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The triple-layer model of the oxidelwater interface can 
be used to calculate the partitioning of metals among solid 
and aqueous phases. The defensible use of the triple-layer 
model in groundwater/sediment systems requires an ad- 
equate and consistent set of intrinsic adsorption constants. 
In the present study, published values of p*Klnt for cation 
adsorption on iron and manganese oxides have been used 
to calculate values for surface complexation constants (log 
Ksc) via 

log K?&oH,, = PK$ - P*K~~oH, ,  - log P l n  

where p p z t  is the intrinsic acidity constant and Pln  is the 
nth cation hydrolysis constant. This transformation re- 
duced the variation between log PC values determined by 
different investigators. Uncertainties in acidity constants 
and variations in site loading with adsorbing metal are the 
major sources of variation in the values of p*Kint. In ad- 
dition, ionic strength can affect the values of p*Kint for 
strongly adsorbed cations. Predictive equations based on 
ion size and hydrolysis behavior have been derived and 
missing values of p*Kint for important pollutant metals 
predicted. Although these equations do not explicitly 
account for variations in ionic strength and surface loading, 
they are useful for predicting values of p*Kint with un- 
certainties of 0.5-0.8 (a-FeOOH) and 0.4-1.5 log units 
(6-MnOJ. Recently published Pc values validate the 
predictive equation developed for the first and second 
hydrolysis products of thorium. A data base of p*Kint 
values is presented in which the variability in pK$ values 
are removed and missing values estimated. 

Introduction 
Land disposal of hazardous metals and metalloids is a 

significant source of priority pollutants (Ag, As, Ba, Cd, 
Co, Cr, Cu, Hg, Pb ,  Sb, Se, T1, and Zn) for groundwater 
systems. To mitigate the potential hazards of these pri- 
ority pollutants, the U.S. Environmental Protection 
Agency (EPA) is developing sediment quality criteria for 
metals and metalloids ( I ,  2). The sediment quality criteria 
will be used in conjunction with water quality criteria to 
protect aquatic organisms, the food chain to humans, and 
drinking water from excessive toxic metal contamination. 
The EPA is using geochemical models and the equilibrium 
partitioning approach (2) to calculate the speciation, sol- 
ubility, and adsorption of metals and metalloids in the 
development of regulations for the shallow land disposal 
of solid waste. 

The triple-layer model of the oxidelwater interface (3)  
is one computational method by which the partitioning of 
trace metals between sediments and associated aqueous 
phase can be numerically evaluated. This model requires 
the activities of uncomplexed metal species, the ,model- 
dependent constants (Le., values of pKZt, pFs t ,  and 
p*Kint) for each pollutant, and selected surface properties 
of the sediment. The equilibrium partitioning approach 
requires the thermodynamic calculation of metal speciation 
in groundwater and the calculation of the effects of solids 
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by either adsorption/desorption or dissolution/precipita- 
tion mechanisms in limiting the quantity of contaminants 
available for transport from a disposal site. Computer 
codes, such as MINTEQ ( 4 , 5 ) ,  that incorporate thermody- 
namic speciation and solubility calculations and quasi- 
thermodynamic surface complexation calculations can be 
used to quantify the activity, hence the bioavailability (6), 
of pollutants in aqueous systems. 

Currently, one fundamental data limitation to using the 
equilibrium partitioning approach is lack of appropriate 
adsorption constants for the triple-layer model. This paper 
provides a set of values for p*Kint for cation adsorption 
onto iron and manganese oxides and algorithms for pre- 
dicting p*Kint values. In addition, the major sources of 
uncertainties in p*Kht are discussed. The results presented 
complement a related selection of diffuse-layer model 
constants (7). 

Methods 
Triple-Layer Model. The conceptual model of surface 

complexation reactions developed by Yates et al. (8) and 
modified by Davis et al. (3) partitioned the electric double 
layer into two constant-capacitance layers and an outer 
diffuse layer. The oxide surface, containing only protons 
and hydroxide ions, (the 0-plane) is characterized by a 
charge density, co, and potential, q0. Charged surface sites 
a t  the innermost plane lead to specific ion adsorption in 
the second (p )  plane with characteristic charge and po- 
tential up and qp, respectively. In addition, adsorption of 
the swamping electrolyte occurs in the P-plane. 

