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Abstract

A previous study involving lead(ll) [Pb(ll)] sorption onto ferrihydrite over a wide range of conditions highlighted the advantages of
combining molecular- and macroscopic-scale investigations with surface complexation modeling to predict Pb(ll) speciation and partitioning
in aqueous systems. In this work, an extensive collection of new macroscopic and spectroscopic data was used to assess the ability
the modified triple-layer model (TLM) to predict single-solute zinc(ll) [Zn(ll)] sorption onto 2-line ferrihydrite in Nabl@utions as a
function of pH, ionic strength, and concentration. Regression of constant-pH isotherm data, together with potentiometric titration and pH
edge data, was a much more rigorous test of the modified TLM than fitting pH edge data alone. When coupled with valuable input from
spectroscopic analyses, good fits of the isotherm data were obtained with a one-species, one-Zn-sorption-site model using the bidentat
mononuclear surface complex=ffeO)Zn; however, surprisingly, both the density of Zn(ll) sorption sites and the value of the best-fit
equilibrium “constant” for the bidentate-mononuclear complex had to be adjusted with pH to adequately fit the isotherm data. Although
spectroscopy provided some evidence for multinuclear surface complex formation at surface loadings approaching site saturation at pt
>6.5, the assumption of a bidentate-mononuclear surface complex provided acceptable fits of the sorption data over the entire range ¢
conditions studied. Regressing edge data in the absence of isotherm and spectroscopic data resulted in a fair number of surface-species/s
type combinations that provided acceptable fits of the edge data, but unacceptable fits of the isotherm data. A linear relationship betwee
log K (=Fe02zn and pH was found, given by la=re02zn at 1 g1 = 2.058 (pH)-6.131. In addition, a surface activity coefficient term was
introduced to the model to reduce the ionic strength dependence of sorption. The results of this research and previous work with Pb(ll) indicat
that the existing thermodynamic framework for the modified TLM is able to reproduce the metal sorption data only over a limited range of
conditions. For this reason, much work still needs to be done in fine-tuning the thermodynamic framework and databases for the TLM.
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1. Introduction plexation models (SCMs) found in commercial and public
domain geochemical modeling codes.

Until the recent development and application of X-rayab- ~ OVer the past several decades, many researchers have

sorption spectroscopy to delineate trace-metal speciation orStudied the sorption of metal cations and anions onto amor-
mineral oxide and hydroxide, clay mineral, and soil surfaces, PNOUS iron oxides and hydroxides. For example, single-

equilibrium constants for trace-metal surface complexation SC!Ute sorption data for hydrous ferric oxide (HFO) from
reactions in the open literature were largely determined by before 1990 were critically assessed and modeled by Dzom-

fitting a small number of single-solute pH sorption edges bak andIMoreI [1] using the Generah;gd 'I"wo'-Laye.r'M.odeI
covering a narrow range of environmental conditions. In (GTLM); the rtesultwasaset of bE.BSt'f't'm”nS.'C equmprl_um
most cases, however, this restricts one’s ability to reliably constantsK™) for trace metal cations and anions. A limita-

simulate multisolute sorption reactions in complex industrial E'r?n Oflth'f ‘:'jtl:jd%’ hovxt/e\;er, washthatto?ly a s.nlalcljfr?cnon ff ¢
and environmental systems using any of the surface com- € selected data sets Tor éach metal consisted ot constant-

pH isotherms. This means that, if the pH sorption edges and
isotherms did not cover a broad range of conditions, then
* Corresponding author. .the best-fitk '™ values would likely have Iimited_ applicqbil—
E-mail address: james.a.dyer@usa.dupont.com (J.A. Dyer). ity. In contrast, a much better test of a SCM is to calibrate

0021-9797/$ — see front mattét 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0021-9797(03)00618-0


http://www.elsevier.com/locate/jcis

J.A. Dyer et al. / Journal of Colloid and Interface Science 270 (2004) 56-65 57

it against constant-pH isotherm data covering more than five ters for single-solute Zn(ll) sorption onto two-line ferrihy-
orders of magnitude in metal concentration at three or more drite.
pH values, in addition to pH sorption edge data collected at
several ionic strengths.
Zinc(Il) [Zn(IN)] is a common constituent found in con- 2. Methods
taminated soils, sediments, and wastewater and groundwater

streams. Un“ke for Iead(”) [Pb(”)], a I’easonab|e blend Of 21. Potentiorretrictitration and Zn(”) g)rption data
edge and isotherm data was found in the peer-reviewed lit-

erature for Zn(ll) sorption onto various forms of HFO [2]. The surface complexation modeling studies in this paper

Many of the studies report pH edge data only [3-10]; how- y, jiiq ynon the macroscopic sorption data and X-ray absorp-
ever, afair number of studies present both isotherm and edg&;qy spectroscopy studies detailed in Trivedi et al. [21] for

data [,11_17]' Benjamin [12] pUb,I'Shed_ a pH 6.4 isotherm single-solute Zn(Il) sorption onto two-line ferrihydrite. All
spanning thrge .orders of magnitude in Zn_(II) concentra- experiments were performed in & Mtmosphere at room
tion, while K'””'b,“rgh and Jackson's [;4] isotherm data temperature using a 4-h equilibration time. Trivedi et al. [22]
cover four log units n Zn(ll) concgntr:?\tlon at pH 5.5 and describe the ferrihydrite preparation method and present po-
PH 6.5. Harvey and Linton [15] provide lsothgrms atpH val- tentiometric titration data for two-line ferrihydrite in 0.001,
ues of 6_.25, 65 6.75, 7.0, and 7.25 covering 3-3.5 ordersO_OL and 0.1 M NaN@solutions (N atmosphere and room

of magm_tude in Zn(l1) concentration. Trivedi and Axe [17] temperature). Analysis of the potentiometric titration data is
present |stherms at pH 6, pH 7 and pH 8 that COVET jescribed in Dyer et al. [2]. Raw tabulated potentiometric
3—4 log units in Zn(ll) concentration. The three remain- titration and Zn(ll) sorption data can be found in Dyer [23].

