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Abstract

A previous study involving lead(II) [Pb(II)] sorption onto ferrihydrite over a wide range of conditions highlighted the advanta
combining molecular- and macroscopic-scale investigations with surface complexation modeling to predict Pb(II) speciation and pa
in aqueous systems. In this work, an extensive collection of new macroscopic and spectroscopic data was used to assess th
the modified triple-layer model (TLM) to predict single-solute zinc(II) [Zn(II)] sorption onto 2-line ferrihydrite in NaNO3 solutions as a
function of pH, ionic strength, and concentration. Regression of constant-pH isotherm data, together with potentiometric titratio
edge data, was a much more rigorous test of the modified TLM than fitting pH edge data alone. When coupled with valuable in
spectroscopic analyses, good fits of the isotherm data were obtained with a one-species, one-Zn-sorption-site model using the
mononuclear surface complex, (≡FeO)2Zn; however, surprisingly, both the density of Zn(II) sorption sites and the value of the b
equilibrium “constant” for the bidentate-mononuclear complex had to be adjusted with pH to adequately fit the isotherm data.
spectroscopy provided some evidence for multinuclear surface complex formation at surface loadings approaching site satura
�6.5, the assumption of a bidentate-mononuclear surface complex provided acceptable fits of the sorption data over the entir
conditions studied. Regressing edge data in the absence of isotherm and spectroscopic data resulted in a fair number of surface-
type combinations that provided acceptable fits of the edge data, but unacceptable fits of the isotherm data. A linear relationsh
logK(≡FeO)2Zn and pH was found, given by logK(≡FeO)2Zn at 1 g/l = 2.058 (pH)–6.131. In addition, a surface activity coefficient term w
introduced to the model to reduce the ionic strength dependence of sorption. The results of this research and previous work with Pb(
that the existing thermodynamic framework for the modified TLM is able to reproduce the metal sorption data only over a limited
conditions. For this reason, much work still needs to be done in fine-tuning the thermodynamic framework and databases for the T
 2003 Elsevier Inc. All rights reserved.

Keywords: Zinc; Metals; Sorption; Surface complexation modeling; Ferrihydrite; Hydrous ferric oxide; Ferric hydroxide; Triple layer model
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1. Introduction

Until the recent development and application of X-ray
sorption spectroscopy to delineate trace-metal speciatio
mineral oxide and hydroxide, clay mineral, and soil surfac
equilibrium constants for trace-metal surface complexa
reactions in the open literature were largely determined
fitting a small number of single-solute pH sorption ed
covering a narrow range of environmental conditions.
most cases, however, this restricts one’s ability to relia
simulate multisolute sorption reactions in complex indust
and environmental systems using any of the surface c

* Corresponding author.
E-mail address: james.a.dyer@usa.dupont.com (J.A. Dyer).
0021-9797/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0021-9797(03)00618-0
plexation models (SCMs) found in commercial and pub
domain geochemical modeling codes.

Over the past several decades, many researchers
studied the sorption of metal cations and anions onto am
phous iron oxides and hydroxides. For example, sin
solute sorption data for hydrous ferric oxide (HFO) fro
before 1990 were critically assessed and modeled by Dz
bak and Morel [1] using the Generalized Two-Layer Mo
(GTLM); the result was a set of best-fit intrinsic equilibriu
constants (K int) for trace metal cations and anions. A limit
tion of this study, however, was that only a small fraction
the selected data sets for each metal consisted of con
pH isotherms. This means that, if the pH sorption edges
isotherms did not cover a broad range of conditions, t
the best-fitK int values would likely have limited applicabi
ity. In contrast, a much better test of a SCM is to calibr

http://www.elsevier.com/locate/jcis
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it against constant-pH isotherm data covering more than
orders of magnitude in metal concentration at three or m
pH values, in addition to pH sorption edge data collecte
several ionic strengths.

Zinc(II) [Zn(II)] is a common constituent found in con
taminated soils, sediments, and wastewater and groundw
streams. Unlike for lead(II) [Pb(II)], a reasonable blend
edge and isotherm data was found in the peer-reviewed
erature for Zn(II) sorption onto various forms of HFO [2
Many of the studies report pH edge data only [3–10]; ho
ever, a fair number of studies present both isotherm and
data [11–17]. Benjamin [12] published a pH 6.4 isothe
spanning three orders of magnitude in Zn(II) concen
tion, while Kinniburgh and Jackson’s [14] isotherm da
cover four log units in Zn(II) concentration at pH 5.5 a
pH 6.5. Harvey and Linton [15] provide isotherms at pH v
ues of 6.25, 6.5, 6.75, 7.0, and 7.25 covering 3–3.5 or
of magnitude in Zn(II) concentration. Trivedi and Axe [1
present isotherms at pH 6, pH 7, and pH 8 that co
3–4 log units in Zn(II) concentration. The three rema
ing isotherm data sets [11,13,16] span only 1–2 order
magnitude in Zn(II) concentration. Dzombak and Morel
used a blend of Zn(II) edges and isotherms from Lecki
al. [5], Kinniburgh et al. [11], Benjamin [12], Dempsey an
Singer [13], and Kinniburgh and Jackson [14] to determ
the best-fit surface complexation constants for both Typ
and Type 2 sites. Surface precipitation reactions were
cluded by Dzombak and Morel [1] in the GTLM only to fi
the pH 6.5 isotherm data from Kinniburgh and Jackson [
at high surface loading. Otherwise, only adsorption react
were required to fit the data. None of these studies, h
ever, benefited from spectroscopic analyses of the sor
surface to help confirm surface speciation. In addition, w
the collective data set for Zn(II) sorption onto HFO is mo
impressive than that for Pb(II), the fact remains that the s
ies were performed by different researchers in different
under different conditions.