The acid/base properties of an amphoteric oxide surface 
are described by two reactions: 

K i t  

KZt 

SOHz+ - SOHo + Hs+ 

SOHo - SO- + Hs+ 

(1) 

(2) 
where S denotes a structural metal ion of the oxide surface; 
SOH2+, SOHo, and SO- are the protonated, neutral, and 
deprotonated surface species, respectively; and surface- 
plane protons are depicted by Hs+. The concentration of 
protons within the electrical double layer is related to  the 
bulk aqueous proton concentration by the Boltzmann 
distribution. The resulting mass action expressions for eqs 
1 and 2 in terms of aqueous activity of the hydrogen ion 
become 

and 

-e*, 
(4) 

= [SO-I [SOHOl [H+l ex.(=) 

where k is the Boltzmann constant, and T i s  the temper- 
ature in Kelvin. The mass balance on the total number 
of adsorption sites is imposed via 
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Table I.  Source of Triple-Layer Model Parameters for 
Cation Adsorption on Goethite (a-FeOOH). AmorDhous 
Iron(II1) Hydrous Oxide, and Manganese'Oxide G-Mn02) 

a - F e 0 0 H Am Fe203.nHp0 6-Mn0, 
ion source 

H+ 17, 18, 29, 39"-41 

Ca2+ 17, 18 
Cd2+ 19 
cu2+ 19 
Mg2+ 17, 18 
PbZ+ 19 
Pu4+ 42 
Zn2+ 19 

'As reported in ref 3. 

ion 

H+ 
Ag+ 
Ca2+ 
Cd2+ 
co2+ 
cu2+ 
Pb2+ 
Zn2+ 

source ion 

9, 41, 43, 44 H+ 
9 Ca2+ 

28, 43 cu2+ 
9, 16, 25 K+ 

16 Mg2+ 
9, 25 Pb2+ 
9, 25 Zn2+ 
9, 16, 25, 43 

source 

20, 21 
20 
21 
20 
20 
21 
21 

where SO,, is the total number of sites on the solid phase. 
Similar pairs of expressions can be written for specific 
adsorption of cations and anions: 

'K'"' + 
.La 

SOH' + Na+ - SO--Na+ + H+ (6) 

[SO--Na+] [H+] 
*Kint+ = 

Na [SOHO][Na+] 

and 
*K'"Lc,- 

SOH2+-C1- - SOH' + C1- + H+ (8) 

where SOH2+-Cl- represents a protonated surface site (two 
protons in the 0-plane) with a C1- adsorbed in the &plane, 
and SO--Na+ represents a deprotonated surface site (no 
protons in the 0-plane) with a Na+ adsorbed in the p- 
plane. Detailed derivations of eqs 1-9 are given by Davis 
and others (3 ,  9) and reviewed by Leckie (10). The limi- 
tations and methodologies in the selection of parameter 
values for the triple-layer model are discussed by Hayes 
et  al. (11) and Morel and others (12-14). 

Sources and Evaluation of Uncertainty in Com- 
piled Data. Large differences exist among the values of 
p*Kint reported by different investigators. Identified 
sources of these differences include the density and total 
number of adsorption sites on the oxide surface, the extent 
of occupancy (loading) of surface adsorption sites, and the 
formation of inner- and outer-sphere complexes. To 
evaluate the effects of these sources on the uncertainity 
of p*Kint values and to select best values, the available 
values were compiled. 

Fifty-six p*Kint values for cation adsorption onto 
amorphous iron(II1) hydrous oxide, a-FeOOH, and 6-,Mn0, 
were identified in the literature. In addition, 21 pF:t and 
p K Z  values for the above solids were identified. Data have 
been compiled for amorphous iron(II1) hydrous oxide (9, 
15, 16),  tu-FeOOH (17-19), and 6-Mn02 (20, 21).  The 
sources of these constants, grouped by element, are pro- 
vided in Table I. Tabulated values for these constants 
as well as for anions are given by Smith and Jenne (22) .  