ing iSF’tth derm ;atz;\l sets [11,’[13;'.16] [s)pan gn:z 1_dz|\/(I) rdelrslof All constant-pH isotherm and pH edge data points were indi-
magnitude in Zn(l) concentration. Dzombak and Morel [1] vidually equilibrated in their own sample vials. Batch kinetic

uiseg aKpquS of Engl)l ecig:JLeSBanq isqthelrénstrom Leckiedet studies were conducted initially to determine the time re-
g.'[ ] ign' urg K('a a}t;[ r]] e;jn{]am;(n[ ]’14 etmp()js?y an quired to reach equilibrium with the external surfaces of the
inger [ .]’ and Rinniburgh and Jackson [14] to determine ferrihydrite particles using similar boundary conditions to
the best-fit surface complexatlorj constants for both Typg Lthe ones utilized in the constant-pH isotherm studies [21].
and Type 2 sites. Surface preC|p|'Fat|0n reactions were in- Equilibration times from several minutes 4 d were eval-
cluded by E_)zombak and Morel [.l] n the GTLM only to fit uated. As was previously found for Pb [22], a substantial
the pH 6.5 |sotherm data from I_<|nn|burgh and qackson [.14] change in sorption did not occur after 1-2 h. In addition
at high surface loading. Otherwise, only adsorption reaCt'onsspectroscopic data at high surface loading gave no indica-

were requlr.ed to fit the data. None of these studies, how- tion of potentially slow sorption processes, such as surface
ever, benefited from spectroscopic analyses of the sorbent

surface to help confirm surface speciation. In addition, while precipitation and/or multinuclear complex formation.
the collective data set for Zn(ll) sorption onto HFO is more
impressive than that for Pb(ll), the fact remains that the stud-

ies were performed by different researchers in different labs ) .
under different conditions. The OLI Software (OLI Systems Inc., Morris Plains, NJ)

Dyer et al. [2] provide more detailed discussion on the Was used to perform'the simulations in this study. Details
evolution of surface complexation modeling as it pertains On the thermodynamic databank and framework, the equa-
to justifying this specific research project. In short, an in- tion solvers, Fhe agueous activity coefficient mod_el, and the
depth literature review highlighted only a few studies where SCMs used in the OLI Software are presented in Dyer et
molecular- and macroscopic-scale data had been coupled®!- [2]. More specifically, the ElectroChem solver was used
with surface complexation modeling to predict metal-cation [N this study because it performs single-point aqueous equi-
sorption over a wide range of conditions [18—-20]. None were librium calculations at steady state [24]. The OLI equilib-
found for Zn(ll) sorption onto HFO/ferrihydrite. Trivedi et~ fum reacuons_and _assomated equilibrium constants used in
al. [21] present comprehensive single-solute macroscopicthis work are given in Table 1.
and spectroscopic data for Zn(ll) sorption onto two-line fer-
rihydrite, including a review of previous spectroscopic stud- 2.3. Surface complexation models
ies aimed at delineating Zn sorption mechanisms on mineral
oxides. This paper will emphasize the importance of inte-  The OLI Software offers the user the option of using one
grating spectroscopic data on surface speciation with macro-of four different SCMs. These include the constant capaci-
scopic isotherm and pH sorption edge data covering a widetance model (CCM), the GTLM, the TLM, and a nonelec-
range of conditions when calibrating a SCM. In addition, it trostatic model (NEM). In this study, the modified TLM was
will point to potential limitations in using an existing SCM, employed, having provided best fits of the Pb(ll)/ferrihydrite
such as the modified triple-layer model (TLM), to determine isotherm and pH edge data presented and analyzed in Trivedi
an optimal set of surface complexation modeling parame- et al. [22] and Dyer et al. [2]. The thermodynamic framework

2.2. Geochemical modeling software
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Table 1 and N;_ total. On the basis of these results, the value€ gf
Equilibrium reactions and associated equilibrium constants used in the OLI APK,, Ny totah Ag, andCy were initially fixed at the same

simulations values as those used in the Pb(l1)/ferrihydrite modeling stud-
Rxn. No. Equilibrium reaction log at25°C ies (i.e., 0.725 faradayn?, 5.0, 0.8 mol of sitegmol of Fe,
1 HpO=H* + OH~ —139938 600 nt/g, and 0.2 faradgym?, respectively) [2]. IfN. total
2 HNOz(ag) = H* +NO3 1.3038 had to be adjusted to fit the Zn(ll) isotherm data, then the
3 NaNOs(ag) = Na* +NOy 17344 potentiometric titration data were re-regressed using the new
4 ZnOH+ =Zn?+ + OH —5.0799
5 ZN(OH),(ag) = ZNOH* + OH~ 5.6054 value for Ny, total _
6 ZN(OH)(9) = Zn2+ + 20H" _15.7744 The second step was to narrow the scope of feasible
7 Zn(OH)3 = Zn(OH)2(ag) + OH~ —2.9874 Zn(ll) surface complexation reactions at low to moderate
8 Zn(OH)E( = Zn(OH)3 + OH~ ~1.1031 surface coverage. This was achieved by assessing the impact
9 Zn(NOg)* =Zn?t + NO3 —0.4605 of ionic strength on zinc sorption as well as by analyzing
10 Zn(NOg),(ag) = Zn?+ + 2NOy 0.1783 the spectroscopy data—the details of which are reported and
1 =FeOH] = =FeOH+ T Table 3 analyzed in the companion paper [21]. At low to moderate
g iiigrg:jgzi erl:c'eom H* +NO3 123:22 surface loading (0.1-10%) for strongly §orbing metals gnd
14 —FeO —Nat + HT — —=FeOH+ Na* Table 3 at all surface coverages for weakly sorbing metals, previous
15 (=Fe0»Zn + 2H+ = 2=FeOH+ Zn2+ Table 4 X-ray absorption fine structure spectroscopy (XAFS) inves-

tigations have shown that the dominant sorption mechanism
is the formation of a mononuclear surface species [26]. In
addition, inner-sphere versus outer-sphere surface complex
formation has often been inferred from the impact of ionic
strength on sorption [27]. The impact of ionic strength on
zinc sorption in this study was evaluated based on pH sorp-
tion edges generated at three different ionic strengths.

