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A B S T R A C T

The adsorption of divalent lead on the homoionic Na forms of illite (Na-IdP) and montmorillonite (Na-SWy) was
investigated by batch type adsorption experiments. Ion equilibrium experiments between Pb2+ and Na+ yielded
selectivity coefficients for cation exchange on the planar sites of both clay minerals. Pb adsorption edges (pH
2–11) and isotherms (pH 3, 6 and 7 and at 10−12 M < [Pbeql] < 10−3 M) were measured and modelled with
the two site protolysis non electrostatic surface complexation and cation exchange (2SPNE SC/CE) model. The
surface complexation constants derived from an iterative fitting of the edges and isotherms could describe all of
the Pb adsorption data sets satisfactorily. The anomalous adsorption behaviour of trace Pb on Na-IdP in the
acidic region required the consideration of an additional site with a low capacity and high affinity and an
associated pH independent surface complexation reaction. Adsorption experiments with Pb/Ni, Pb/Co, Pb/Zn
and Pb/Eu on Na-IdP indicated, depending on the experimental set-up, partially and/or non-competitive be-
haviour. The competitive adsorption experiments could be quantitatively described with a modified 2SPNE SC/
CE model. In the case of non-competitive adsorption additional metal specific sets of strong sites are required. In
the case of partial competitiveness, a certain fraction of the strong site capacity is assumed to be competitive
whereas the remaining fraction is non-competitive.

1. Introduction

Retention on mineral phases is a key process for the immobilization
of metal contaminants in natural or engineered environments and is
intrinsically related to the nature of mineral surfaces and the prevailing
geochemical conditions. Diocthahedral alumina-silicates such as mon-
tmorillonite and illite are important mineralogical components of soils
and sedimentary rocks which limit the rate of movement of (radio-)
contaminants in natural systems through their exceptional bulk phy-
sical and chemical properties (Bergaya and Lagaly, 2013; Borisover and
Davis, 2015). Clay minerals control to a large extent most important
characteristics of many soils and sediments (e.g., structure, perme-
ability, swelling, cation exchange, pH buffering, retention of micro-
nutrients or (radio-)contaminants) (Dixon, 1991). Owing these unique
properties, clay based systems are commonly used for the remediation
of contaminated soils and waters (Wagner, 2013; Xu et al., 2017; Yuan
et al., 2013; Zhu et al., 2016) and are considered as geological (host
rock) and engineered barriers (bentonite) in many deep geological
radioactive waste repository concepts (Altmann, 2008; Andra, 2001;
Nagra, 2002; Ondraf, 2001).

Thermodynamic adsorption models are key tools for predicting the
retention and speciation of contaminants in environments (natural or
engineered) and for improving the reliability of assumptions made in
risk assessment scenarios (Groenenberg and Lofts, 2014; OECD/NEA,
2012; Payne et al., 2013). Therefore it is highly important to develop a
fundamental understanding of the uptake processes onto clay minerals
and to implement adsorption models to account for all relevant geo-
chemical parameters to reliably predict their fate in natural environ-
ments as well as in the near- and far-fields of radioactive waste re-
positories.

Lead (Pb) together with arsenic, cadmium and mercury are inter-
nationally classified as extremely toxic heavy metal, and considered
amongst the elements of major health concern (ATSDR, 2007; IPCS,
1977, 1989a, b, 1991, 1992a, b, 1995, 2001). Pb is released in the
environment essentially by anthropogenic activities such as e.g., fossil
fuels burning, mining, smelting, recycling and lead-acid batteries. Pb,
however, is also of concern in the safety assessment of radioactive
waste repositories since it is contained in substantial quantities in
radioactive waste originating from e.g., spallation targets, shielding
(Nagra, 2014).
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A large number of studies can be found in the open literature
studying the adsorption of lead on clays macroscopically, however, not
many addressed the issue in terms of adsorption quantification and
subsequent development of thermodynamic adsorption models (e.g.,
Akafia et al., 2011; Barbier et al., 2000; Bittel and Miller, 1974; Breen
et al., 1999; Coles and Yong, 2002; Farrah and F. Pickering, 1977; Gu
et al., 2010; Hefne et al., 2008; Hizal and Apak, 2006; Li et al., 2017;
Majone et al., 1993; Majone et al., 1996; Mhamdi et al., 2013;
Oubagaranadin and Murthy, 2009; Ozdes et al., 2011; Sari et al., 2007;
Scrudato and Estes, 1975; Strawn and Sparks, 1999; Uddin, 2017;
Ulrich and Degueldre, 1993; Xu et al., 2008; Yang et al., 2010; Zhang
and Hou, 2008). X-ray absorption spectroscopy (XAS) studies in-
vestigating the adsorption mechanisms of Pb on clay mineral surfaces at
the molecular scale are very sparse (e.g., (Gräfe et al., 2007; Strawn and
Sparks, 1999). This scarcity is partly explained by the complex co-
ordination chemistry of Pb and the intrinsic difficulties associated with
Pb XAS (i.e., strong deformation of the coordination polyhedral (lone
pair electrons), high variability of the coordination numbers and dis-
tances, static and dynamic structural disorder, high thermal motion
(Manceau et al., 1996)) which affect the sensitivity of XAS to the local
structure of lead and complicate spectral analysis.

The two site protolysis non electrostatic surface complexation and
cation exchange (2SPNE SC/CE) model has been developed based on
large sets of experimental data on purified montmorillonite and illite
and has been successfully applied to quantitatively describe the uptake
of numerous sorbates with oxidation state ranging from +I to + VI
(Bradbury and Baeyens, 1997, 2005b, 2009a, b). As a continuation of
the above work, the present study aims in a first part at determining
experimentally the adsorption of Pb on montmorillonite and illite to
derive thermodynamic constants for the cation exchange (CE) and
surface complexation (SC) reactions controlling the adsorption of Pb.