Values of p K 2  and pFAt derived from experimental 
measurements are sensitive to the total number of sites. 
The site density of an oxide is typically obtained from a 
surface area measurement of the solid by the BET method 
(23 ) ,  and the number of binding sites is determined by 
tritium exchange, acid/base titration, theoretical calcula- 
tions, or differential capacitance measurements. These 

measurements allow determination of the total number of 
sites (SO,,,, eq 5 )  per unit mass and per unit surface area 
of the oxide. By experimental design, [SO-] and [SOH,+] 
are determined directly by potentiometric titration, and 
[SOH'] is calculated from eq 5.  Therefore, variations in 
site density arising from differing experimental methods 
will be reflected in the values of acidity and complexation 
constants because of variation in the calculated value of 
[SOH']. The effects of these variations are illustrated by 
the two determinations of the surface properties of 0- 
FeOOH by Balistrieri and Murray (17, 18). The site 
density of 16.8 sites nm-2 used in the 1979 paper resulted 
in values of 4.9 and 10.4 for p F z t  and pKgt, respectively. 
The 1981 results, for material prepared under identical 
conditions and a reported site,density of 2.6 sites nrn-,, are 
5.6 and 9.5 for p F z t  and pFAt, respectively. The factor 
of 7 difference between the two reported site densities 
accounts for the approximate factor of 6 difference between 
the two sets of acidity constants (18). The actual number 
of sites per mole of amorphous iron(II1) hydrous oxide or 
6-manganese(1V) oxide are likely to vary among prepara- 
tions. 

However, it  appears that  differences between experi- 
mental methods to determine site density are a larger 
source of uncertainty than the actual variations in surface 
site density. This results in parallel differences occurring 
in the values of p*Kint for specific ion adsorption because 
the p*Kint values depend on the values of the acidity 
constants for the oxide. Davis and Leckie (9)  demon- 
strated that uncertainty in reported p*Kint values can be 
minimized by writing the reactions in terms of surface- 
complex formation constants, log Ksc: 

Ksc 
SO- + M(OH),"-" t* SO--M(OH),"-n (10) 

log @$OH), = pK%t - p*KbjOH), - log f i l a  (11) 

where PI,, is the nth hydrolysis constant for cation Mz+. 
The use of log pc, rather than p*Kint, removes the un- 
certainties associated with site density determinations. 
This is demonstrated by the data for copper adsorption 
onto iron(II1) hydrous oxides. Values of 4.1 and 8.7 (9) 
reported for p*F;; and p*@;AoH, respectively, compare to 
values of 3.0 and 7.0 reported by Balistrieri and Murray 
(19). However, the values of log @: and log K & H  cal- 
culated for these values are 6.6 and 9.9, respectively, for 
the results of Davis and Leckie (9)  and 6.5 and 10.4 for 
Balistrieri and Murray (19). These results demonstrate 
that variations in the surface acidity constants arising from 
uncertainties in site density are a significant source of 
uncertainty in the values of p*Kint reported in the litera- 
ture. In addition, these results suggest that values of KSc 
are not particularly sensitive to the solid polymorph used, 
as Davis and Leckie (9) used amorphous iron(II1) hydrous 
oxide and Balistrieri and Murray (19) used a-FeOOH. 

Uncertainties in the numerical values of p*Kht also arise 
from differences in the surface loading of the adsorbate 
on the oxide, Benjamin and Leckie (24) reported that, for 
most metal ions, fractional adsorption (i.e., moles of metal 
adsorbed per mole of adsorbate in the system) decreases 
with increasing total metal concentration in a system with 
a fixed quantity of adsorbent, even when surface com- 
plexation sites are available in excess, resulting in adsor- 
bate concentration dependence of p*Kht. This observation 
is inconsistent with the implicit assumption made in 
calculating Kint that all surface sites are energetically 
equivalent. However, Benjamin and others (24, 25) have 
demonstrated that a t  very low site coverage the most en- 
ergetic adsorption site dominates the reaction, so that 
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Figure 1. Dependence of log on the experimental adsor- 
bateladsorbent ratio. 

p* Kint is independent of adsorbate concentration. When 
a sufficient portion of the most energetic sites are filled, 
the values of p*Kint become dependent on the adsorbate 
concentration. 

