
same behavior is also observed for the TST-related model
including a w2;de-term (Fig. EA-4; Electronic Annex).
Hence, the incorporation of two sites with different sorption
kinetics allows for different degrees of rate-limitations dur-
ing short (continuous flow) and long (stop-flow events)
sorption equilibration. Overall, these results illustrate the
relevance of aging for the successful simulation of Np
desorption from goethite over extended time-frames.

In general, neptunium interactions with site 2 could rep-
resent a variety of possible secondary surface processes over
time, such as the re-distribution of the sorbate over sites
with various sorption affinities, or changes in binding
strengths of surface complexes, e.g., due to structural
changes, or surface-mediated redox transformations (Theis
et al., 1988; Smith et al., 2009; Wendling et al., 2009). Fur-
thermore, metal diffusion into goethite pores cannot be ru-
led out, as this has been shown to be a relevant process for
other metal contaminants (Mustafa et al., 2006; Fischer
et al., 2007). Previous studies focusing on Np(V) sorption
onto Fe-oxide minerals suggest that the following surface
chemical processes may be relevant: (1) the transformation
of neptunium outer- into inner-sphere complexes, as indi-
cated by X-ray absorption spectroscopy (Jerden and Kropf,

2007), and (2) the surface-mediated reduction of Np(V) to
Np(IV), which has been reported for goethite (Jerden and
Kropf, 2007) and magnetite (Nakata et al., 2002; Nakata
et al., 2004). Furthermore, the decomplexation of ternary
metal–carbonato surface complexes over time and surface
hydration/dehydration phenomena may also play a role.
In any case, chemical system conditions, such as Eh (Nak-
ata et al., 2002; Nakata et al., 2004) and salt composition
(Jerden and Kropf, 2007), may largely affect the type of
surface complexes formed initially, as well as their later,
time-dependent transformations. Clearly, additional exper-
imental studies are needed in order to evaluate the relevance
of various physico-chemical processes for Np(V) sorption/
desorption behavior in these systems. However, a detailed
investigation of Np(V) aging processes on goethite goes
beyond the scope of this study.

3.2.5. Evaluation of hysteresis effects and short-term

irreversible sorption behavior

Experimental data suggest that hysteresis effects are
probably minimal (Fig. 1). Furthermore, the best model
fit was achieved without the need to incorporate any spe-
cific hysteresis terms. Nevertheless, we decided to further
test these results using the following, two model-based
approaches.

First, flow-cell data were split into (ad)sorption and
desorption branches, and both parts fit with two indepen-
dent sets of fitting parameters using a multi-reaction Fre-
undlich model without w-terms (Fig. 2b). (The Freundlich
exponent n1 was treated as a ‘global’ fitting parameter in
the process.) Fitted rate constants were then used to calcu-
late overall Kd values for Np(V) (ad)sorption/desorption
processes taking into account Np(V) reactions on individ-
ual sites. (Note that a direct calculation of (ad)sorption/
desorption Kd values based on experimental flow-cell data
is not possible, as steady-state has clearly not been reached
under flow-conditions in the desorption part of the
experiment.)

Kd ¼
½STot�
½C� ¼

½S1� þ ½S2�
½C� ð13Þ

At equilibrium conditions, sorbed metal concentrations
on sites 1 and 2 can be determined from Eq. (3) and by set-
ting d½S2�=dt equal to zero in Eq. (4).

½S2� ¼
k2

k�2

½S1� ¼
k2

k�2

KF ½C�n1 ð14Þ

After combining Eqs. (3), (12), and (13), the total sur-
face concentrations and equilibrium Kd values can be com-
puted as

½STot� ¼ ½C�n1 KF 1þ k2

k�2

� �
ð15Þ

and

Kd ¼ ½C�ðn1�1ÞKF 1þ k2

k�2

� �
ð16Þ

The ‘split’ model accurately simulates system responses
to stop-flow events over the whole course of the experiment
(Fig. EA-5), and provides an improved goodness-of-fit

Fig. 6. Ratios of Q=Keq for surface sites 1 and 2 over the course of
the Np(V)–goethite flow-cell experiment. Values of Q1 and Q2 were
calculated based on simulated values of Np(V) solution and surface
concentrations; Keq;1 and Keq;2 were determined from fitted values
of corresponding rate constants. (Ad)sorption occurs for ratios <1,
desorption for ratios >1.
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value relative to a comparable ‘global’ model (Table 2).
Overall Kd values were calculated as 1.50 ± 0.31 and
0.86 ± 0.10 (L g�1; 95% confidence interval) for the
(ad)sorption and desorption parts of the experiment,
respectively after arbitrarily assuming a Np(V) solution
concentration of 3.16 � 10�6 M. Due to the similarity of
these values, sorption hysteresis appears to be very limited.