In a second part of this study, the impact of high element con-
centrations on the adsorption of metals on clay minerals in terms of
competitive adsorption is investigated. In soils and sediments, the pool
of stable elements is large; metals can be found in the soil/sediment
interstitial water, adsorbed on solid phases (often on clay minerals),
and as part of the bulk structure of solid phases (e.g., pure phases
(solubility limiting), neo-formed solids, solid-solutions). In a deep
geological radioactive waste repository sources for stable nuclides are
also manifold i.e., porewaters, tunnel back fill materials, host rock
formation, corrosion of the carbon steel canister, or by dissolution of
spent fuel and vitrified high-level waste. Hence, the influence of the
intrinsic metal inventory needs to be quantified since stable elements
and released radionuclides may compete with one another for the ad-
sorption sites on the backfill material and the host rock, and thus reduce
their uptake on them. Competition of metals adsorbing by SC on clay
minerals has so far been little systematically studied (e.g., Atanassova,
1999; Donat et al., 2005; Helios-Rybicka and Wójcik, 2012;
Sheikhhosseini et al., 2013; Soltermann et al., 2014b; Yang et al., 2015;
Zhu et al., 2011). Bradbury and Baeyens (2005a) investigated the
competitive adsorption between different metals (i.e., CdII, NiII, ZnII,
EuIII, NdIII, AmIII, ThIV and UVI) on montmorillonite and concluded that
metals with similar chemical properties (e.g., valence state, hydrolysis
behaviour) do compete, whereas metals with dissimilar chemistries do
not compete. In its present form, the 2SPNE SC/CE model intrinsically
considers that metals compete with each other for the adsorption sites
since only one common set of strong and weak edge sites are considered
for all elements, irrespective of their valence. De facto, the influence of
competitive adsorption is not specifically accounted for in the model,
except for CE reactions, where cations compete with one another for the
planar sites according to the value of their respective selectivity coef-
ficients. Particularly, adsorption on the strong sites could be affected by
competitive effects. To ensure the future applicability of the 2SPNE SC/

CE model it is important to implement the model, so that adsorption in
complex systems closer to reality can be reliably predicted. To this end,
it is necessary to identify and quantify the competitive behaviour of
safety relevant elements. In the present study, the competitive ad-
sorption between Pb/Ni, Pb/Zn, Pb/Co and Pb/Eu on illite was in-
vestigated.

2. Materials and methods

2.1. Clay minerals

SWy-2 montmorillonite (Crook County, Wyoming) was obtained in
a powdered form from the Source Clay Minerals Repository,
University of Missouri, Columbia. The source illite (Illite du Puy)
material was collected from an Oligocene geological formation in the
region of Le Puy-en-Velay (Haute-Loire), France (Gabis, 1958). Sam-
ples of illite were crushed, and then powdered in a mortar to obtain a
particle size ≤63 μm. Both clays were several times washed with 1 M
NaCl to remove soluble salts and/or sparingly soluble minerals such as
calcite and to convert the clay into the homoionic Na-form. The clay
fraction < 0.5 μm was obtained after following steps: successive
washing (peptisation) with deionised water pre-equilibrated with the
respective clay, centrifugation (∼7 min at ∼600 g (max.)), sub-
sequent collection of the supernatant suspension, and finally floccu-
lation with 1 M NaCl. Soluble hydroxy-aluminum compounds and
other acid soluble impurities were removed by washing the clay sus-
pension with a 0.1 M NaCl solution at pH 3.5 during 1h (Baeyens and
Bradbury, 1997). In the case of IdP a repeated acid washing was
carried out (Bradbury and Baeyens, 2009a). Conversion to the 0.1 M
NaCl background concentration was achieved by using the dialysis
technique. Finally, the conditioned Na-clay suspensions were diluted
to a sorbent concentration (S) of ∼20 g⋅L−1 with the equilibrium
solution and stored in the dark at 4 °C. The exact clay content of each
batch was determined by drying to constant weight at 105 °C and
correcting for the salt content. The end products were suspensions of
the respective purified clays in the Na-form which were used as
sources for the adsorption experiments.

The cation exchange capacity (CEC) of the purified IdP and SWy was
measured by the 134Cs isotopic dilution method (Baeyens and Bradbury,
2004). A large number of CEC determinations on different clay batches
carried out at neutral pH, yielded average values of 225 ± 10
meq⋅kg−1 and 870 ± 35 meq⋅kg−1 for IdP and SWy, respectively.

2.2. Adsorption experiments

Four types of batch adsorption measurements were carried out on
Na-SWy and/or Na-IdP: (i) Pb2+-Na+ cation exchange (CE) experi-
ments; (ii) Pb adsorption edges (pH dependent adsorption of trace Pb at
fixed ionic strength); (iii) Pb adsorption isotherms (concentration de-
pendent Pb adsorption at fixed pH and background electrolyte con-
centration) and (iv) competitive adsorption experiments between Pb
and Zn, Ni, Co and Eu at fixed pH and fixed background electrolyte
concentration. The latter were only performed on Na-IdP.

The adsorption edges and isotherms at pH 6 and 7 were measured in
controlled N2 atmosphere glove boxes (CO2 ≤ 1 ppm, O2 ≤ 1 ppm),
whereas the CE and competitive adsorption measurements (including
the reference Pb isotherm on Na-IdP at pH ∼7) were carried under
atmospheric air conditions. Samples were prepared in 40 ml poly-
propylene centrifuge tubes in duplicates or triplicates. Supra-pure grade
chemicals and ultrapure deionised water were used to prepare all the
solutions. The adsorption of Pb, Zn, Ni, Co and Eu was quantified by
radiochemical assay using the corresponding radioisotopes. 57Co
(t1/2 = 271.8 d), 63Ni (t1/2 = 100 y) and 152Eu (t1/2 = 13.3 y) were
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purchased from Eckert and Ziegler, Isotope Products Laboratories
(California, USA) and 65Zn (t1/2 = 343.9 d) from Perkin Elmer, Inc.
(Waltham, MA, USA). 210Pb (t1/2 = 22.3 y) was obtained from the
former Laboratoire de Mesure des Rayonnements Ionisants (LMRI),
(CEA, France). For 57Co/63Ni/152Eu and 210Pb, the isotopic composition
and stable carrier concentration was provided by the manufacturer or
determined in-house by ICP-MS, respectively. The radiotracers con-
tained no other metal impurities. Each source radioisotope solution was
diluted in deionised water to produce an acidic stock solution. Standard
solutions for use in the adsorption experiments were prepared by la-
belling aliquots of the given radiotracer stock solution in the back-
ground electrolyte (Table 1). Each standard solution was allowed to
stand at least overnight before use to ensure equilibrium (wall sorp-
tion).

Different buffers i.e., CH3COONa⋅3H2O (sodium acetate),
C6H13NO4S (MES), C7H15NO4S (MOPS), H2NC(CH2OH)3 (TRIS) or
C8H17NO3S (CHES) (BioChemika MicroSelect, Fluka) were used at
concentrations of 2·10−3 M to prevent pH drift in the adsorption ex-
periments.