The presence or absence of multinuclear surface poly-
mers and/or surface precipitates at higher zinc surface load-
ing was determined from the spectroscopy data as well as
from the behavior of the equilibrium isotherm curves. The
ionic strengths [22] were first used to estimate a best-fit need for multiple §|te types (i.e., site het(.arogene{ty) and
set(s) of metal hydroxide surface parameters for the modi- 2 reasonable starting value for S“Tface site_ density were
fied TLM. As found by others [26], different sets AT, total a_lso gleaned from the cons.tant-pH isotherm data. Multiple
C1, and ApK, parameter values will yield good fits of the §|te types may be needed if the slopes Of the constant-pH
surface titration data for inorganic oxides and hydroxides. isotherm curves arel.o' at low s.urface loading [28].

As detailed in Dyer et al. [2], a three-factor, face-centered- Based on the apalyss ofthe |so'Fherm, pH edge, and spec-
cube (FCC), response-surface experimental design was pre'groscopy data gutllned abov.e-, a suitable set of Zn(ll) surface
viously used to determine the values Mf o, C1, and  cOMPlex species and modified TLM parameter, {otal,
ApK, that provide the best fit of the titration data,(and C1, C2, ApK,, andAy) was chosen. Next, best-fit equilib-
C, were held constant in the model). The quality of fit of UM constant(s) for single-solute Zn(ll) sorption onto fer-
the model to the data was judged based on both visual in_rlhyq.rltg were determined via nonlinear regression of the
spection of a plot of the model-predicted curves against the €quilibrium isotherm data, using the assumed set of surface
raw titration data and the value of the regression fit para- COmplex species and surface model parameters. The best-fit
meter, Rayg, Which is provided by the OLI nonlinear regres- equilibrium constgnt(s) were then tested against thg pH edge
sion program. The nonlinear regression routine in the OLI data at several different starting Zn(lf) concentrations and
code utilizes a Marquardt nonlinear optimization algorithm. ionic strengths. The sensitivity of the model fits to specia-
In this study, the ratioR;, of the calculated to experimen- tion assumptions was also evaluated, although weight was
tal values (or vice versa, such th&t is always>1.0) was placed on the spectroscopic results and the desire to mini-
the objective function minimized. A perfect fit is defined as mize the number of sites and species types that yielded the
R; = 1.0; R; values were equally weighte®ayg Was ob- best fit of the sorption data. As before, visual inspection of
tained by arithmetically averaging the valuestpivalues for  the agreement between the model predictions and raw data
each regressed data set. In regressing data points that span@nd analysis oRayg values for bothr [total soluble Zn] and

to 7 orders of magnitude, such as in constant-pH isotherms,y [mol Zn mol~! Fe] data from the OLI regression rou-
experience over the years has shown that this objective func-tine were used to judge fit quality. IV, total Was adjusted

tion is more robust than least-squares minimization. Dyer to improve the quality of the fit, then the oxide surface pa-
et al. [2] found that the quality of the fit was largely de- rameters were also reoptimized against the potentiometric
termined by the valu€; and, to a lesser extent, kypK, titration data.

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

2.4. Modeling protocol

The methodology used to calibrate the modified TLM in
this work is based largely on the modeling protocol out-
lined in Hayes and Katz [26]. Using the nonlinear regression
program in the OLI code, potentiometric titration data for
two-line ferrihydrite in NaNQ solutions of three different
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2.5. Uncertainty analysis meters were determined by estimating the 95% prediction
intervals &-20) for the model fits of the potentiometric titra-
Few studies over the years have addressed error propagaion and Zn(ll) isotherm data [23]. Preliminary error propa-
tion through surface complexation models (SCMs). Yet out- gation studies using ElectroChem found that uncertainties
puts from SCMs, such as trace-metal partition coefficients, of as much as 150% in th& values (i.e., COY < 1.5)
are frequently used as input parameters in contaminant fatefor the aqueous electrolyte solution reactions shown in Ta-
and transport models to predict trace-metal mobility in aque- ble 1 (i.e., reactions 1-10) had a very small impact on the
ous environmental systems. The reality is that SCMs are output uncertainties irZnaq and Znsor, for all pH values
often fit to limited set(s) of metal sorption data using input and Zn(Il) concentrations considered in this research. Us-
parameters with large uncertainties. As a result, it is impor- ing the uncertainty assumptions in Table 2, ElectroChem’s
tant to quantify the impact of input-parameter uncertainty on uncertainty analysis module and the Resampling Stats for
model output-parameter uncertainty as well as to identify the Windows software (Resampling Stats Inc., Arlington, Vir-
input parameter(s) that have a dominant influence on outputginia) were then utilized to estimate 95% confidence in-
uncertainty. The uncertainty analysis methodology utilized tervals for the constant-pH-isotherm and pH sorption edge
in this research [23] was able to (1) quantify the impact of model predictions. Details on the Monte Carlo simulation
analytical, thermodynamic, and SCM input-parameter un- methodology used to generate these confidence intervals can
certainties on the uncertainty in output parameters, such aspe found in Dyer [23]. ElectroChem’s uncertainty analysis
metal surface loading and soluble metal concentration andmodule also provides quantitative results on the fraction of
(2) identify the input parameters that had the most signifi- the total output uncertainty that is attributable to specific in-
cant impact on output uncertainty. put variables. These results were also analyzed to identify
Error propagation studies were conducted using Electro- the input variables that had a dominant influence on the out-
Chem'’s uncertainty analysis module and were based on theput uncertainties iZnaq and Znsorb
constant-pH isotherm and pH sorption edge data for single-
solute Zn(Il) sorption onto ferrihydrite. The goal was to
identify which model input and thermodynamic parameters 3. Results and discussion
determined the majority of the uncertainty in the output vari-
ables of interest—total Zn in solutiorZag) and Zn sur- 3.1. Potentiometric titration data
face loading Ensor). Table 2 summarizes the uncertainty
value assumed for each model input and thermodynamic  The point of zero net proton charge (pHpd for two-
parameter included in the detailed error propagation stud-ine ferrihydrite was determined to be 7.91, as reported pre-
ies. Input/thermodynamic uncertainties are reported as eithelviously [2,22]. This falls within the range of point of zero
absolute values (standard deviatien) or relative values  charge values reported by others [1]. Detailed results for and
(coefficient of variation, COM. Uncertainty assumptions  discussion of the three-factor, FCC, response-surface exper-
for input parameters, such as pH, total Zn(ll), and total imental design, including a comparison of the TLM fits to
H20, are based on experience and a review of the litera- the experimental data, were previously reported in Dyer et
ture [1]. Uncertainty bounds for the thermodynamic para- al. [2]. In addition, Dyer et al. [2] discuss titration data and
model uncertaintiestf20) and their resulting impact on the