Dyer et al. [2] provide more detailed discussion on
evolution of surface complexation modeling as it perta
to justifying this specific research project. In short, an
depth literature review highlighted only a few studies wh
molecular- and macroscopic-scale data had been cou
with surface complexation modeling to predict metal-cat
sorption over a wide range of conditions [18–20]. None w
found for Zn(II) sorption onto HFO/ferrihydrite. Trivedi e
al. [21] present comprehensive single-solute macrosc
and spectroscopic data for Zn(II) sorption onto two-line f
rihydrite, including a review of previous spectroscopic st
ies aimed at delineating Zn sorption mechanisms on min
oxides. This paper will emphasize the importance of in
grating spectroscopic data on surface speciation with ma
scopic isotherm and pH sorption edge data covering a w
range of conditions when calibrating a SCM. In addition
will point to potential limitations in using an existing SCM
such as the modified triple-layer model (TLM), to determ
an optimal set of surface complexation modeling para
r

t

ters for single-solute Zn(II) sorption onto two-line ferrih
drite.

2. Methods

2.1. Potentiometric titration and Zn(II) sorption data

The surface complexation modeling studies in this pa
build upon the macroscopic sorption data and X-ray abs
tion spectroscopy studies detailed in Trivedi et al. [21]
single-solute Zn(II) sorption onto two-line ferrihydrite. A
experiments were performed in a N2 atmosphere at room
temperature using a 4-h equilibration time. Trivedi et al. [
describe the ferrihydrite preparation method and presen
tentiometric titration data for two-line ferrihydrite in 0.00
0.01, and 0.1 M NaNO3 solutions (N2 atmosphere and room
temperature). Analysis of the potentiometric titration dat
described in Dyer et al. [2]. Raw tabulated potentiome
titration and Zn(II) sorption data can be found in Dyer [2
All constant-pH isotherm and pH edge data points were i
vidually equilibrated in their own sample vials. Batch kine
studies were conducted initially to determine the time
quired to reach equilibrium with the external surfaces of
ferrihydrite particles using similar boundary conditions
the ones utilized in the constant-pH isotherm studies [
Equilibration times from several minutes to 4 d were eval-
uated. As was previously found for Pb [22], a substan
change in sorption did not occur after 1–2 h. In additi
spectroscopic data at high surface loading gave no ind
tion of potentially slow sorption processes, such as sur
precipitation and/or multinuclear complex formation.

2.2. Geochemical modeling software

The OLI Software (OLI Systems Inc., Morris Plains, N
was used to perform the simulations in this study. Det
on the thermodynamic databank and framework, the e
tion solvers, the aqueous activity coefficient model, and
SCMs used in the OLI Software are presented in Dye
al. [2]. More specifically, the ElectroChem solver was us
in this study because it performs single-point aqueous e
librium calculations at steady state [24]. The OLI equil
rium reactions and associated equilibrium constants use
this work are given in Table 1.

2.3. Surface complexation models

The OLI Software offers the user the option of using o
of four different SCMs. These include the constant cap
tance model (CCM), the GTLM, the TLM, and a nonele
trostatic model (NEM). In this study, the modified TLM w
employed, having provided best fits of the Pb(II)/ferrihydr
isotherm and pH edge data presented and analyzed in Tr
et al. [22] and Dyer et al. [2]. The thermodynamic framewo
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Table 1
Equilibrium reactions and associated equilibrium constants used in the
simulations

Rxn. No. Equilibrium reaction logK at 25◦C

1 H2O = H+ + OH− −13.9938
2 HNO3(aq) = H+ + NO−

3 1.3038
3 NaNO3(aq) = Na+ + NO−

3 1.7344
4 ZnOH+ = Zn2+ + OH− −5.0799
5 Zn(OH)2(aq) = ZnOH+ + OH− −5.6054
6 Zn(OH)2(s) = Zn2+ + 2OH− −15.7744
7 Zn(OH)−3 = Zn(OH)2(aq) + OH− −2.9874

8 Zn(OH)2−
4 = Zn(OH)−3 + OH− −1.1031

9 Zn(NO3)+ = Zn2+ + NO−
3 −0.4605

10 Zn(NO3)2(aq) = Zn2+ + 2NO−
3 0.1783

11 ≡FeOH+
2 = ≡FeOH+ H+ Table 3

12 ≡FeOH= ≡FeO− + H+ Table 3
13 ≡FeOH+

2 –NO−
3 = ≡FeOH+ H+ + NO−

3 Table 3
14 ≡FeO−–Na+ + H+ = ≡FeOH+ Na+ Table 3
15 (≡FeO)2Zn+ 2H+ = 2≡FeOH+ Zn2+ Table 4

for the modified TLM is described in Sahai and Sverj
sky [25].

2.4. Modeling protocol

The methodology used to calibrate the modified TLM
this work is based largely on the modeling protocol o
lined in Hayes and Katz [26]. Using the nonlinear regress
program in the OLI code, potentiometric titration data
two-line ferrihydrite in NaNO3 solutions of three differen
ionic strengths [22] were first used to estimate a bes
set(s) of metal hydroxide surface parameters for the m
fied TLM. As found by others [26], different sets ofNs, total,
C1, and
pKa parameter values will yield good fits of th
surface titration data for inorganic oxides and hydroxid
As detailed in Dyer et al. [2], a three-factor, face-center
cube (FCC), response-surface experimental design was
viously used to determine the values ofNs, total, C1, and

pKa that provide the best fit of the titration data (As and
C2 were held constant in the model). The quality of fit
the model to the data was judged based on both visua
spection of a plot of the model-predicted curves agains
raw titration data and the value of the regression fit p
meter,Ravg, which is provided by the OLI nonlinear regre
sion program. The nonlinear regression routine in the
code utilizes a Marquardt nonlinear optimization algorith
In this study, the ratio,Ri , of the calculated to experime
tal values (or vice versa, such thatRi is always�1.0) was
the objective function minimized. A perfect fit is defined
Ri = 1.0; Ri values were equally weighted.Ravg was ob-
tained by arithmetically averaging the values ofRi values for
each regressed data set. In regressing data points that s
to 7 orders of magnitude, such as in constant-pH isothe
experience over the years has shown that this objective f
tion is more robust than least-squares minimization. D
et al. [2] found that the quality of the fit was largely d
termined by the valueC1 and, to a lesser extent, by
pKa
-

5
,
-

andNs, total. On the basis of these results, the values ofC1,

pKa, Ns, total, As , andC2 were initially fixed at the sam
values as those used in the Pb(II)/ferrihydrite modeling s
ies (i.e., 0.725 faraday/m2, 5.0, 0.8 mol of sites/mol of Fe,
600 m2/g, and 0.2 faraday/m2, respectively) [2]. IfNs, total

had to be adjusted to fit the Zn(II) isotherm data, then
potentiometric titration data were re-regressed using the
value forNs, total.