For the isotherms, stable Pb, Ni and Eu solutions covering various
concentration ranges were prepared at given pH in NaCl background
electrolyte (see Table 1). Following salts were used: Pb(NO3)2 (Pura-
tronic 99.999%, Alfa Aesar), Ni(NO3)2⋅6H2O (for analysis EMSURE,
Merck) and Eu(NO3)3⋅5H2O (99.9% trace metals basis, Sigma Aldrich).
For each element, the highest metal concentration used was based on
thermodynamic solubility calculations. The concentrations and stability
of the solutions were verified by ICP-OES measurement.

Generally, the batch type experimental approach consisted of
equilibrating over a defined period of time, by end-over-end shaking,
aliquots of Na-IdP or Na-SWy suspensions with the radioisotope la-
belled standard solutions (pH edge) or stable metal solutions (iso-
therms, CE and competition experiments). Phase separation was ob-
tained using a Beckman Coulter Avanti™ J30i High-Performance
centrifuge (1 h at 108,000g max.) and aliquots of the supernatants were
radiometrically assayed. The pH of the supernatant of each sample was
measured using a Metrohm combined electrode. The electrode was
calibrated against commercially Merck™ buffers for pH 4, 7 and 10.
Radioassay of aliquots of the supernatants as well as of the labelled
standard solutions (prepared simultaneously at the start of the ad-
sorption experiments) were carried using a Canberra Packard Tri-Carb
2250 CA liquid scintillation counter (LSC) for 63Ni and 210Pb and a
Canberra Packard Cobra Quantum gamma counter for 65Zn and 152Eu.

In the Pb stock solution, 210Bi and 210Po were in secular equilibrium
with 210Pb. The contribution of 210Bi and 210Po in the LSC spectra were
separated by setting different energy windows, as described in Ulrich
and Degueldre (1993) and by performing the LSC measurement 30 days
after sampling.

Pb2+-Na+ CE experiments were carried out on both clay minerals
prior converted to 0.01 M NaCl background electrolyte by using the
dialysis technique. Aliquots of the respective clay mineral suspension
were equilibrated for three days with 210Pb labelled solutions con-
taining stable Pb and Na in different proportions. The total normality of
the clay-Na-Pb suspension was kept constant at 0.011 N and the Pb
fractional occupancies (NPb) ranged from 0.1 to 0.9.

Pb adsorption edges were obtained by equilibrating trace 210Pb
concentrations with Na-IdP or Na-SWy in the pH range ~2–10 in 0.1 M
NaCl. Pb adsorption isotherms were measured by contacting a series of
stable Pb solutions covering the required Pb concentration range and
labelled with trace 210Pb with both clays at fixed pH and constant ionic
strength. Equilibration times for isotherms and edges were 7 days.
Further experimental details (i.e., S, pH, concentration range) are
summarized in Table 1.

Competitive adsorption on Na-IdP was investigated by determining
the adsorption of one element at very low concentration (trace element)
in the presence of a competing element (blocking element), whose
concentration varied from trace to relatively high concentrations. The
aim of these experiments was to progressively increase the blocking
metal concentration and simultaneously track the adsorption of the
trace metal to see whether it still accesses the strong sites or only ad-
sorbs on the weak and CE sites once the blocking element has fully
saturated the strong sites. To quantify and model the competitive in-
fluence of the single elements, the adsorption isotherm of the blocking
element (reference isotherm) and the adsorption values of the trace
element along the blocking element isotherm are necessary. The latter
were experimentally obtained in a similar way as the isotherms except
that the stable blocking metal solutions were labelled with the radio-
tracer of the selected trace element. Only binary combinations were
considered.

The adsorption of trace Ni, Co, Zn and Eu was measured as function
of increasing Pb concentrations on Na-IdP. In a reciprocal set of ex-
periments, the influence of increasing Ni and Eu concentration on the
adsorption of trace Pb was quantified. Reference isotherms for Pb, Ni
and Eu were measured in the absence of trace metal. The pH varied
between 6.7 (at the highest blocking element concentration) and 7.2 (at

Table 1
Summary of the Pb adsorption experiments on Na-IdP and Na-SWy.

Clay Experiment [Pb]init/eql (M)a Background
electrolyte

S (g L−1) pH

Na-IdP CE 2.5·10−4–2.5·10−3 0.011 Nb 13.5 4.6–5.6
Edge 4·10−10 0.1 M NaCl 1.8 1.5–9.5
Isotherm 10−10–2.7·10−3 0.1 M NaCl 1.5–1.9 3.1–3.2
Isotherm 10−10–2.7·10−3 0.3 M NaCl 1.7 3.0–3.1
Isotherm 10−12 – 3·10−4 0.02 M NaCl 2.6 5.9–6.1
Isotherm 10−12–10−4 0.1 M NaCl 1.8–2.6 6.7–7.2
Isothermc 4·10−9–10−4 0.1 M NaCl 2.0 6.7–7.2

Na-SWy CE 2.5·10−4–2.5·10−3 0.011 Nb 4.4 5.0–5.4
Edge 4·10−10 and 10−6 0.1 M NaCl 1.1–1.6 2.1–9.9
Isotherm 2·10−10–8·10−4 0.1 M NaCl 1.8 5.9–6.0
Isotherm 3·10−12–5·10−4 0.1 M NaCl 1.7–2.6 6.9–7.0

a For the isotherms, Pb equilibrium concentrations are given; for CE and edge measurements, the initial Pb concentrations.
b Total normality: total (Pb2+ + Na+) concentration in eq·L−1.
c Pb reference isotherm for competition experiments carried out under atmospheric air conditions.
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the lowest blocking element concentration). A summary of the experi-
mental conditions is given in Table 2.