Table 2 predicted output uncertainties Ewaq and Zngor, This in-
Input/thermodynamic  parameters and corresponding uncertainty as-cludes data reproducibility and the effects of equilibration
sumptiond time and ferrihydrite solids concentration on the measured
Parameter Standard deviation Coefficient of variation  surface charge density. As discussed below, the density of
(1) (Covi) proton-active sitesNj, tota) Was increased from 0.8 mol of
Total Zn(ll) 0.02 sitegmol of Fe (the value used in the Pb(ll)/ferrihydrite
gg: f:;ghyd”‘e 8-013? studies) to 1.2 mol of sitgsnol of Fe in order to fit the
Total NaNG 0.10 pH 7.5 Zn(ll) isotherm data at maximum loading using
pH 0.03 pH units a bidentate-mononuclear surface complex. As a result, the
log K;\T(t)_ 0.36 log units 0.001,0.01,and 0.1 M NaNQitrat'ion'data relported ilj Dygr
log K;\th 0.36 log units gt al. [2] were reregressed at thIS. higher site density, ylgld-
|ogK"§ 0.12 log units ing the revised TL.M pgramgters in Table 3. Thg grgphlcgl
(=Fe02Zn results are essentially identical to those shown in Fig. 1 in

@ Refer to Tables 3 and 4 for details on the chemical reactions and mass Dyer et al. [2].
law expressions corresponding to each of the equilibrium constants given
above. Definitions for each of the parameters can be found in Appendix A.
Preliminary error propagation studies showed that a £Q\W.5 for the
K values of the aqueous electrolyte solution reactions listed in Table 1 (i.e.,
reactions 1-10) had a very small impact on the output uncertaintieZnaq As discussed above in the modeling protocol, macro-

andZnsorp under all conditions evaluated in this research. scopic and spectroscopic data for the Zn(ll)/two-line ferrihy-

3.2. Zn(I1) sorption isotherms and edges
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1.E+01 T T
Table 3 O pH 4.5 Data
Best-fit TLM oxide surface parameters for ferrihydrite 1 E+00 ¢ pH 5.5 Data
. T A pH6.5Data
Parameter Value O pH7.5Data 9;2&
[} — QG 1
Ny, total (Mol/mol) 1.20 LE01 - T _z: gg mggz: o ~
As (M?/g) 600 2 - - -pH 6.5 Model 630,1’ ¥ oA oop
C1 (faradaym?) 0.60 T 1E-02 & — -pH7.5Model g 5/
C (faradaym?) 0.20 ~ o« | O
int 2 an o/ D/
log K} -5.41 S 1.E-03 e
= 4 / 0/
log knt” —10.41 N A DD/
g a2 ) 1.E-04 s y -
log K" 746 oA vd D// (@) N, z, = 0.8 mol/mol
| imd3 5.48 1.E05 et rrr- el —rrrmr kel o
OgKNal+ : 1.E-04 1.E-03 1.E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04
Ravg 115 Zn in Solution (ppm)
@ =FeOH} = =FeOH+ H*, wherek!" = a;+ [=FeOH exp(— F ¥/
RT)/[=FeOH; 1. ' 1.E+00 7 O pH45Data g
b —FeOH= =FeO + H*, where K"} = a4 [=FeO™ | exp(— F¥p/ { ® pH55Data — - Dlepa A
RT)/[=FeOH. _ 1801 £ 5 Pi 75 Data e S
¢ EFEOFQ——NO_ = =FeOH + Ht + NOg, where K;\Tto_ = @ —— pH 4.5 Model (22:{ ’ »
= _ = _NO= 3 1 = =pH 5.5 Model
app+ o [=FEOH exXp(F (¥ Wo)/RT)/[=FeOH] -NO3 1. | 2 e I Bttdviont ;&;(— (;/EB’
4 =FeO -Na" + HT = =FeOH + Na, where K\, = £ { = ~PH 7.5 Model i
angt+ [=FEOH exp(F (W — Wg)/RT) /ay+ [=FeO -Nat]. ™ 1 £03 ] Yy
o E Iy = o
g ] LA
drite system [21] played a large role in helping to choose and  1.6-04 { ;{ﬂgi(' — e
calibrate the SCM. First, the slope of the low-concentration ] ——ﬁ-—é (b) Ny, 7, varied with p
region of each constant-pH isotherm was about 1.0, which ;g5 | | | |
suggested that a one-Zn-sorption-site model might be ade- 1.E-04 1E-03 1E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04
quate. Second, only a small ionic strength dependence was Zn in Solution (ppm)

observed in the pH edge data (50 uM Zn(ll); I ferrihy- _ o _ ,
drite: 0.001, 0.01, and 0.1 M NaN®ackground electrolyte Fig. 1. Optimized triple-layer model fits of pH 4.5, 5.5, 6.5, and 7.5 equi-
P it : 9 Yy librium isotherm data for single-solute Zn(ll) sorption onto two-line ferri-

solutions), which suggests that Zn(ll) predominantly forms hyarite using the bidentate-mononuclear surface comptekeQpZn. In

inner-sphere complexes. Third, the spectroscopic data analy<a), Ny, zn was fixed at 0.8 mol of sites/mol of Fe; in (Y, zn was varied

sis indicated that a corner-sharing bidentate-mononuclearwith pH. |09f{fj<EFeQ_ZZn valluis aﬁ f(pHL)1 alre gl(\j/_en in Table Tl- Nlﬂety-fl_VE(b)

; . : percent confidence intervals for the model predictions are also shown in (b).