In the second approach, ‘global’ and ‘split’ multi-
reaction Freundlich models were extended to include an
additional irreversible surface site 3 (Fig. 2d). Despite the
increase in the number of fitting parameter(s), model fits
are not improved relative to comparable 2-site models,
and rate constants for Np transfer from site 2 to site 3
are negligible (Figs. EA-6 and EA-7, Electronic Annex).
Overall, within the time-frame (desorption over 32 days)
and chemical solution conditions evaluated in the flow-cell
experiment, aging processes do not appear to lead to (short-
term) irreversible sorption behavior. Nevertheless, irrevers-
ible sorption may become relevant at very low metal surface
concentrations, below the lowest neptunium surface load-
ing tested in this study (much less than 1%).

3.2.6. Equilibrium versus irreversible sorption behavior

In the following, we combine our results from the model
development and the evaluation of specific (kinetic) sorp-
tion characteristics. The best model fit was achieved with
a multi-reaction Freundlich model including a TST-related
w-parameter, which suggests that different, molecular-scale
pathways may be relevant for Np net (ad)sorption and
desorption processes. Hence, rate changes for overall
(ad)sorption and desorption reactions may be due to the
involvement of a series of different Np surface species
depending on the net direction of the surface reaction.
For example, metal surface speciation may be changing
due to aging processes over time. The relevance of aging
in this system was supported by the need to include multiple
surface sites in the kinetic model. However, an additional
confirmation of this result with experimental data would
be useful, e.g. based on results from time-dependent spec-
troscopic studies or by using a variety of metal isotopes
over time. In contrast, hysteresis effects and irreversible
sorption behavior were shown to be negligible for the
experimental conditions and time-frames evaluated.

Overall, differences in reaction rates appear to be more
relevant for the observed ‘asymmetry’ between (ad)sorption
and desorption processes than changes in Np sorption equi-
libria in terms of hysteresis or irreversible sorption behav-
ior. Sorption rates may primarily change due to
differences in overall reaction pathways, while the system
still approaches the same sorption equilibrium from both
reaction directions (equilibrium sorption). In other words,
variations in sorption/desorption rates are not necessarily
equivalent to irreversible sorption behavior in this system.
The proposed modeling approach based on a TST-related
kinetic concept specifically allows for this possibility.

3.2.7. Similarity of best-model concept with similar multi-

reaction models

As discussed in detail elsewhere (Barros and Abril, 2005),
various configurations of multi-reaction models can lead to
mathematically equivalent models, e.g. for parallel and con-
secutive sorption sites, which complicates the selection of a
‘best model fit’. Besides the Freundlich multi-reaction mod-
el, similar modeling results and kinetic trends were observed
with various, other multi-reaction concepts consisting of
two surface sites, set up either in parallel or in series
(Fig. 2b and c). The models described in Fig. 2 are generally,

Fig. 7. Comparison of (global) 1-site and multi-reaction Freund-
lich models (without w-terms) suggesting a relevance of aging
processes for Np(V) sorption/desorption kinetics on goethite (see
text for details).

Fig. 8. Neptunium concentrations on various surface sites over the
course of the flow-cell experiment as simulated in 1-site and multi-
reaction (global) Freundlich models not including any w-terms.
(For the 1-site model, Np(V) surface concentrations on site 1 are
equivalent to total metal concentrations sorbed.).

6596 R.M. Tinnacher et al. / Geochimica et Cosmochimica Acta 75 (2011) 6584–6599



Author's personal copy

mathematically distinct from each other, but can become
comparable under specific conditions, assuming site 1 repre-
sents an equilibrium site in all models. For example, a con-
secutive Freundlich model (Fig. 2b) is a simplification of a
2-parallel-site Freundlich model (Fig. 2c) if the Freundlich
exponents for sites 1 and 2 in the parallel model are the
same. Second, the kinetic behavior in a consecutive Freund-
lich and parallel Langmuir model will be similar if both
systems depict similar equilibrium sorption behavior on site
1 (same ‘curvature’ of isotherm), and the Langmuir model
shows no surface site limitations.