The second step was to narrow the scope of feas
Zn(II) surface complexation reactions at low to moder
surface coverage. This was achieved by assessing the im
of ionic strength on zinc sorption as well as by analyz
the spectroscopy data—the details of which are reported
analyzed in the companion paper [21]. At low to moder
surface loading (0.1–10%) for strongly sorbing metals
at all surface coverages for weakly sorbing metals, prev
X-ray absorption fine structure spectroscopy (XAFS) inv
tigations have shown that the dominant sorption mechan
is the formation of a mononuclear surface species [26
addition, inner-sphere versus outer-sphere surface com
formation has often been inferred from the impact of io
strength on sorption [27]. The impact of ionic strength
zinc sorption in this study was evaluated based on pH s
tion edges generated at three different ionic strengths.

The presence or absence of multinuclear surface p
mers and/or surface precipitates at higher zinc surface l
ing was determined from the spectroscopy data as we
from the behavior of the equilibrium isotherm curves. T
need for multiple site types (i.e., site heterogeneity)
a reasonable starting value for surface site density w
also gleaned from the constant-pH isotherm data. Mult
site types may be needed if the slopes of the constan
isotherm curves are<1.0 at low surface loading [28].

Based on the analysis of the isotherm, pH edge, and s
troscopy data outlined above, a suitable set of Zn(II) sur
complex species and modified TLM parameters (Ns, total,
C1, C2, 
pKa , andAs) was chosen. Next, best-fit equili
rium constant(s) for single-solute Zn(II) sorption onto f
rihydrite were determined via nonlinear regression of
equilibrium isotherm data, using the assumed set of sur
complex species and surface model parameters. The be
equilibrium constant(s) were then tested against the pH
data at several different starting Zn(II) concentrations
ionic strengths. The sensitivity of the model fits to spec
tion assumptions was also evaluated, although weight
placed on the spectroscopic results and the desire to m
mize the number of sites and species types that yielde
best fit of the sorption data. As before, visual inspection
the agreement between the model predictions and raw
and analysis ofRavg values for bothx [total soluble Zn] and
y [mol Zn mol−1 Fe] data from the OLI regression ro
tine were used to judge fit quality. IfNs, total was adjusted
to improve the quality of the fit, then the oxide surface
rameters were also reoptimized against the potentiom
titration data.
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2.5. Uncertainty analysis

Few studies over the years have addressed error prop
tion through surface complexation models (SCMs). Yet o
puts from SCMs, such as trace-metal partition coefficie
are frequently used as input parameters in contaminant
and transport models to predict trace-metal mobility in aq
ous environmental systems. The reality is that SCMs
often fit to limited set(s) of metal sorption data using inp
parameters with large uncertainties. As a result, it is imp
tant to quantify the impact of input-parameter uncertainty
model output-parameter uncertainty as well as to identify
input parameter(s) that have a dominant influence on ou
uncertainty. The uncertainty analysis methodology utiliz
in this research [23] was able to (1) quantify the impac
analytical, thermodynamic, and SCM input-parameter
certainties on the uncertainty in output parameters, suc
metal surface loading and soluble metal concentration
(2) identify the input parameters that had the most sign
cant impact on output uncertainty.

Error propagation studies were conducted using Elec
Chem’s uncertainty analysis module and were based on
constant-pH isotherm and pH sorption edge data for sin
solute Zn(II) sorption onto ferrihydrite. The goal was
identify which model input and thermodynamic paramet
determined the majority of the uncertainty in the output v
ables of interest—total Zn in solution (Znaq) and Zn sur-
face loading (Znsorb). Table 2 summarizes the uncertain
value assumed for each model input and thermodyna
parameter included in the detailed error propagation s
ies. Input/thermodynamicuncertainties are reported as e
absolute values (standard deviation,σi) or relative values
(coefficient of variation, COVi ). Uncertainty assumption
for input parameters, such as pH, total Zn(II), and to
H2O, are based on experience and a review of the lit
ture [1]. Uncertainty bounds for the thermodynamic pa

Table 2
Input/thermodynamic parameters and corresponding uncertainty
sumptionsa

Parameter Standard deviation Coefficient of variat
(σi ) (COVi )

Total Zn(II) 0.02
Total ferrihydrite 0.10
Total H2O 0.03
Total NaNO3 0.10
pH 0.03 pH units
logK int

NO−
3

0.36 log units

logK int
Na+ 0.36 log units

logK int
(≡FeO)2Zn 0.12 log units

a Refer to Tables 3 and 4 for details on the chemical reactions and
law expressions corresponding to each of the equilibrium constants
above. Definitions for each of the parameters can be found in Append
Preliminary error propagation studies showed that a COVi � 1.5 for the
K values of the aqueous electrolyte solution reactions listed in Table 1
reactions 1−10) had a very small impact on the output uncertainties inZnaq
andZnsorbunder all conditions evaluated in this research.
-

r

meters were determined by estimating the 95% predic
intervals (±2σ) for the model fits of the potentiometric titra
tion and Zn(II) isotherm data [23]. Preliminary error prop
gation studies using ElectroChem found that uncertain
of as much as 150% in theK values (i.e., COVi � 1.5)

for the aqueous electrolyte solution reactions shown in
ble 1 (i.e., reactions 1–10) had a very small impact on
output uncertainties inZnaq and Znsorb for all pH values
and Zn(II) concentrations considered in this research.
ing the uncertainty assumptions in Table 2, ElectroChe
uncertainty analysis module and the Resampling Stats
Windows software (Resampling Stats Inc., Arlington, V
ginia) were then utilized to estimate 95% confidence
tervals for the constant-pH-isotherm and pH sorption e
model predictions. Details on the Monte Carlo simulat
methodology used to generate these confidence interval
be found in Dyer [23]. ElectroChem’s uncertainty analy
module also provides quantitative results on the fraction
the total output uncertainty that is attributable to specific
put variables. These results were also analyzed to ide
the input variables that had a dominant influence on the
put uncertainties inZnaq andZnsorb.