3. Modelling approach with the 2SPNE SC/CE adsorption model

To quantitatively describe the experimental Pb adsorption data and
the effect of competitive adsorption on montmorillonite and/or illite,
the 2SPNE SC/CE model was used (Bradbury and Baeyens, 1997,
2009a). Briefly, this model describes the adsorption as a combination of
CE on the planar sites (PS) and pH dependent SC on the amphoteric
surface hydroxyl groups (≡SOH sites) situated at clay platelet edges
(Davis and Kent, 1990; Sposito, 1984). The protolysis behaviour of the
clay minerals is described by 2 types of weak sites (≡SW1OH and
≡SW2OH) having the same site capacity (40⋅10−3 mol⋅kg−1) but dif-
ferent protolysis constants. In addition, a strong type site with high
affinity to metal adsorption but with a low capacity (2⋅10−3 mol⋅kg−1)
is present and has the same protolysis constants as the ≡SW1OH sites.
The clay specific parameters (i.e., site capacities and protolysis) are
fixed in all of the modelling for each clay mineral and are detailed in

Table 3. The model was developed without the need for an electrostatic
term in the mass action relations used to define protolysis and SC
constants. A detailed description of the adsorption model for mon-
tmorillonite and illite is given in Bradbury and Baeyens (1997, 2009a).

Important parameters in the modelling of the Pb experiments car-
ried out in simple background electrolytes without inorganic/organic
ligands are the hydrolysis constants since they are related to the SC
constants fitted from the experimental data. The hydrolysis constants
for Pb used in the modelling are given in Table 4.

Hydrolysis, selectivity coefficients and SC constants for Ni, Co, Zn
and Eu necessary for the modelling of the competition experiments are
summarized in Tables SI1 to SI3.

Thermodynamic calculations were performed with the code
MINSORB (Bradbury and Baeyens, 1997), which is derived from geo-
chemical code MINEQL (Westall et al., 1976) and which contains sub-
routines for calculating CE and SC reactions simultaneously.

4. Results and discussion

4.1. Pb adsorption measurements and modelling

4.1.1. Cation exchange of Pb2+ and Na+ on Na-IdP and Na-SWy
The equilibrium data for the displacement of Pb2+ by Na+ can be

represented by the following mass action reaction,

+ ++ +2 Na clay Pb Pb clay 2 Na2

and is defined by the selectivity coefficient, KNa
Pb

c (Gaines and Thomas,
1953) according to the mass action law,

=K N
N

[Na]
[Pb]

( )
( )Na

Pb
c

Pb

Na
2

2
Na

2

Pb

where NPb and NNa are the equivalent fractional occupancies, defined as
the equivalent of Na (or Pb) adsorbed per kg of clay mineral divided by
the cation exchange capacity (CEC) [eq⋅kg−1]; [Na] and [Pb] are the
aqueous molar concentrations (M) and γNa and γPb are aqueous phase
activity coefficients.

The ln Kc values for the Pb2+-Na+ exchange measured on Na-IdP
and Na-SWy, as function of the Pb occupancy (NPb) are plotted in
Fig. 1a and b, respectively. The selectivity coefficients are slightly
varying as function of the Pb loadings up to NPb ∼0.9, where after an
increase of the ln Kc values is observed. Such behaviour has also been
observed by Van Bladel and Menzel (1969) for Sr2+-Na+ exchange on
Wyoming bentonite and by Maes et al. (1975) for divalent transition
metals on montmorillonite. It should be mentioned that at high NPb

values (i.e., low NNa values) the ln Kc value is sensitive to the CEC value
of the given clay mineral. Within the uncertainties of the experimen-
tally determined Cs-CEC (SWy = 870 ± 35 meq⋅kg−1, IdP = 225 ±
10 meq⋅kg−1), the curve can be fully flattened or the increase em-
phasized as shown by the error bands in Fig. 1. It is also known that the
CEC for divalent cations is higher than for monovalent cations, which
could also influence the Kc calculation at higher Pb2+ loadings.

It is of interest to compare the ion exchange data for both clays
studied. By graphical integration of the ln Kc composition plots ac-

cording to = +ln K 1 ln K dNex
0

1

Na
Pb

c Pb (Gaines and Thomas, 1953),

the values of the exchange constants (Kex) and the corresponding Gibbs
free energy (ΔGex = -RT⋅ln Kex) can be derived (Table 5).

The value for the Pb2+-Na+ exchange on montmorillonite is in the
range what is commonly found for simple exchange of divalent tran-
sition metals (Maes et al., 1975). On the other hand the value of Pb on
illite is a factor of ∼4 higher compared with montmorillonite. The
reason for the more pronounced exchange behaviour for Pb towards
illite is not clear. The KNa

Pb
c values derived above for the CE contribu-

tion to the total adsorption of Pb on SWy and IdP are given in Table 6
and were further used as fixed parameters in the modelling of the ad-
sorption edges and isotherms.

Table 2
Summary of competitive adsorption experiments on Na-IdP in 0.1 M NaCl at pH
7 ± 0.3.

Trace metal Blocking metal S (g L−1)

Me [Me]init (M) Me [Me]eql (M)

Ni 3.5·10−8 Pb 4·10−9–10−4 2.0
Co 6.0·10−11 Pb 4·10−9–10−4 2.0
Zn 1.2·10−7 Pb 4·10−9–10−4 2.0
Eu 4.6·10−9 Pb 4·10−9–10−4 2.0
Pb 5.9·10−10 Ni 5·10−9–6·10−5 1.3
Pb 8.7·10−9 Eu 4·10−10 – 10−3 2.0
– – Nia 4·10−10–10−3 1.3
– – Eua 4·10−10 – 10−3 2.0

a Ni and Eu reference isotherms. For Pb reference isotherm see Table 1

Table 3
Site capacity values and protolysis reactions and constants for Na-montmor-
illonite and Na-illite used in the 2SPNE SC/CE adsorption model (Bradbury and
Baeyens, 1997, 2009a).

Site type Na-montmorillonite Na-illite

Capacity

≡SSOH 2.0·10−3 mol·kg−1 2.0 x 10−3 mol·kg−1

≡SW1OH 4.0·10−2 mol·kg−1 4.0 x 10−2 mol·kg−1

≡SW2OH 4.0·10−2 mol·kg−1 4.0 x 10−2 mol·kg−1

Planar sites (CEC) 0.870 eq·kg−1 0.225 eq·kg−1

Protolysis reactions log K

≡SS/

W1OH
≡SW2O-
H

≡SS/

W1OH
≡SW2O-
H

≡SOH + H+ ⇔ ≡SOH2
+ 4.5 6.0 4.0 8.5

≡SOH ⇔ ≡SO− + H+ −7.9 −10.5 −6.2 −10.5

Table 4
Aqueous hydrolysis reactions and constants for Pb used in the mod-
elling (Baes and Mesmer, 1976).