Sufficient data are available for Cd2+ (SO-CdOH+ 
specifically) to evaluate the consequences of the progressive 
loading of heterogeneous surface sites on log eC values. 
Analyses of reported complexation constants indicate that 
a correlation ( r  = 0.89, significant a t  the 1% level, Figure 
1) exists between log Ksc and the adsorbate/adsorbent 
ratio (log Mbd/Febd). Figure 1 indicates that for a 10-fold 
change in the adsorbate/adsorbent ratio, log pc changes 
by 0.2. However, Van Riemsdijk et al. (26,27) found that 
the surface charge-pH curve for metal oxides with some 
surface site heterogeneity could be adequately described 
with a homogeneous site adsorption model. Accordingly, 
Van Riemsdijk e t  al. (27) were able to model the results 
of Benjamin and Leckie (24) using a model that  assumes 
homogeneous sites. In addition, some evidence exists that 
values of p*Kint could be selected that are in reasonable 
agreement with experiments covering a sizable range of 
adsorbate/adsorbent ratios (28). However, this may be 
adsorbate specific. Therefore, it is preferable to evaluate 
the explicit dependence on loading, as in Figure 1. How- 
ever, for some protonated anions such as HSe0,- and 
HS04- and unprotonated/unhydrolyzed ions such as Cd2+ 
and CrOd2-, log Ksc appears to be independent of the 
concentrations of the adsorbate and adsorbent (22). 

The triple-layer model assumes that all specifically ad- 
sorbing ions form outer-sphere complexes and adsorb in 
the @plane. However, Hayse and Leckie (29) found no 
ionic strength dependence of the adsorption of lead and 
cadmium on a-FeOOH, which they interpreted as indi- 
cating that these metals adsorb to the 0-plane (i.e., form 
inner-sphere complexes) rather than in the P-plane. In 
addition, inner-sphere model calculations for the data of 
Hayes and Leckie (29) and Cowan et al. (30) indicate that 
the divalent metal (e.g., Cd2+) is the predominate adsorbing 
species rather than the hydrolyzed (e.g., CdOH+) calculated 
for the outer-sphere model. Furthermore, Hayes et al. (31) 
demonstrated by X-ray adsorption spectroscopy that 
selenate forms weakly bonded, outer-sphere complexes and 
selenite forms strongly bonded, inner-sphere complexes 
with the surface of a-FeOOH, again suggesting that some 
ions adsorb to the 0-plane. In addition, Cowan et al. (30) 
found that to model cadmium/alkaline-earth competition 
experiments with the triple-layer model required the in- 
clusion of both an inner- and outer-sphere complex for 
cadmium. These results indicate that the complexation 

Table 11. Surface Complexation Constants (log K s c )  for 
Cations on Iron(II1) Hydrous Oxide and 6-Mn0, Substrates 

FeOOH MnO, 

ion 0" 1 0 1 2 
Cd2+ 5.9 9.7 
co2+ 5.9 8.8 
cu2+ 6.6 10.0 6.1 
Zn2+ 5.9 9.3 4.7 
Ag+ 
Pb2+ 6.9 
Ca2+ 4.3 7.9 0.9 
Mg2+ 4.1 6.7 0.3 
P U 4 +  12.5 

6.6 6.5 
6.4 8.0 

5.7 10.6 
11.1 8.0 7.4 

"Value of n in the reaction SO- + M(OH),"-" = SO--M(OH)."-". 

of some strongly adsorbed ions is not properly represented 
by the triple-layer model. To evaluate the effect of ionic 
strength on values of p*Kint, values of p*Kint for CdOH+ 
adsorption as an outer-sphere complex on a-FeOOH were 
calculated from the experimental results of Hayes and 
Leckie (29) a t  ionic strengths of 0.001, 0.001, 0.1, and 1.0 
M by using the FITEOL (32) computer code. The values of 
p*Kint derived showed systematic linear variation with the 
log of the ionic strength, increasing 0.4 log unit per 10-fold 
increase in ionic strength. If this result can be generalized, 
it provides the magnitude of uncertainty that results from 
using outer-sphere values of p*Kint for calculating ad- 
sorption a t  varying ionic strengths. 