3. Results and discussion

3.1. Potentiometric titration data

The point of zero net proton charge (pHPZNPC) for two-
line ferrihydrite was determined to be 7.91, as reported
viously [2,22]. This falls within the range of point of ze
charge values reported by others [1]. Detailed results for
discussion of the three-factor, FCC, response-surface e
imental design, including a comparison of the TLM fits
the experimental data, were previously reported in Dye
al. [2]. In addition, Dyer et al. [2] discuss titration data a
model uncertainties (±2σ) and their resulting impact on th
predicted output uncertainties inZnaq andZnsorb. This in-
cludes data reproducibility and the effects of equilibrat
time and ferrihydrite solids concentration on the measu
surface charge density. As discussed below, the densi
proton-active sites (Ns, total) was increased from 0.8 mol o
sites/mol of Fe (the value used in the Pb(II)/ferrihydr
studies) to 1.2 mol of sites/mol of Fe in order to fit the
pH 7.5 Zn(II) isotherm data at maximum loading usi
a bidentate-mononuclear surface complex. As a result
0.001, 0.01, and 0.1 M NaNO3 titration data reported in Dye
et al. [2] were reregressed at this higher site density, yi
ing the revised TLM parameters in Table 3. The graph
results are essentially identical to those shown in Fig.
Dyer et al. [2].

3.2. Zn(II) sorption isotherms and edges

As discussed above in the modeling protocol, mac
scopic and spectroscopic data for the Zn(II)/two-line ferri
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Table 3
Best-fit TLM oxide surface parameters for ferrihydrite

Parameter Value

Ns, total (mol/mol) 1.20
As (m2/g) 600
C1 (faraday/m2) 0.60
C2 (faraday/m2) 0.20

logK inta
a1 −5.41

logK intb
a2 −10.41

logK intc

NO−
3

−7.46

logK intd

Na+ 8.48

Ravg 1.15

a ≡FeOH+
2 = ≡FeOH+ H+, whereK int

a1 = aH+[≡FeOH]exp(−FΨ0/

RT )/[≡FeOH+
2 ].

b ≡FeOH= ≡FeO− + H+, whereK int
a2 = aH+[≡FeO−]exp(−FΨ0/

RT )/[≡FeOH].
c ≡FeOH+

2 –NO−
3 = ≡FeOH + H+ + NO−

3 , where K int
NO−

3
=

aH+aNO−
3

[≡FeOH]exp(F (Ψβ − Ψ0)/RT )/[≡FeOH+
2 –NO−

3 ].
d ≡FeO−–Na+ + H+ = ≡FeOH + Na+, where K int

Na+ =
aNa+[≡FeOH]exp(F (Ψ0 − Ψβ)/RT )/aH+[≡FeO−–Na+].

drite system [21] played a large role in helping to choose
calibrate the SCM. First, the slope of the low-concentra
region of each constant-pH isotherm was about 1.0, w
suggested that a one-Zn-sorption-site model might be
quate. Second, only a small ionic strength dependence
observed in the pH edge data (50 µM Zn(II); 1 g l−1 ferrihy-
drite; 0.001, 0.01, and 0.1 M NaNO3 background electrolyt
solutions), which suggests that Zn(II) predominantly for
inner-sphere complexes. Third, the spectroscopic data a
sis indicated that a corner-sharing bidentate-mononu
inner-sphere surface complex dominated over the pH ra
4.5–7.5 as detailed in Trivedi et al. [21]. Spectroscopic d
were collected at pH 4.5, 5.5, 6.5, and 7.5 in 0.01 M NaN3
solutions at 25◦C. For each pH value, three different surfa
loadings (∼0.001, 0.01, and 0.1 mol Zn/mol Fe) were stud
ied. Only a very small contribution from multinuclear Zn(
surface complexes was indicated in the XAFS model fit
the second shell near site saturation at pH� 6.5. Fourth, it
appeared likely that a common set of surface species a
equilibrium constants would be unable to simulate all
sorption data, because of the significant variation in sp
ing between the constant-pH isotherm curves. This vari
spacing between two adjacent isotherm curves is driven
change ind[pZnaq]/d[pH] at a constant Zn(II) surface loa
ing and, interestingly, remains essentially unchanged f
low to high Zn(II) surface loading. The predominant s
face reaction mechanism as determined by XAFS, howe
appears to be invariant with pH and surface loading. T
suggests that the significant variability in spacing betw
isotherms cannot simply be accounted for by a change in
bulk reaction mechanism at the surface. Fifth, the maxim
Zn(II) surface loading for each of the constant-pH isothe
changes with pH, suggesting that the TLM assumption
-
s

-
r

r

,

Fig. 1. Optimized triple-layer model fits of pH 4.5, 5.5, 6.5, and 7.5 e
librium isotherm data for single-solute Zn(II) sorption onto two-line fe
hydrite using the bidentate-mononuclear surface complex, (≡FeO)2Zn. In
(a),Ns,Zn was fixed at 0.8 mol of sites/mol of Fe; in (b),Ns,Zn was varied
with pH. logK(≡FeO)2Zn values as f(pH) are given in Table 4. Ninety-fi
percent confidence intervals for the model predictions are also shown i
Experimental conditions: 0.1 and 1.0 g of ferrihydrite/l in 0.01 M NaN3
solution; Zn(II) added as Zn(NO3)2; 4-h equilibration time; room tempera
ture; N2 glovebox.