Hydrolysis reactions log K

Pb2+ + H20 PbOH+ + H+ −7.71
Pb2+ + 2H20 Pb(OH)2

0 + 2H+ −17.12
Pb2+ + 3H20 Pb(OH)3

- + 3H+ −28.06
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4.1.2. Pb adsorption edges and isotherms on Na-IdP and Na-SWy:
experimental data

In order to avoid unnecessary repetition in section 4.1.2 and 4.1.3
the experimental adsorption data are presented in the same graphs
together with the modelled curves. Symbols represent the experimental
data, continuous lines (black or green) represent the calculated overall
adsorption and the coloured broken lines are the contributions of the
individual surface species to the total adsorption.

Pb adsorption edges: The results of the adsorption measurements
are expressed in terms of solid-liquid distribution ratios (Rd) plotted
against pH, with Rd (L⋅kg−1) defined as:

=R
[Me ] –[Me ]

[Me ]
V
md

init eql

eql

where [Me ]init is total (active + inactive) initial aqueous metal con-
centration (M), [Me ]eql is total (active + inactive) equilibrium aqueous
metal concentration (M), V is volume of liquid phase (L), and m is mass
of solid phase (kg).

The Pb adsorption edges on Na-IdP and Na-SWy in 0.1 M NaCl
shown in Fig. 2a and b, respectively, exhibit the typical shape of pH
dependent adsorption as observed for elements such as e.g., Fe2+,
Zn2+, Ni2+, Eu3+ and UO2

2+ on clay minerals (Baeyens and Bradbury,
1997; Bradbury and Baeyens, 2009a; Montoya et al., 2018; Schnurr
et al., 2015; Soltermann et al., 2014a; Tournassat et al., 2018). At
pH < 4 adsorption is comparatively low, and the pH dependency is
rather limited whereas above pH ∼4 adsorption increases as a function
of pH until a plateau is reached. The adsorption of Pb is more pro-
nounced on illite than on montmorillonite over the entire investigated
pH range, which is in line with the higher adsorption of Ni and Zn on
Na-IdP compared to Na-SWy (Bradbury and Baeyens, 1997, 2009a;
Montoya et al., 2018). In the acidic range of the edge (1.5 < pH < 3)
the adsorption on Na-IdP varies from log Rd ∼2.3–3 L⋅kg−1 and in-
creases up to pH ∼6 reaching a log Rd plateau value of ∼5.8 L⋅kg−1.
The adsorption of Pb on Na-SWy varies between log Rd values

2–2.3 L⋅kg−1 in the pH range 2–4, and increases up to pH ∼7.5 at-
taining a maximum value of log Rd ∼5.3 L⋅kg−1.

Pb adsorption isotherms are plotted both as the amount of metal
adsorbed, [Meads] expressed in mol·kg−1 against the metal equilibrium
concentration, [Meeql] (M) with

=[Me ] ([Me ] [Me ])· V
mads init eql

and in terms of Rd plotted against [Meeql]. The relation between both is
given by

=R
[Me ]
[Me ]d

eql

ads

The reason for this double plotting is on one side the direct com-
parison of the Rd values at trace concentration for the isotherms with
the adsorption edges, whereas the plot [Meads] vs [Meeql] shows the
different site types and their capacities.

Adsorption isotherms measured for Pb on conditioned Na-IdP at pH
∼3 (in 0.1 and 0.3 M NaCl), at pH ∼6 (in 0.02 M NaCl) and at pH ∼7
(in 0.1 M NaCl under N2 and atmospheric air conditions) and on Na-
SWy in 0.1 M NaCl at pH ∼6 and ∼7 are presented in Figs. 3 and 4,
respectively.

All the isotherms measured on both clay minerals exhibit an overall
non-linear behaviour. At low [Pbeql] the adsorption is linear (Langmuir
type, slope equal 1) with increasing concentration the adsorption be-
comes non-linear and exhibits a Freundlich-type behaviour (slope <
1). The non-linearity of the isotherms measured at pH values where

adsorption becomes pH dependent (see Fig. 2) follows the expected
concentration dependency and complies with the adsorption on at least
two different site types (i.e., PS, ≡SSOH and/or ≡W1SOH). Experi-
mental data obtained at trace [Pbeql] for both clay minerals agree
within ± 0.3 log units well with the Pb adsorption edge data at the
corresponding pH values, confirming the consistency of the data.
Striking is the minor decrease of ∼0.2 log units of the log Rd value of
trace Pb at pH ∼3 on Na-IdP in 0.3 M NaCl compared to the adsorption
in 0.1 NaCl (Figs. 3a–1 and 3b-1). If one assumes CE being the pre-
vailing uptake mechanism at pH ∼3, CE contribution should decrease
by approx. one order of magnitude in 0.3 M NaCl, and hence, should
lead to a larger decrease of the log Rd values as observed in Figs. 3a–1
and b-1. The good agreement between the isotherms measured on Na-
IdP at pH ∼7 under N2 and under atmospheric conditions (Fig. 3d)
indicate that no quantifiable precipitation of PbCO3 or Pb3(CO3)2(OH)2

occurred at the highest Pb concentrations.

4.1.3. Pb adsorption edges and isotherms on Na-IdP and Na-SWy:
modelling

To increase the robustness of adsorption modelling, more than one

Fig. 1. Natural logarithm of the stoichiometric selectivity coefficient for the Pb2+-Na+ exchange against the equivalent fraction of Pb2+ on (a) Na-IdP and (b) Na-
SWy.

Table 5
Ln Kc, Ln Kex and ΔGex values (in kJ·mol) for the exchange (25 °C) of Pb2+-Na+

on IdP and SWy (total normality 0.011 N).

Clay mineral
ln K

0

1
Na
Pb

c
ln Kex ΔGex

Illite (IdP) 2.7 1.7 −4.2
Montmorillonite (SWy) 1.2 0.2 −0.5
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set of experimental data must be reproducible with the same set of
parameters. Both types of data sets, adsorption edges and isotherms
were modelled using the aqueous Pb hydrolysis constants (Table 4), the
non-adjustable clay mineral specific parameters (Table 3) and the KNa

Pb
c

values on the planar sites for Na-SWy and Na-IdP derived from the
Pb2+-Na+ exchange experiments (Table 6). The only adjustable para-
meters to reproduce the adsorption edges and isotherms were the SC
constants for Pb on the strong and weak sites. The modelling of the
edges and the isotherms was carried out in an iterative way until the
best fit to all adsorption data sets was achieved.