Tne;spherg Su.rlfac(i:.e C_IEJmpL?X dOlmlgited over the pH rsmgeExperimentaI conditions: 0.1 and 1.0 g of ferrihydrite/l in 0.01 M NaNO
:5=7.5 as detailed in Trivedi et al. [ ] SpeCtI’OSCOpIC ata solution; Zn(ll) added as Zn(N§),; 4-h equilibration time; room tempera-

were collected at pH 4.5, 5.5, 6.5,and 7.5in 0.01 M NaNO tyre; N, glovebox.

solutions at 25C. For each pH value, three different surface

loadings ¢-0.001, 0.01, and 0.1 mol Zimol Fe) were stud-  the site density of available Zn(ll) sorption sites needs to be
ied. Only a very small contribution from multinuclear Zn(ll) adjusted with pH. As shown in Fig. 1, the maximum sorption
surface complexes was indicated in the XAFS model fits of capacity of two-line ferrihydrite for Zn(ll) is approximately
the second shell near site saturation atp18.5. Fourth, it 0.04,0.13,0.31, and 0.46 mol of Zn(ithol of Fe at pH 4.5,
appeared likely that a common set of surface species and/oi5 5 6.5 and 7.5, respectively. As pH increases, the isotherm
equilibrium constants would be unable to simulate all the data clearly appear to plateau at higher surface loadings. This
sorption data, because of the significant variation in spac- s in contrast to the Pb(ll)/ferrihydrite sorption data reported
ing between the constant-pH isotherm curves. This variablein Dyer et al. [2] where the pH 5.5 and pH 6.5 isotherm data
spacing between two adjacent isotherm curves is driven by aappear to converge at the same maximum sorption capacity
change ini[pZnagl/d[pH] at a constant Zn(ll) surface load-  of 0.35-0.40 mol of Pb(ll)mol of Fe.

ing and, interestingly, remains essentially unchanged from  The constant-pH isotherm data are shown in Fig. 1,
low to high Zn(ll) surface loading. The predominant sur- along with modified TLM fits obtained using the bidentate-
face reaction mechanism as determined by XAFS, however,mononuclear surface complexFeO}Zn. In Fig. 1a, the
appears to be invariant with pH and surface loading. This density of Zn-active sitesN, zn) was fixed at 0.8 mol of
suggests that the significant variability in spacing between sitesmol of Fe for all pH; in Fig. 1b, the value aF; z,
isotherms cannot simply be accounted for by a change in thewas adjusted with pH to properly capture the variable max-
bulk reaction mechanism at the surface. Fifth, the maximum imum Zn(ll) sorption capacity. In both cases, the nonlinear
Zn(l1) surface loading for each of the constant-pH isotherms regression fits of the isotherm data are based on a total den-
changes with pH, suggesting that the TLM assumption for sity of proton-active sitesN; tota) Of 1.2 mol of sitegmol
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Table 4 actions and mass law expressions, @y values for the
TLM parameters for single-solute Zn(Il) sorption onto two-line ferrihy- preferred pH 4.5, 5.5, 6.5 and 7.5 isotherm fits (Fig. 1b) are
drite (fh) summarized in Table 4. As noted in Table 4 and explained
PH  Nyzu®  10gK(=Fe0,zn  Ravg(Znag®  Ravg(I')° in more detail below, a surface activity coefficient correction

(mol/mol) at1 g of fiyIb:C was included in the model fits of the isotherm data to bet-
45 Q10 317 1.02 1.05 ter represent the impact of ionic strength on Zn(ll) sorption.
5.5 Q30 495 1.08 1.05 Equilibrium constants for the bidentate-mononuclear Zn(Il)
6.5 65 15 e 1.04 surface complex are reported as conditiokavalues ),
75 120 952 1.11 1.01 T int

rather than as intrinsi& values K;™), because of the de-

4.0 Q075 218 - - pendence on pH and site density. Regression of the isotherm
‘2'8 gi; ggi - ~ data using multispecies and/or multi-Zn-sorption-site mod-
70 090 831 _ _ els (data not given) -resuIFed ip inferior fits when compared
8.0 120 1032 - - to the one-Zn-sorption-site bidentate-mononuclear model.

Although not supported by spectroscopic data, the species
=FeOZnOH provided essentially the same quality of fit
as the bidentate-mononuclear surface complex (figure not
Vi=FeO2zn = Vzro+- showrj; see Dyer [23]). Mathematicglly, the mass law ex-

¢ For bidentate-mononuclear surface complexe®!t is actually a con- pression foi=FeOZnOH looks very similar to the mass law
ditional K that depends on sorbent solids concentratigh) (regard- expression for£FeO)Zn.
less. This peculiarity arises with multidentate complexes, because of the  Figure 2 emphasizes the very good agreement (i.e., the
definition of th_e standard state for SLtgrr]ftace igr(]egies inh molality, rather jnternal consistency) between the pH sorption edge data and
tgig S/"r':zl? fafit'((’rr:l'z'/tg?a: g:e (Zh/(;‘)";';v;hgoz_fng éﬁ . S"/Vmi:eof ;telg the constant-pH isotherm data. The model-predicted curves
Hence, kSO K $OMd = €5/ Cyy for the bidentate-mononuclear reactions for pH 4, 5, 6, 7, and 8 represent fits of the TLM to the
written here as dissociation reactions. The bidentate-mononukleatues pH sorption edge data alone. Oxide surface parameters for
reported in the table are based on 1 g of ferrihydgtite the TLM (Table 3) and the assumed surface speciation were

d Ravg reported for regressions of pH 4.5, 5:5,6.5, and 7.5isotherm_data the same as those used to regress the pH 4.5, 5.5, 6.5,
only. K values for other pH values are approximate based on regression of 5 4 7 5 jsotherm data. Conditional equilibrium constants for
a few pH edge points only. The intent is to show h&waries with pH. .

the bidentate-mononuclear Zn(ll) surface complex and es-
timated values forN; z, for each pH value are given in

of Fe. It is evident from Fig. 1b that adjustirg; zn results Table 4.
in excellent fits of the Zn(ll)/ferrihydrite sorptiondata over Figure 2 also helps to emphasize the reason that the sur-
six orders of magnitude in Zn(Il) concentration. Equilibrium face complexation equilibrium constants for Zn sorption are
constants, Zn-active site densities, associated equilibrium re-not constant for this comprehensive data set. More specif-