the site density of available Zn(II) sorption sites needs to
adjusted with pH. As shown in Fig. 1, the maximum sorpt
capacity of two-line ferrihydrite for Zn(II) is approximate
0.04, 0.13, 0.31, and 0.46 mol of Zn(II)/mol of Fe at pH 4.5
5.5, 6.5, and 7.5, respectively. As pH increases, the isoth
data clearly appear to plateau at higher surface loadings.
is in contrast to the Pb(II)/ferrihydrite sorption data repor
in Dyer et al. [2] where the pH 5.5 and pH 6.5 isotherm d
appear to converge at the same maximum sorption cap
of 0.35–0.40 mol of Pb(II)/mol of Fe.

The constant-pH isotherm data are shown in Fig
along with modified TLM fits obtained using the bidenta
mononuclear surface complex (≡FeO)2Zn. In Fig. 1a, the
density of Zn-active sites (Ns,Zn) was fixed at 0.8 mol o
sites/mol of Fe for all pH; in Fig. 1b, the value ofNs,Zn
was adjusted with pH to properly capture the variable m
imum Zn(II) sorption capacity. In both cases, the nonlin
regression fits of the isotherm data are based on a total
sity of proton-active sites (Ns, total) of 1.2 mol of sites/mol
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Table 4
TLM parameters for single-solute Zn(II) sorption onto two-line ferrih
drite (fh)

pH Ns,Zn
a logK(≡FeO)2Zn Ravg (Znaq)

d Ravg (Γ )d

(mol/mol) at 1 g of fh/lb,c

4.5 0.10 3.17 1.02 1.05
5.5 0.30 4.95 1.08 1.05
6.5 0.65 7.15 1.11 1.04
7.5 1.20 9.52 1.11 1.01

4.0 0.075 2.18 – –
5.0 0.21 4.35 – –
6.0 0.43 6.01 – –
7.0 0.90 8.31 – –
8.0 1.20 10.32 – –

a Ns, total set at 1.2 mol of proton-active sites/mol of Fe.
b (≡FeO)2Zn + 2H+ = 2≡FeOH + Zn2+, where K(≡FeO)2Zn =

aZn2+[≡FeOH]2/a2
H+γs [(≡FeO)2Zn]. A γs correction was used, whereb

γ(≡FeO)2Zn = γZn2+ .
c For bidentate-mononuclear surface complexes,K int is actually a con-

ditional K that depends on sorbent solids concentration (Cs ) regard-
less. This peculiarity arises with multidentate complexes, because o
definition of the standard state for surface species in molality, ra
than mole fraction. It can be shown thatK int = Kcond/B, whereB = Ns

(sites/m2) × As (m2/g) × Cs (g/l)/NA(6.02× 1023 sites/mol of sites).
Hence,Kcond

2 /Kcond
1 = Cs2/Cs1 for the bidentate-mononuclear reactio

written here as dissociation reactions. The bidentate-mononuclearK values
reported in the table are based on 1 g of ferrihydrite/l.

d Ravg reported for regressions of pH 4.5, 5.5, 6.5, and 7.5 isotherm
only. K values for other pH values are approximate based on regressi
a few pH edge points only. The intent is to show howK varies with pH.

of Fe. It is evident from Fig. 1b that adjustingNs,Zn results
in excellent fits of the Zn(II)/ferrihydrite sorptiondata ov
six orders of magnitude in Zn(II) concentration. Equilibriu
constants, Zn-active site densities, associated equilibrium
actions and mass law expressions, andRavg values for the
preferred pH 4.5, 5.5, 6.5 and 7.5 isotherm fits (Fig. 1b)
summarized in Table 4. As noted in Table 4 and explai
in more detail below, a surface activity coefficient correct
was included in the model fits of the isotherm data to b
ter represent the impact of ionic strength on Zn(II) sorpti
Equilibrium constants for the bidentate-mononuclear Zn
surface complex are reported as conditionalK values (Ki),
rather than as intrinsicK values (K int

i ), because of the de
pendence on pH and site density. Regression of the isoth
data using multispecies and/or multi-Zn-sorption-site m
els (data not given) resulted in inferior fits when compa
to the one-Zn-sorption-site bidentate-mononuclear mo
Although not supported by spectroscopic data, the spe
≡FeOZnOH provided essentially the same quality of
as the bidentate-mononuclear surface complex (figure
shown; see Dyer [23]). Mathematically, the mass law
pression for≡FeOZnOH looks very similar to the mass la
expression for (≡FeO)2Zn.

Figure 2 emphasizes the very good agreement (i.e.
internal consistency) between the pH sorption edge data
the constant-pH isotherm data. The model-predicted cu
for pH 4, 5, 6, 7, and 8 represent fits of the TLM to t
pH sorption edge data alone. Oxide surface parameter
the TLM (Table 3) and the assumed surface speciation w
the same as those used to regress the pH 4.5, 5.5,
and 7.5 isotherm data. Conditional equilibrium constants
the bidentate-mononuclear Zn(II) surface complex and
timated values forNs,Zn for each pH value are given i
Table 4.