Na-IdP: The green continuous curve in Fig. 2a is the best fit by eye
to the experimental adsorption edge data by using the Pb2+-Na+ se-
lectivity coefficient for CE on the PS and two SC reactions and corre-
sponding constants on the strong sites (Table 6). The fit obtained with
these parameters describes well the adsorption edge above pH 5,
whereas the data are underpredicted (up to ∼0.6 log units) in the low
pH range. Increasing the first SC constant to reproduce the data in the
acidic range, however, would result in a much larger overestimation of
the adsorption in the pH range 6–9 (∼2 orders of magnitude), see e.g.,
Bradbury and Baeyens (1997). Consequently, the two SC reactions and
corresponding SC constants describing correctly the edge rise and pla-
teau values (≡SSOPb+ and ≡SSOPbOH0, broken red lines in Fig. 2a)
were retained as the most appropriate and were used in the following
modelling steps.

Assuming CE on the PS to model the non-linear adsorption iso-
therms measured at pH ∼3 in 0.1 M and 0.3 M NaCl (Fig. 3a and b)
(green curves in Fig. 2a and b) reproduces well both isotherms in the
higher concentration range ([Pbeql] > 10−5 M) and consequently
confirms the correctness of the selectivity coefficient derived in the
previous CE experiments (see section 4.1.1). However, the experimental
data at [Pbeql] < 10−5 M, are underpredicted in both cases, which
supports the anomalous adsorption behaviour in the low pH range in
Fig. 2a. The low pH-trace Pb concentration data (edge and the two
isotherms) could only be fully reproduced (black curve in Figs. 2a, 3a
and 3b) by considering a new site denoted as “high affinity site” (HAS)
(capacity, associated SC reaction and log HASK are given in Table 6).
The Langmuir type regions describing the concentration dependent
contributions of Pb adsorption on the three different sites (strong, HAS,
PS) to the overall uptake of Pb on Na-IdP are illustrated in the isotherms
at pH ∼3. The necessity to introduce an additional site type to quan-
titatively describe adsorption in the acid range on Na-IdP is also sup-
ported by the study of Montoya et al. (2018). Similar to Pb in the
present study, trace Zn at low pH showed anomalous high adsorption
which did not follow the ionic strength dependency and could not be
modelled solely with CE on the PS. It should be emphasized that the
HAS are necessary to fully reproduce the experimental data but nothing
is known about their physical nature (e.g., clay surface site, mineral
impurity). Also its relevance is limited in natural environments
(pH < 4).

A very good fit of the adsorption isotherms measured at pH ∼6 in
0.02 M NaCl and at pH ∼7 in 0.1 M NaCl was obtained by considering
the SC reactions on the strong sites derived from the pH dependent data
and the formation of an additional Pb surface complex on the weak sites
(≡W1SOPb+). Besides pH and concentration dependency the model
also describes the influence of ionic strength (0.1 M, 0.3 M and 0.02 M).

Na-SWy: To model the adsorption data on Na-SWy a similar pro-
cedure as for Na-IdP was applied. In contrast to illite, adsorption at
pH ≤ 4 and trace Pb could be fairly well described by considering only
the CE reaction on the planar sites with the selectivity coefficient of 3.3
(see section 4.1.1 and Table 6). HAS as in the case of IdP were not
necessary.

The pH dependent part of the adsorption edge is well reproduced
(even so the data scatter is more pronounced than in case of Na-IdP) by
considering the formation of two Pb surface complexes on the strong
sites, ≡SSOPb+ and ≡SSOPbOH0, similar to illite, but with weaker SC

constants. Keeping these reactions and constants fixed, allowed to ob-
tain a first approximate fit of the non-linear part of the adsorption
isotherms by considering an additional SC reaction on the weak sites
(≡W1SOPb+). Refined values for all the SC constants were finally ob-
tained by the iterative fit of both types of experimental data. The model
slightly underpredicts the adsorption data obtained for the isotherms at
trace Pb concentrations by ∼0.2 log units at pH ∼6 and ∼0.5 log units
at pH ∼7, which is a consequence of the fit optimization of the com-
paratively scattered adsorption edge data. To summarize, for both clay
minerals a good correspondence between modelled curves and mea-
sured Pb adsorption edge and isotherm data was achieved with the
adsorption reactions and corresponding constants summarized in
Table 6.

4.2. Competitive adsorption: experimental and modelling

In this section the experimental and modelling results of the com-
petitive adsorption study in 0.1 M NaCl at pH ∼7 involving binary
combinations of Pb and Ni, Zn, Co or Eu on Na-IdP are presented and
discussed. Adsorption experiments were performed in which one metal
was present at very low concentration (trace element) and the other
metal at increasing concentration (blocking element). When both ele-
ments are competitive it is expected that the adsorption of blocking
element progressively fills up the strong sites and thereby reduces or
even impedes the adsorption of the trace metal on these sites, resulting
in a progressive decrease of the Rd value with adsorption of the trace
element only on the weak and CE sites.

If both metals are non-competitive the Rd value of the trace element
should remain unchanged independently of the increasing blocking
element concentration. Whether elements are fully or partially com-
peting was verified by using the 2SPNE SC/CE model for illite and the
model parameters for the elements involved (i.e., hydrolysis, SC reac-
tions/constants, selectivity coefficients for Pb (Tables 3, 4 and 6) and
Ni, Zn, Co or Eu in Tables SI1, SI2 and SI3) (section 4.2.3). The ex-
perimental Rd values of the trace elements (black symbols) are plotted
at the blocking Meeql concentrations in the graphical representations.
Blue curves illustrate the modelling results of the adsorption of the trace
metal under the assumption that the pairs of elements are mutually
competitive, i.e., they sorb on the same strong sites and the adsorption
value of the trace element is governed by the concentration of the

Table 6
Summary of the Pb SC reactions and constants on strong (≡SSOH), weak
(≡SW1OH) and high affinity (HAS) sites and selectivity coefficients for Na+-
Pb2+ exchange on PS for montmorillonite and illite determined in this study.