8 Nj. total SEt at 1.2 mol of proton-active sitemol of Fe.
b (=Fe02Zn + 2H" = 2=FeOH+ Zn?", where K —Feo)zn =
az2+ [EFeOI-ﬂz/aﬁ+ ys[(=FeO)Zn]. A y, correction was used, whereby

1.E+01
1 Edge Data PH 7.5 H7.0
 Barrryy | Data/Model -
1E+00 3 ’ Zn(OH), ppt |
3 pH 4.5
1 A pbH50 pH 6.5
1 % pH g Data/Model
o 1EOTT PH 5o\ s e YT
w ] p 50 uM Zn
2 A PHES g g i
S 1E024 ® pH7.0 1000 uM Zn
% O pH75 1gfhiL
" 1603 O PHEO 500 uM Zn
° 1g fhiL
S 1 pH8.0 pH45 9
= 1.E-04 { Model Data/Model
5uM Zn
eos] PHEO 1gfhiL
=03 Model 55/ 50  PH4O
] Data/Model podel Model
1 =2 —

1.E-05 1.E-04 1.E-03 1E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04
Zn in Solution (ppm)

Fig. 2. Comparison of equilibrium isotherm and pH edge data for single-solute Zn(ll) sorption onto two-line ferrihydrite to modified triple-ldger mo
predictions using the bidentate-mononuclear surface compiese@pZn. 109K (=re),zn and Ns, zn values as f(pH) are given in Table 4. Experimental
conditions: 0.1 and 1.0 g of ferrihydrijte 0.01 M NaNQ; background electrolyte for isotherms and edges; Zn(ll) added as Z)NGh equilibration time;
room temperature; Nglovebox.
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120

ically, a compression in spacing between the constant-pH 1 (a) 50 uM Zn, v, = 1.0

isotherms at the pH extremes should be expected based ,,,] Bestfitks &N,z atpHs5

on the inherent shape of a pH sorption edge; that is,

d[pZnagl/d[pH] is anything but constant over the path of o

a pH sorption edge. As shown also for Pb(ll) [2], the change %

in Zn(l1) sorbed and, hence, in totdkagq is fairly small for @ 60y A 0001 M NaNO3 Data
each one-pH-unit change (i.e., the valuel/fZnaql/d[pH] ;1 ] / o 001 M NaNO3 Data
is small) at both high and low values of % Zn(ll) sorbed. 407 ', O 0.1 M NaNO3 Data
On the other hand, the steep portion of the pH sorption edge 2 { 8 ——0.001 M NaNO3 Model
is indicative of a much more substantial change in Zn(ll) ] = = '0.01 MNaNO3 Model
sorbed with pH; that isd[pZnagl/d[pH] is large over a ol e T OTMNGNOS Model
fairly narrow pH range. For the case of Zn(ll), the steep 35 4 45 5 55 6 65 7 75 8 85
increase in sorption happens between pH 4.5 and 5.5, where PH

d[pZnaqgl/d[pH] peaks at approximately 1.3. As the sorption 120
edge begins to plateau at pH 6, howevipZnagl/d[pH]
dropsto 0.5 or less. 100 1

Figure 3 compares TLM predictions for the bidentate-
mononuclear Zn(ll) surface complex to pH edge data pre-
sented in Trivedi et al. [21]. Figure 3a displays model predic-
tions for 50 uM Zn(ll), 1 g of ferrihydritgl, and 0.001, 0.01,
and 0.1 M NaNQ@ using (i) the best-fit equilibrium con-
stant and Zn-active site density for the pH 5.5 isotherm data ]
only and (i) aqueous activity coefficient corrections for bulk 20 ___,g:gTMMNZZgO:M':;:f'
solution ions only (i.e., the ratio of the surface activity coef- ] — -0.1 M NaNO3 Model
ficients is assumed to equal 1.0) [25]. Note that the model 0
significantly underpredicts Zn(ll) sorption at pH5.0. Al-
though not obvious in the figure, the model also overpredicts
Zn(I1) sorption at pH> 6. The shallower than expected slope 120 1 ()5, 500, & 1000 uM Zn, 0.01 M NaNO,
in the pH edge data at low pH was also seen with Pb(ll),
as previously reported and discussed in detail in Dyer et
al. [2]. Others have also reported pH edges for divalent metal
sorption onto amorphous ferric hydroxides with this same
phenomenon [6,7,10,15,29,30].

In addition, the model curves in Fig. 3a indicate a more
significant ionic-strength effect on sorption than do the ex-
perimental data. This is most probably an artifact of the

1 (b) 50 uM Zn, ye=yz,5.
Adjusted Ks & N, 7,

80 -

A 0.001 M NaNO3 Data
O 0.01 M NaNO3 Data
O 0.1 M NaNO3 Data

% Zn Sorbed
3

3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5
pH

Ys=Yzn2+» Adjusted Ks & N 7,

o)
o
L

A 5E-06 M Data
O 5E-04 M Data
O 1E-03 M Data

% Zn Sorbed
3

40 4

1 — 5E-06 M Model
thermodynamic framework for the modified TLM itself. As 207 - - -5E-04 M Model
shown also for Pb(ll) [2], the mass law expressions uti- 03 B — =1E-03 M Model
lize bulk solution concentrations and activity coefficients for 35 4 45 5 55 6 65 7 75 8 85

the sorbing ions (i.e., H, NO;, Na, and zrf"), rather pH
than the actual surface activities themselves [28]. In addi- _ _ m _
ti b dicti del d t fl ist f Fig. 3. Triple-layer model predictions of pH sorption edge data for
|or?, e_Cause apre IC.IV'e mo e. .Oes no Curr.en y existior single-solute Zn(Il) sorption onto two-line ferrihydrite using the biden-
estimating surface activity coefficients, the ratio of the ac- tate-mononuclear surface complexsReO)Zn. Plots for (a) 50 uM Zn(ll)
tivity coefficients for the surface species (i.esKeOpZn in 0.001-0.1 M NaN@ using the best-fik value andN;, zn for pH 5.5
and=FeOH) is assumed to be 1.0. One might view this as Eof\fgm data OE'Y Z'ﬁd aS;{‘“"TF 1-0;(15\'[3) 50 P'Vl' Z”('f') in O-TO%T—(ZJ Md