Figure 2 also helps to emphasize the reason that the
face complexation equilibrium constants for Zn sorption
not constant for this comprehensive data set. More sp
r mo
tal
Fig. 2. Comparison of equilibrium isotherm and pH edge data for single-solute Zn(II) sorption onto two-line ferrihydrite to modified triple-layedel
predictions using the bidentate-mononuclear surface complex, (≡FeO)2Zn. logK(≡FeO)2Zn andNs,Zn values as f(pH) are given in Table 4. Experimen
conditions: 0.1 and 1.0 g of ferrihydrite/l; 0.01 M NaNO3 background electrolyte for isotherms and edges; Zn(II) added as Zn(NO3)2; 4-h equilibration time;
room temperature; N2 glovebox.
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ically, a compression in spacing between the constan
isotherms at the pH extremes should be expected b
on the inherent shape of a pH sorption edge; that
d[pZnaq]/d[pH] is anything but constant over the path
a pH sorption edge. As shown also for Pb(II) [2], the cha
in Zn(II) sorbed and, hence, in totalZnaq is fairly small for
each one-pH-unit change (i.e., the value ofd[pZnaq]/d[pH]
is small) at both high and low values of % Zn(II) sorbe
On the other hand, the steep portion of the pH sorption e
is indicative of a much more substantial change in Zn
sorbed with pH; that is,d[pZnaq]/d[pH] is large over a
fairly narrow pH range. For the case of Zn(II), the ste
increase in sorption happens between pH 4.5 and 5.5, w
d[pZnaq]/d[pH] peaks at approximately 1.3. As the sorpt
edge begins to plateau at pH 6, however,d[pZnaq]/d[pH]
drops to 0.5 or less.

Figure 3 compares TLM predictions for the bidenta
mononuclear Zn(II) surface complex to pH edge data
sented in Trivedi et al. [21]. Figure 3a displays model pre
tions for 50 µM Zn(II), 1 g of ferrihydrite/l, and 0.001, 0.01
and 0.1 M NaNO3 using (i) the best-fit equilibrium con
stant and Zn-active site density for the pH 5.5 isotherm d
only and (ii) aqueous activity coefficient corrections for b
solution ions only (i.e., the ratio of the surface activity co
ficients is assumed to equal 1.0) [25]. Note that the mo
significantly underpredicts Zn(II) sorption at pH< 5.0. Al-
though not obvious in the figure, the model also overpred
Zn(II) sorption at pH� 6. The shallower than expected slo
in the pH edge data at low pH was also seen with Pb
as previously reported and discussed in detail in Dye
al. [2]. Others have also reported pH edges for divalent m
sorption onto amorphous ferric hydroxides with this sa
phenomenon [6,7,10,15,29,30].

In addition, the model curves in Fig. 3a indicate a m
significant ionic-strength effect on sorption than do the
perimental data. This is most probably an artifact of
thermodynamic framework for the modified TLM itself. A
shown also for Pb(II) [2], the mass law expressions
lize bulk solution concentrations and activity coefficients
the sorbing ions (i.e., H+, NO−

3 , Na+, and Zn2+), rather
than the actual surface activities themselves [28]. In a
tion, because a predictive model does not currently exis
estimating surface activity coefficients, the ratio of the
tivity coefficients for the surface species (i.e., (≡FeO)2Zn
and≡FeOH) is assumed to be 1.0. One might view this
only a “partial correction” for nonidealities at the surfa
A surface activity coefficient term (γs ) was introduced to th
model, therefore, to adjust for this overdependence on i
strength within the OLI thermodynamic framework. Go
agreement between the experimental data and the mode
achieved whenγs was set equal toγZn2+ (the bulk solution
activity coefficient for the Zn2+ ion). The model curves in
Figs. 1 and 2, as well as the equilibrium constants give
Table 4, are based on the use of this surface activity co
cient term.
d

e

s

Fig. 3. Triple-layer model predictions of pH sorption edge data
single-solute Zn(II) sorption onto two-line ferrihydrite using the bide
tate-mononuclear surface complex, (≡FeO)2Zn. Plots for (a) 50 µM Zn(II)
in 0.001–0.1 M NaNO3 using the best-fitK value andNs,Zn for pH 5.5
isotherm data only and assumingγs = 1.0; (b) 50 µM Zn(II) in 0.001–0.1 M
NaNO3 using pH-adjustedK values andNs,Zn values from Table 4 and
γs = γZn2+ correction; (c) 5, 500, and 1000 µM Zn(II) in 0.01 M NaNO3
using pH-adjustedK values andNs, Znvalues from Table 4 andγs = γZn2+
correction. Ninety-five percent confidence intervals for the model pre
tions are also shown in (b) and (c). Experimental conditions: 1.0
ferrihydrite/l; Zn(II) added as Zn(NO3)2; 4-h equilibration time; room tem
perature; N2 glovebox.

Figures 3b and 3c show TLM predictions for the bide
tate-mononuclear surface complex when pH-adjustedK val-
ues and site densities (Ns,Zn) are used in addition to th



J.A. Dyer et al. / Journal of Colloid and Interface Science 270 (2004) 56–65 63

Ta-
del

con-
dat
in-
nity
on
ted
m
to-
tion
ecie
ctro-

ui-
ions
ly,
een
for

ear
oes

qui-
.

the
in

oint
ly

fig-
r

the

dy-
put/

1b

out-
ce
cer-
ri-

f to-

ies in
-

s
ut-
ar
t,
her
-

not
out-

nce
or
in,

ars
er-
This
data
of

ulti-
nic

y ap-
Fig. 4. Linear relationship between logK (at 1 g of ferrihydrite/l) and pH
for the bidentate-mononuclear Zn(II) surface complex, (≡FeO)2Zn. Ex-
perimental conditions: 1.0 g of ferrihydrite/l; Zn(II) added as Zn(NO3)2;
4-h equilibration time; room temperature; N2 glovebox.

γs correction. More specifically, the logK value for the
bidentate Zn(II) surface complex was f(pH) as shown in
ble 4. When this is done, the agreement between the mo
predicted curves and the experimental data is good. In
trast to past modeling studies that are based on pH edge
alone, the improved fit at pH < 4.5 was achieved without
cluding additional surface species or a second, high-affi
site for Zn(II). While adding a second, high-affinity sorpti
site for Zn(II) to the model could account for the eleva
Zn(II) sorption at pH < 4.5, it led to poor fits of the isother
data at dilute Zn(II) concentrations. When considered
gether, however, the constant-pH isotherm and pH sorp
edge data suggest that a one-Zn-sorption-site, one-sp
model is adequate, which is also consistent with the spe
scopic findings [21].