SWy IdP

SC reactions on strong sites log SK

≡SSOH + Pb2+ ≡SSOPb+ + H+ 1.0 2.7
≡SSOH + Pb2+ + H20 ≡SSOPbOH0 + 2H+ −7.6 −5.3

SC reaction on weak sites log W1K

≡W1SOH + Pb2+ ≡W1SOPb+ + H+ −1.5 0.3

SC reaction on high affinity sites (capacity 2·10−4 mol·kg−1) log HASK

> HAS + Pb2+ > HAS-Pb2+ – 6.5

CE selectivity coefficients for PS Kc

2Na-PS + Pb2+ Pb-PS + 2Na+ 3.3 14.8
Na-PS + H+ H-PS + Na+ 1.0a 1.0a

a Taken from Gilbert and Laudelout (1965)
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blocking element and the difference of the SC constants of the re-
spective metals. In the case the pairs of elements are not competing
(i.e., they sorb on different strong sites), the adsorption value of the
trace element is not affected by the blocking element and remains
constant over the entire concentration range, as indicated by the red
lines. This presentation allows to judge whether Pb and Ni, Co, Zn or Eu
are competing for the same adsorption sites or not and to which extend.

4.2.1. Trace Ni, Co, Zn, Eu/blocking Pb on Na-IdP
The Pb isotherm on Na-IdP shown in Fig. 3d (open symbols) is the

reference isotherm for the competitive adsorption measurements with
Pb as blocking element. Fig. 5a, b, c and d show the measured and
predicted (assuming full or non-competition) adsorption behaviour of
trace Ni, Co, Zn and Eu, respectively, in the presence of increasing Pb
concentrations.

In the case of Ni, the adsorption values decrease from ∼4.1 to
∼3 L⋅kg−1 with increasing Pbeql concentration (Fig. 5a) suggesting that
both elements are to a certain extend competitive. Under the assump-
tion that trace Ni and Pb are competitive, the Ni adsorption should
follow the blue curve and decrease to log Rd ∼1.8 L⋅kg−1 at the highest
Pbeql concentration. However, the less pronounced decrease compared
to the modelled curve for [Pbeql] > 10−8 M, indicates that trace Ni and
Pb only partially compete (i.e., a fraction of the trace Ni concentration
still has access to the strong sites despite the high concentration of the
blocking element). Note that the trace Ni adsorption values at trace Pb
concentration for this particular Na-IdP batch are slightly higher than
the data published in the open literature, however, are within the ob-
served data scatter (e.g., Baeyens and Bradbury, 1997; Bradbury and
Baeyens, 2009a). To model the present data, the constant for the first Ni
surface complex (≡SSONi+) was increased by 0.3 log units (i.e., log
K = 1.0, see Table SI2). The variability of the SC constant illustrates the
uncertainties/scatter of the experimental data and adjusting this con-
stant has no effect on the quantification of the degree of competitive-
ness.

The adsorption behaviour of trace Co as a function of increasing Pb
concentration (Fig. 5b) is very similar to Ni and clearly suggests partial
competition. Trace Co adsorption data obtained in this study are
slightly higher than the data given in Montoya et al. (2018) and similar
to Ni the first Co surface complex (≡SSOCo+) was adjusted to log
K1 = 1.6 to fit this particular data set (see Table SI2).

More striking is the behaviour of trace Zn (Fig. 5c), which appears
not to be affected by the increasing Pb concentration, indicating that
trace Zn and Pb do not compete.

In the case of Eu (Fig. 5d), no conclusive statement can be made.
The decrease of measured adsorption values is less pronounced than in
the modelled curve, which would suggest that trace Eu and Pb are
partially competing. However, one could also argue that the measured
data somehow follows the shape of the modelled curve and that within
the experimental error bars modelled curve and experimental data are
close, suggesting that trace Eu and Pb are competing for the same type
of strong sites. Despite the uncertainty the modelling was made as-
suming partial competiveness in section 4.2.3.

4.2.2. Trace Pb/blocking Ni/Eu on Na-IdP
The competitive behaviour of trace Pb in the presence of blocking Ni

and Eu on Na-IdP is illustrated in Fig. 6. The Ni and Eu reference ad-
sorption isotherms determined simultaneously with the competitive
adsorption experiments, together with the SC reactions and constants
used to model both isotherms, are given in the SI. The experiment with
blocking Zn was not performed. The outcome of these experiments is
rather surprising. In both cases the adsorption of trace Pb remains
constant with increasing blocking element concentration, suggesting
that trace Pb is neither competing with blocking Ni nor with blocking
Eu. Trace Ni or Eu with blocking Pb (Fig. 5a and d) or vice versa trace
Pb with blocking Ni or Eu (Fig. 6) clearly yield different results. In the
former, the metals are partially competitive whereas in the latter the
metals behave as being non-competitive. The Rd values obtained for
trace Pb in the presence of [Eueql] < 10−8 M (Fig. 6b) are slightly
lower than in the Pb/Ni system (Fig. 6a) and as determined in the pure
Pb/Na-IdP system, however are within scattering range (and error bars)
of the measurements (see Fig. 3d).

Soltermann et al. (2014b) made similar observations when in-
vestigating the competitive adsorption of Zn and FeII on an iron free
synthetic montmorillonite. Zn and FeII were fully competitive for the
strong sites in case FeII is the blocking element, whereas the adsorption
of trace FeII was not affected by increasing Zn concentration. However
this different adsorption behaviour was explained by the existence of
sorption sites with higher affinity for FeIII and where surface-induced
oxidation of the sorbed FeII to FeIII occurred, and which were not ac-
cessible for Zn.

The reasons for these contradicting results are currently not un-
derstood and cannot be solved in the context of the present study based
on macroscopic experiments and thermodynamic modelling.

4.2.3. Quantification of competitive adsorption
Non-competitive adsorption: The results presented above have

Fig. 2. Pb adsorption edges in 0.1 M NaCl (a) on Na-IdP and (b) on Na-SWy.
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Fig. 3. Adsorption isotherms for Pb on Na-IdP (a-1, a-2) at pH ∼3 in 0.1 NaCl, (b-1, b-2) at pH ∼3 in 0.3 M NaCl, (c-1, c-2) at pH ∼6 in 0.02 M NaCl and (d-1, d-2) at
pH ∼7 in 0.1 M NaCl (closed symbols in N2 atmosphere, open symbols in air atmosphere).
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shown non-competitive adsorption behaviour for the Zn/Pb, Pb/Ni and
Pb/Eu systems, where the former metal is present at trace concentration
and the latter as blocking element. This process cannot be quantita-
tively described with the 2SPNE SC/CE adsorption model in its present
form since only one set of strong sites (capacity of 2 mmol⋅kg−1) ac-
cessible to all metals, is defined in the model, and hence competitive
adsorption is intrinsically assumed. In order to reproduce the non-
competitiveness, additional metal specific sets of strong sites (with the
same protolysis constants and site capacity) must be included in the
model. These sites can be considered as sub sets of weak sites which
exhibit the same protolysis behaviour (Bradbury and Baeyens, 2005a).