4. SUMMARY AND CONCLUSIONS

The (ad)sorption and desorption behavior of Np(V) on
goethite was investigated using an experimental flow-cell
design. This dynamic system allows for the characterization
of sorption kinetics at various solution and surface concen-
trations as well as during continuous flow and stop-flow
events. Hence, flow-cell designs allow for a more detailed
characterization of hysteresis effects and irreversible sorp-
tion behavior than batch systems. Based on our experimen-
tal results, Np(V) (ad)sorption to goethite is fairly fast,
reaching steady-state conditions within hours. In compari-
son, metal desorption rates are much slower and appear
to continuously decrease over the course of the flow-cell
experiment (32.46 days).

Various kinetic models were developed in order to eval-
uate the relevance of a number of (kinetic) sorption charac-
teristics including aging, hysteresis, and equilibrium versus
irreversible sorption behavior. The best model fit was
achieved with a ‘global’ multi-reaction model including
(1) an equilibrium Freundlich site (site 1), (2) a kineti-
cally-controlled, consecutive, first-order site (site 2), and
(3) a parameter w2;de, which characterizes desorption rates
on site 2 based on a concept related to transition state the-
ory (TST). The fact that simulated adsorption and desorp-
tion values of w (w2;ad ¼ 1 and w2;de � 0:01) are different,
indicates a difference in overall reaction pathways for
Np(V) adsorption and desorption processes. Hence, this ap-
proach allows us to link differences in adsorption and
desorption kinetics to changes in overall reaction pathways
without assuming different adsorption and desorption affin-
ities (hysteresis) or irreversible sorption behavior a priori.
In other words, for this system we were able to simulate dif-
ferences in adsorption and desorption kinetics by assuming
variations in reaction pathways, while adsorption and
desorption equilibria remained the same.

According to our knowledge, this is the first example of
an application of a TST-related kinetic concept to the sim-
ulation of contaminant sorption/desorption kinetics on
mineral surfaces. The use of the parameter w as an indicator
for changing overall reaction pathways for net adsorption/
desorption processes should be applicable to many other
systems besides Np and goethite. However, modeling re-
sults and their implications for the relevance of aging, hys-
teresis and irreversible sorption behavior may strongly
depend on the metals and mineral phases under investiga-
tion. For instance, different elements may form various
types of surface complexes (Garnier et al., 2006), or may

be characterized by different pore diffusion rates depending
on their ionic radius (Fischer et al., 2007).

Overall, our modeling results suggest the following ki-
netic characteristics for Np(V) sorption/desorption behav-
ior on goethite:

1. Desorption kinetics are the most important factor con-
trolling Np(V) partitioning between aqueous and solid
phases under constant chemical conditions. Desorption
rates are substantially slower than (ad)sorption kinetics
and show a non-linear dependence on the driving force
of the reaction.

2. Aging processes take place after the initial sorption of
Np(V) to the mineral surface.

3. Within the range of equilibration time-frames and chem-
ical conditions tested, hysteresis and irreversible sorption
behavior play only minor roles, if any. Nevertheless, irre-
versible sorption may become relevant at low metal sur-
face loadings (much less than 1%), which were not
examined in this study.

4. Differences in reaction rates appear to be more relevant
for the observed ‘asymmetry’ between (ad)sorption and
desorption processes than changes in Np sorption equilib-
ria in terms of hysteresis or irreversible sorption behavior.
Sorption rates may change due to different microscopic
reaction pathways, while the system still approaches the
same sorption equilibrium from both directions.

In summary, Np desorption reactions are very slow, but
they are not irreversible in a thermodynamic sense within
the experimental conditions evaluated in this study.

These results have important implications for the mobil-
ity of Np(V) in saturated porous media. Under field condi-
tions, the reversibility of Np(V) sorption reactions will limit
the relevance of colloid-facilitated transport, as, after its
desorption from colloidal surfaces, neptunium will become
re-distributed between the groundwater solution and bulk
mineral phases. Our data do not justify an assumption of
irreversible Np(V) sorption to goethite in transport models,
which will exaggerate colloid-facilitated metal mobility.
However, for bulk mineral phases slow contaminant
desorption rates may potentially create ‘continuous source
terms’, where low contaminant concentrations are continu-
ously desorbed over extended time-frames. The latter may
further result in longer tailings of contaminant plumes
and extensive time-frames required for site remediation.
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