A downside of this investigation is that the best-fit eq
librium constants and site densities appear to be funct
of pH as the TLM is currently constructed. Interesting
Fig. 4 shows that there is a linear relationship betw
logK(≡FeO)2Zn and pH. The same was found to be true
model regressions using the surface complex,≡FeOZnOH
(figure not shown; see Dyer [23]). The reason for this lin
relationship is not clear at the present time; however, it d
provide a useful correlation to estimate the conditional e
librium constant for the bidentate-mononuclear complex

3.3. Uncertainty in isotherm and pH edge data

Uncertainty bars (95% confidence intervals) for
constant-pH-isotherm model predictions are shown
Fig. 1b. Uncertainty bars are not shown for every data p
for clarity. The experimental data points fall comfortab
within the uncertainty bars in all cases. As shown in the
ure, the uncertainty ranges forZnaq tend to be much wide
than those forZnsorb, especially at pH 5.5 and above.

For select isotherm data points, Tables 5 and 6 show
fractions of the total output uncertainty inZnaq andZnsorb,
respectively, that is attributable to specific input/thermo
namic parameters. The values in the tables for each in
-

a

s

Table 5
Input/thermodynamic parameters dominating output uncertainty inZnaq
(ppm) for the Zn(II)/ferrihydrite constant-pH isotherms shown in Fig.
(1 g of ferrihydrite/l except where noted)

pH Zn total (M) Fraction of output COV squared forZnaq

Total Total Total pH logK int
(≡FeO)2Zn logK int

NO−
3

H2O Zn ferrihydrite

4.5 2E–02 0.68 0.32 – – – –
1E–03 0.13 0.13 0.31 0.06 0.30 0.07
2E–04 – 0.03 0.26 0.09 0.51 0.11
2E–06 – 0.01 0.22 0.11 0.55 0.11

5.5 2E–02 0.62 0.33 0.05 – – –
1E–03 – 0.02 0.50 0.07 0.38 0.03
2E–04 – – 0.28 0.11 0.57 0.03
2E–06 – – 0.24 0.12 0.61 0.03

6.5 2E–02 0.46 0.30 0.23 – – –
1E–03 – – 0.37 0.10 0.52 –
2E–04 – – 0.26 0.12 0.61 –
2E–06 – – 0.24 0.12 0.63 –

7.5 2E–03 0.25 0.22 0.45 – 0.08 –
(0.1 g/l)
1E–03 – – 0.31 0.11 0.58 –
2E–04 – – 0.26 0.11 0.62 –
2E–06 – – 0.25 0.11 0.63 –

thermodynamic parameter represent the fraction of the
put COV squared [23]. As shown in Table 5, at Zn(II) surfa
loadings lower than those approaching site saturation, un
tainties in logK int

(≡FeO)2Zn and, to a lesser degree, total fer
hydrite dominate the output uncertainty inZnaq for all pH.
As surface loading increases, the relative importance o
tal ferrihydrite increases relative to logK int

(≡FeO)2Zn. On the
other hand, as site saturation is approached, uncertaint
total H2O, total Zn, and, at higher pH, total ferrihydrite dom
inate the uncertainty inZnaq. For sorbed Zn, Table 6 show
that the uncertainty in total ferrihydrite dominates the o
put uncertainty inZnsorb at pH 5.5 and above, except ne
site saturation where logK int

(≡FeO)2Zn and, to a lesser exten
pH dominate the output uncertainty. At pH 4.5, on the ot
hand, uncertainties in logK int

(≡FeO)2Zn and, to a lesser ex

tent, logK int
NO−

3
and pH dominate the uncertainty inZnsorb.

Input/thermodynamic parameters listed in Table 2, but
shown in Tables 5 and 6, had a negligible impact on the
put uncertainty under all conditions.

Figs. 3b, 3c display the uncertainty bars (95% confide
intervals) for six TLM-predicted pH sorption edges f
single-solute Zn(II) sorption onto ferrihydrite. Once aga
the experimental data fall well within the uncertainty b
for the model predictions. Note the large uncertainty in p
cent Zn sorbed over most of the pH range of the edges.
reinforces the point that regression of pH sorption edge
alone is not a sufficient test of the predictive capability
a SCM. Regression of constant-pH isotherm data at m
ple pH values, together with pH edge data at several io
strengths and metal/sorbent molar ratios, is a necessar
proach.
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Table 6
Input/thermodynamic parameters dominating output uncertainty inZnsorb
(mol Zn/mol Fe) for the Zn(II)/ferrihydrite constant-pH isotherms sho
in Fig. 1b (1 g of ferrihydrite/l except where noted)

pH Zn total (M) Fraction of output COV squared forZnsorb

Total Total Total pH logK int
(≡FeO)2Zn logK int

NO−
3

H2O Zn ferrihydrite

4.5 2E–02 0.02 – 0.06 0.11 0.59 0.22
1E–03 0.02 – 0.03 0.13 0.66 0.15
2E–04 0.02 – 0.01 0.13 0.68 0.14
2E–06 0.02 – – 0.13 0.69 0.14

5.5 2E–02 0.02 – 0.06 0.13 0.67 0.12
1E–03 0.02 0.04 0.27 0.10 0.53 0.04
2E–04 – 0.05 0.79 0.02 0.13 –
2E–06 – 0.05 0.85 0.02 0.08 –

6.5 2E–02 0.02 – 0.05 0.14 0.74 0.05
1E–03 – 0.05 0.92 – 0.03 –
2E–04 – 0.04 0.95 – 0.01 –
2E–06 – 0.04 0.95 – – –

7.5 2E–03 0.03 – 0.03 0.14 0.79 –
(0.1 g/l)
1E–03 – 0.04 0.95 – – –
2E–04 – 0.04 0.95 – – –
2E–06 – 0.04 0.95 – – –