Partially competitive adsorption: For the cases where partial
competition is experimentally observed (e.g., Fig. 5a, b and 5d) the data
can be modelled by assuming that a given fraction of the strong sites is
accessible only to the trace element and on the remaining fraction both
trace and blocking element do adsorb according to their respective SC
constants. The modelling of trace metal (Me = Ni, Co or Eu) adsorption
in these experiments was carried out as follows. In the batch experi-
ments the trace metals are present at a fixed inventory, a fixed S (see
Table 2) and with varying initial Pb concentrations. For each individual
data point the log Rd value is experimentally determined and with the
known initial concentration ([Mein]), the final concentration ([Meeql])
can be calculated. Since the trace Me Rd values in such a system are
linked to the [Meeql], a single curve is obtained from the data analyses
(both experimentally and modelling). In Fig. 7 the experimental data
are plotted as log Rd versus [Meeql]. In a first calculation the data are
modelled assuming that both metals are mutually competitive. This is

illustrated by the blue curves in Fig. 7. The experimental Rd values are,
however, higher than the calculated values (differences are indicated by
the red arrows in Fig. 7 and correspond to ∼1.6, 1 and 0.6 log unit(s)
for Ni, Co and Eu, respectively). The modelling was repeated under the
constraint that a given fitted fraction of the strong sites is non-compe-
titive (solid red curves) and indicate that in the case of Ni (Fig. 7a) 10%
of the strong sites are required to reproduce the experimental data. For
Co (Fig. 7b) and Eu (Fig. 7c) 3% and 10% of non-competitive strong
sites are required, respectively, as indicated by the solid red curves. The
uncertainty on these fitted values based on a maximum uncertainty of
60% on the experimentally determined Rd values, is given in the re-
spective figure for the data point at the highest blocking element con-
centration (black bars perpendicular to the curves). As already dis-
cussed in section 4.2.1, the degree of partial competition for Eu is not
clearly evidenced (see Fig. 7c). The outcome of the partial competition
modelling is that for the conditions under which these experiments
were performed (i.e., simultaneously addition of trace and blocking
element, reaction time 1 week) approximately 3–10% of the strong sites
could be considered to be non-competitive whereas 90–97% of the
strong sites remain competitive.

5. Conclusions

In order to assess the safety of radioactive waste repositories or the
risk associated to contaminated natural environments (e.g., soils, sub-
surface waters), a fundamental understanding of the uptake processes
of (radio-) contaminants onto relevant components of soils and

Fig. 4. Adsorption isotherms for Pb on Na-SWy in 0.1 M NaCl at pH ∼6 (a-1, a-2) and at pH ∼7 (b-1, b-2).
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sediments which affect their mobility is of utmost importance. In the
present study, the focus was on clays minerals as major reactive con-
stituents of soils and sediments.

The adsorption of divalent lead, an environmental relevant heavy
metal, onto illite and montmorillonite was thoroughly investigated. The
measurements obtained over a wide range of experimental conditions
allowed quantifying the adsorption (Rd values), and, by modelling all
the data, to extend the 2SPNE SC/CE model with CE selectivity coef-
ficients and SC constants for Pb on both clay minerals. The anomalous
high adsorption of trace Pb in the acidic region observed on Na-IdP
could be modelled by introducing a pH and ionic strength independent
adsorption reaction on a new site type exhibiting a very small capacity
but a very high adsorption constant.

Competitive adsorption on illite was measured in binary metal
systems and the degree of competitiveness could be quantitatively de-
scribed with a modified 2SPNE SC/CE model. Especially in the frame-
work of the safety analysis of radioactive waste repositories, verifying
and quantifying (if necessary) the potential influence of competitive
adsorption on the retention of radionuclides in the near- and far-fields
through the presence of high concentrations of stable elements is highly
relevant. The results obtained suggest that competitive adsorption is
not a straightforward process and raise further questions. The adsorp-
tion behaviour of trace Co, Ni and Eu on illite when Pb is present at
high concentrations reveals that these metals are partially competing
for the strong edge sites, whereas the reciprocal experiments indicate
that trace Pb is not competing with blocking Ni or Eu. Trace Zn appears

to be non-competitive in the presence of blocking Pb. To understand
these results and to improve the mechanistic comprehension of com-
petitive adsorption reactions on clay minerals further investigations
and particularly the application of complementary structure sensitive
methods are required. On the one hand, aspects such as long-time ki-
netics or/and higher trace metal inventory effects should be addressed
macroscopically. On the other hand, a detailed molecular scale under-
standing of the adsorption mechanisms of the different elements (e.g.,
location and nature of the metal complexes on the clay surface) is in-
dispensable. Particularly, for some divalent elements, it is not clear
which mechanism controls the retention at trace concentration (ad-
sorption or substitution) and consequently how this could affect the
competitive adsorption behaviour (Tournassat et al., 2013). The use of
XAS supported by molecular modelling techniques (Churakov and
Dähn, 2012; Dähn et al., 2011) could help to unravel structural en-
vironment of the different surface complexes, provided there are no
intrinsic XAS related difficulties (e.g., nature/coordination chemistry of
the metal, metal loading, interference from the clay structure).

Finally, the implementation of exhaustive thermodynamic law-of-
mass-action adsorption models such as the 2SPNE SC/CE model in re-
active transport codes will enable the calculation of the speciation of
(radio)contaminants in natural environments with complex geochem-
istry (e.g., mineralogy, interstitial porewater composition), and hence,
improve the reliable prediction of the migration behaviour of Pb in the
geo- and biosphere.

Fig. 5. Competitive adsorption experiments with Pb as blocking element in the presence trace concentrations of (a) Ni, (b) Co, (c) Zn and (d) Eu on Na-IdP in 0.1 M
NaCl at pH ∼ 7.
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Fig. 7. Modelling partial competitive adsorption of (a) Ni, (b) Co and (c) Eu on Na-IdP as a function of increasing Pb concentrations in 0.1 M NaCl at pH ∼ 7. Black
bars perpendicular to the curves, indicate the uncertainties on the quantification.

Fig. 6. Competitive adsorption of trace Pb in the presence of increasing (a) Ni concentrations and (b) Eu concentrations on Na-IdP in 0.1 M NaCl at pH ∼ 7.
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