“ H H » H ' - te values an Zn values 1rrom lable 4 an
only a “partial correction” for nonidealities at the surface. o -3 USing pr-adus S, .
A surface activity coefficient term/) was introduced to the s = Yre+ comection (€) 5, 500, and 1000 UM zn(l) in 0.01 M NabiO

y : 4 '~ using pH-adjuste& values andVs, znvalues from Table 4 angh = v, 2+
model, therefore, to adjust for this overdependence on ionic correction. Ninety-five percent confidence intervals for the model predic-
strength within the OLI thermodynamic framework. Good tions are also shown in (b) and (c). Experimental conditions: 1.0 g of
agreement between the experimental data and the model Wagerrlhydrlte/l; Zn(ll) added as Zn(N@)»; 4-h equilibration time; room tem-
. . ture; lovebox.

achieved whery,; was set equal tg,2+ (the bulk solution perature; 1§ glovebox
activity coefficient for the ZA+ ion). The model curves in
Figs. 1 and 2, as well as the equilibrium constants given in  Figures 3b and 3c show TLM predictions for the biden-
Table 4, are based on the use of this surface activity coeffi- tate-mononuclear surface complex when pH-adjustel-
cient term. ues and site densitiesV( zn) are used in addition to the
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-
=y

10 ] Table 5
5] 10.32 Input/thermodynamic parameters dominating output uncertaintfrigq
g- o] (ppm) for the Zn(ll)/ferrihydrite constant-pH isotherms shown in Fig. 1b
3 S (1 g of ferrihydrite/l except where noted)
:d.‘f 6 pH Zn total (M) Fraction of output COV squared f@rnaq
é 54 Total Total ~ Total  pH IOg(énEtFeOQZn log K:\’l‘(t)5
8 4] H,O Zn ferrihydrite
X 3 log K (.re0)2zn = 2.058(pH) - 6.1309 45 2E-02 068 0.32 — — — —
g 2] 2.18 R?=0.9968 1E-03 0.3 0.13 031 006 030 0.07
N 2E-04 - 003 026 0.09 0.51 0.11
0 i 2E-06 - 001 022 0.11 0.55 0.11
3 4 5 6 7 8 9
pH 55 2E-02 062 033 0.05 - - -
1E-03 — 0.02 050 0.07 0.38 0.03
Fig. 4. Linear relationship between lég(at 1 g of ferrihydrit¢l) and pH 2E-04 - - 028 0.11 0.57 0.03
for the bidentate-mononuclear Zn(ll) surface complexF€OpZn. Ex- 2E-06 - - 024 0.12 0.61 0.03

perimental conditions: 1.0 g of ferrihydrjte Zn(Il) added as Zn(N@)»;

4-h equilibration time; room temperatures iglovebox. 65 28-02 046 030 0.23 B

1E-03 - - 037 0.10 0.52 -

204 - - 026 0.12 0.61 -
ys correction. More specifically, the Idg value for the 2E-06 - - 024 012 0.63 -
bidentate Zn(ll_) s_urface complex was f(pH) as showninTa- .o ,c 13 (025 022 o045 a 0.08 _
ble 4. When this is done, the agreement between the model- (o1 ¢
predicted curves and the experimental data is good. In con- 1E-03 - - 031 o011 0.58 -
trast to past modeling studies that are based on pH edge data  2E-04 - - 026 0.11 0.62 -
alone, the improved fit at pH < 4.5 was achieved without in- 2806 - - 025 011 063 -

cluding additional surface species or a second, high-affinity

site for Zn(1l). While adding a second, high-affinity sorption - thermodynamic parameter represent the fraction of the out-

Zn(ll) sorption at pH < 4.5, it led to poor fits of the isotherm  |554ings lower than those approaching site saturation, uncer-

data at dilute Zn(ll) concentrations. When considered t0- ajnties in |°9KgFeQZZn and, to a lesser degree, total ferri-
gether, however, the constant-pH isotherm and pH sorption hydrite dominate the output uncertainty #mag for all pH.

edge data suggest that a one-Zn-sorption-site, one-speciegs syrface loading increases, the relative importance of to-

model is adequate, whichis also consistent with the spectro-ty| ferrinydrite increases relative to | nt 0,zn- ON the
=re0»y4n

scopic findings [21]. __ other hand, as site saturation is approached, uncertainties in
_ A downside of this |nyest|gat|on is that the best-fit equi- {gtg H,0, total Zn, and, at higher pH, total ferrihydrite dom-
librium constants and site densities appear to be functionsjnaie the uncertainty itn,q. For sorbed Zn, Table 6 shows

of pH as the TLM is currently constructed. Interestingly, that the uncertainty in total ferrihydrite dominates the out-
Fig. 4 shows that there is a linear relationship between put uncertainty inZnsor, at pH 5.5 and above, except near
10g K (=Fe02zn and pH. The same was found to be true for site saturation where lo™ ¢, ,, and, to a lesser extent,
model regressions using the surface comptekeOZnNOH  p1y qominate the output uncertainty. At pH 4.5, on the other
(figure not shown; see Dyer [23]). The reason for this linear pn5ng  uncertainties in okt and. to a lesser ex-

relationship is not clear at the present time; however, it does ; (=Fe0,zn .
provide a useful correlation to estimate the conditional equi- tent, IOgKrluné); and pH dominate the uncertainty Exsorb
librium constant for the bidentate-mononuclear complex.  Input/thermodynamic parameters listed in Table 2, but not

shown in Tables 5 and 6, had a negligible impact on the out-
3.3. Uncertainty inisotherm and pH edge data put uncertainty under all conditions.