Table 7
Input/thermodynamic parameters dominating output uncertainty in
cent Zn sorbed for the Zn(II)/ferrihydrite pH sorption edges shown
Figs. 3b, 3c (1 g of ferrihydrite/l)

pH Zn total (M) Fraction of output COV squared for %Znsorb

Total Total pH logK int
(≡FeO)2Zn logK int

NO−
3

H2O ferrihydrite

4.0 5E–06 0.02 0.21 0.10 0.53 0.14
5E–05 0.02 0.22 0.10 0.52 0.14
1E–03 0.01 0.37 0.08 0.41 0.13

5.0 5E–06 0.02 0.23 0.11 0.59 0.05
5E–05 0.02 0.24 0.11 0.58 0.05
1E–03 0.01 0.43 0.08 0.42 0.05

6.0 5E–06 0.02 0.24 0.12 0.61 0.01
5E–05 0.02 0.24 0.12 0.61 0.01
1E–03 0.01 0.44 0.09 0.45 0.01

7.0 5E–06 0.02 0.24 0.12 0.62 –
5E–05 0.02 0.25 0.12 0.61 –
1E–03 0.02 0.33 0.10 0.55 –

8.0 5E–06 0.02 0.25 0.10 0.63 –
5E–05 0.02 0.25 0.10 0.63 –
1E–03 0.02 0.31 0.09 0.58 –

For select pH edge data points, Table 7 shows the f
tion of the total output uncertainty in %Znsorb that is at-
tributable to specific input/thermodynamic parameters.
Zn(II) surface loadings less than those approaching
saturation, uncertainties in logK int

(≡FeO)2Zn and, to a lesse
degree, total ferrihydrite and pH dominate the output
certainty in %Znsorb. As surface loading decreases,
importance of logK int relative to total ferrihydrite
(≡FeO)2Zn
increases for all pH.Conversely, as surface loading incre
and pH decreases, the importance of total ferrihydrite r
tive to logK int

(≡FeO)2Zn increases. Uncertainties in logK int
NO−

3
are only of secondary importance at pH < 4.5. This tren
similar to what was observed for the constant-pH-isoth
Znaq data in Table 5. At all pH and Zn(II) surface loading
the impact of uncertainties in pH on the uncertainty in
Znsorbis about the same (8–12%). Input/thermodynamic
rameters listed in Table 2, but not shown in Table 7, ha
negligible impact on the output uncertainty under all con
tions.

4. Summary

As was found for single-solute Pb(II) sorption onto f
rihydrite [2], regressing potentiometric titration, pH so
tion edge, and constant-pH isotherm data collected ov
broad range of conditions is a much more rigorous tes
a SCM. When supplemented with spectroscopic anal
to confirm surface speciation, the scope of feasible
face complexes and site types for the model becomes m
more limited. In particular, this research highlights the va
of coupling surface complexation modeling with an ext
sive array of molecular- and macroscopic-scale studies
formed by the same investigator in the same laboratory.
current results for Zn, along with the previous results
Pb [2], lead to similar conclusions about the ability of t
modified TLM to predict trace-metal sorption over a wi
range of conditions. First, extensive independent mode
of the Zn(II) and Pb(II) sorption data using the modifi
TLM strongly supported the conclusions about surface
ciation gleaned from the spectroscopy data presented
analyzed in Trivedi et al. [21,22]. Second, regression of
edge data in the absence of isotherm and spectroscopic
results in a much larger number of surface species and
type combinations that provide acceptable fits of the e
data. However, when these same assumptions are us
predict the constant-pH isotherms, the agreement betw
model and data is poor in most cases. Third, a unique
of surface complexation equilibrium constants and co
sponding site densities is unable to describe Zn(II) and P
sorption onto ferrihydrite. In both cases, the regressed e
librium constants for the Pb(II) and Zn(II) surface comple
were functions of pH; therefore, they must be viewed
conditional equilibrium constants, rather than true intrin
equilibrium constants. For Zn(II), the density of Zn sorpt
sites was also found to vary with pH.

In conclusion, the results of this research and prev
work with Pb(II) indicate that the existing thermodynam
framework for the modified TLM is able to reproduce t
metal sorption data only over a limited range of pH, conc
tration, and ionic strength conditions. For this reason, m
work still needs to be done in fine-tuning the thermodyna
framework and databases for the TLM.
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Appendix A

ai activity of speciesi
As specific surface area of sorbent (m2/g)
C1 inner-layer capacitance term for triple-layer mod

(faraday/m2)
C2 outer-layer capacitance term for triple-layer mo

(faraday/m2)
COVi coefficient of variation (σYi /Yi )
F Faraday’s constant (96,485 C/mol)
Ki conditional equilibrium constant
K int

i intrinsic or thermodynamic equilibrium constant
K int

a1 intrinsic acidity constant for the surface deproton
tion reaction:≡FeOH+

2 = ≡FeOH+ H+
K int

a2 intrinsic acidity constant for the surface deproton
tion reaction:≡FeOH= ≡FeO− + H+

Ns, total proton-active site density (mol of sites/mol of sor-
bent)

Ns,Zn Zn-active site density (mol of sites/mol of sorbent)
R gas constant (8.314 J mol−1 K−1)

Ravg arithmetic average of nonlinear regression fit
rameters obtained from the OLI Software (Ri for
each data point is the ratio of the model-calcula
value to the experimental value (or vice versa), s
thatRi is 1.0 or higher)

T absolute temperature (K)
Znaq total zinc(II) in bulk aqueous solution (mg l−1 or

mol/kg of H2O)
Znsorb total zinc(II) sorbed on surface of ferrihydrite (m

of Zn(II)/mol of Fe)

pKa equals (pK int

a2 −pK int
a1) when the protonation/depro

tonation reactions are written as dissociation re
tions

γs lumped surface activity coefficient used in O
model to account for nonidealities of the surfa
complex species

Γ surface loading (mol of Zn(II)/mol of Fe)
Ψ0 electric potential at 0-plane
Ψβ electric potential atβ-plane
σi standard deviation of variablei
-
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