Figs. 3b, 3c display the uncertainty bars (95% confidence
Uncertainty bars (95% confidence intervals) for the intervals) for six TLM-predicted pH sorption edges for

constant-pH-isotherm model predictions are shown in single-solute Zn(lIl) sorption onto ferrihydrite. Once again,
Fig. 1b. Uncertainty bars are not shown for every data point the experimental data fall well within the uncertainty bars
for clarity. The experimental data points fall comfortably for the model predictions. Note the large uncertainty in per-
within the uncertainty bars in all cases. As shown in the fig- cent Zn sorbed over most of the pH range of the edges. This
ure, the uncertainty ranges f@mn,q tend to be much wider  reinforces the point that regression of pH sorption edge data

than those foZnser, €specially at pH 5.5 and above. alone is not a sufficient test of the predictive capability of
For select isotherm data points, Tables 5 and 6 show thea SCM. Regression of constant-pH isotherm data at multi-
fractions of the total output uncertainty ¥rnaq and Znsor, ple pH values, together with pH edge data at several ionic

respectively, that is attributable to specific input/thermody- strengths and metal/sorbent molar ratios, is a necessary ap-
namic parameters. The values in the tables for each input/proach.
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Table 6 increases for all pH.Conversely, as surface loading increases

Input/thermodynamic parameters dominating output uncertainBrigyrt and pH decreases, the importance of total ferrihydrite rela-
(mol Zn/mol Fe) for the Zn(ll)/ferrihydrite constant-pH isotherms shown tive to lo Kint increases. Uncertainties in | jnt
in Fig. 1b (1 g of ferrihydritgl except where noted) 9% (=Fe0,zn . ' Nog

are only of secondary importance at pH < 4.5. This trend is
similar to what was observed for the constant-pH-isotherm

Znaq data in Table 5. At all pH and Zn(ll) surface loadings,

pH Zn total (M) Fraction of output COV squared @ gqrp

Total Total  Total  pH Iog(}“EtFeQZZn IogK,i\T(t),
3

Ho0 Zn _ferrihydrite the impact of uncertainties in pH on the uncertainty in %
45 2E-02 002 - 006 011 059 0.22 Znsorpis about the same (8—12%). Input/thermodynamic pa-
1E-03 002 - 003 013 066 0.15 rameters listed in Table 2, but not shown in Table 7, had a
2E-04 0.02 - 001 013 068 0.14 ST . .
SE_06 002 — N 013 069 014 negl|g|ble impact on the output uncertainty under all condi-
tions.
55 2E-02 0.02 - 0.06 0.13 067 0.12
1E-03 0.02 0.04 027 0.10 0.53 0.04
2E-04 - 0.05 079 0.02 0.13 -
2E-06 - 005 08 0.02 0.08 - 4. Summary
6.5 2E-02 002 - 005 014 074 0.05
1E-03 - 005 092 - 0.03 - As was found for single-solute Pb(ll) sorption onto fer-
2E-04 - 004 085 - 0.01 - rihydrite [2], regressing potentiometric titration, pH sorp-
2806 - 004 095 - - - tion edge, and constant-pH isotherm data collected over a
75 2E-03 003 - 0.03 014 079 - broad range of conditions is a much more rigorous test of
(0.19/1) a SCM. When supplemented with spectroscopic analyses
;E:gi i} g'gj g'gg i} i} i} to confirm surface speciation, the scope of feasible sur-
2E_06 _ 004 095 _ _ _ face complexes and site types for the model becomes much

more limited. In particular, this research highlights the value
of coupling surface complexation modeling with an exten-

Table 7 _ o o sive array of molecular- and macroscopic-scale studies per-
Input/thermodynamic parameters dominating output uncertainty in per- formed by the same investigator in the same Iaboratory. The
cent Zn sorbed for the Zn(ll)/ferrihydrite pH sorption edges shown in t Its for Z | ith th . Its f
Figs. 3b, 3¢ (1 g of ferrinydritd) current results for Zn, along wi e previous results for
, Pb [2], lead to similar conclusions about the ability of the
pH Zntotal (M) Fraction of output COV squared for Zisor modified TLM to predict trace-metal sorption over a wide
int int . . . . K
Total - Total  pH 100K (Zpeqyzn 100 Ko range of conditions. First, extensive independent modeling
HoO ferrihydrite of the Zn(Il) and Pb(ll) sorption data using the modified
40 5E-06 0.02 021 010 0.53 0.14 TLM strongly supported the conclusions about surface spe-
S5E-05  0.02 022 010 0.52 0.14 ciation gleaned from the spectroscopy data presented and
1B-03 001 037 008 041 0.13 analyzed in Trivedi et al. [21,22]. Second, regression of pH
50 5E-06 002 023 011 0.59 0.05 edge data in the absence of isotherm and spectroscopic data
5E-05 002 024 011 0.58 0.05 results in a much larger number of surface species and site
1E-03 001 043 008 042 0.05 type combinations that provide acceptable fits of the edge
6.0 5E-06 0.02 024 0.12 0.61 0.01 data. However, when these same assumptions are used to
?E—gg 8-8i 8-32 8-(1)5 8-% 8-81 predict the constant-pH isotherms, the agreement between
B ‘ ' ' ' ' model and data is poor in most cases. Third, a unique set
70 5E-06 002 024 0.12 0.62 - of surface complexation equilibrium constants and corre-
i’E—gg 8-8; 8@2 8-1(2) g-gé - sponding site densities is unable to describe Zn(ll) and Pb(l1)
a ' ' ' ' - sorption onto ferrihydrite. In both cases, the regressed equi-
80 5E-06 002 025 0.10 0.63 - librium constants for the Pb(Il) and Zn(ll) surface complexes
5E-05 002 02 010 0.63 - were functions of pH; therefore, they must be viewed as
1E-03 0.02 031  0.09 0.58 -

conditional equilibrium constants, rather than true intrinsic
equilibrium constants. For Zn(ll), the density of Zn sorption
For select pH edge data points, Table 7 shows the frac- sites was also found to vary with pH.
tion of the total output uncertainty in %nsorp that is at- In conclusion, the results of this research and previous
tributable to specific input/thermodynamic parameters. For work with Pb(ll) indicate that the existing thermodynamic
Zn(ll) surface loadings less than those approaching site framework for the modified TLM is able to reproduce the
saturation, uncertainties in |dgg|:eqzzn and, to a lesser  metal sorption data only over a limited range of pH, concen-
degree, total ferrihydrite and pH dominate the output un- tration, and ionic strength conditions. For this reason, much
certainty in % Znsorh. As surface loading decreases, the work still needs to be done in fine-tuning the thermodynamic

importance of logk gnEtFeqzzn relative to total ferrihydrite ~ framework and databases for the TLM.
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a; activity of species
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