Evaluation of Triple-Layer Adsorption Constants 
Surface Acidity Constants. The range of pKAt and 

ppAt values (from sources in Table I) for amorphous 
iron(II1) hydrous oxide and cu-FeOOH exhibit significant 
overlap. The values of the acidity constants for all iron(I1I) 
hydrous oxides are normally distributed with mean values 
of 5.0 f 0.5 and 10.9 f 0.5 for p F z t  and pKgt, respectively 
(22). These results suggest that the effect of crystallinity 
on the amphoteric behavior of surface oxygen is of sec- 
ondary importance; the amphoteric behavior is dominated 
by the characteristics of the Fe(II1)-0 bond. If this result 
can be generalized, then acidity constants and values for 
p*Kht determined for a single oxide polymorph can be used 
for all polymorphs. 

Two sources of surface acidity constants for 6-Mn02 are 
reported in Table I. The differences between the values 
of pK$ for the two oxides are much larger than can be 
accounted for by the reported differences in site density 
and may result from the use of materials with differing 
surface properties. The preparation of 6-Mn02 with re- 
producible surface properties is difficult (33). The value 
of Catts and Langmuir (21) (pKi: = 4.2) is selected be- 
cause the measured values of p*KLnt for metals reported 
here are derived from their study, and because Balistrieri 
and Murray (20) determined values for only Ca2+, Mg2+, 
and Hf .  

Swamping Electrolyte p*Kint. Values of log Ksc for 
swamping electrolyte ions were calculated from the sources 
in Table I by use of eq 11. The average values of log Ksc 
were combined with the average acidity constants for 
iron(II1) hydrous oxide to calculate p*Kint values of 9.3 f 
0.5 for Na+ and K+, 7.5 f 0.3 for NO3-, and 6.2 f 0.6 for 
c1-. 

Metal p*Kint. Reported in Table I1 are mean values 
of surface complexation constants (log PC) for cations 
calculated by using eq 11, the values of p*Kint and pKAt 
from the sources reported Tables I, and hydrolysis con- 
stants given in Table I11 (22). Uncertainties in the values 
of FC are estimated as h0.5 for log @$ and f 0.8 for log 
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Table 111. Values of Hydrolysis Constants (35, 38)," g,, g,, 
and Ionic Radius ( r )  for Cations (36) 

-1 0.0 

species 

Ag+ 
Ba2+ 
Ca2+ 
Cd2+ 
CO2+ 
cu2+ 
Fez+ 
Hg2+ 
Mg2+ 
Mn2+ 
Pb2+ 
P U 4 +  

TI+ 
Zn2+ 

0 Fe[lll] Hydrous Oxide 
6 M n 0 2  

I I 

log 011 
-12.0 
-13.47 
-12.85 
-10.08 
-9.65 
-7.93 
-9.5 
-3.4 

-11.44 
-10.59 
-7.71 
-0.5 

-13.21 
-8.96 

1% P 1 2  

-24 

-20.35 
-18.8 
-13.7' 
-20.6 

-22.2 
-17.12 

-16.76 

g1 g2 r 

6 1 0.67 
4 1 1.36 
4 1 1.00 
8 2 0.97 
8 1 0.74 
8 1 0.62 
8 1 0.77 
8 5 0.69 
4 1 0.72 
8 1 0.82 

16 1 0.94 
12 3 0.93 
12 0 1.50 
8 1 0.74 

'Parallel calculations using hydrolysis constants from the MIN- 
TEQ geochemical code (based on ref 45)  resulted in slightly differ- 
ent values for log Ksc (Table 111). However, the coefficients deter- 
mined for eq 15 were identical with those determined by using the 
above constants and reported in the text. In addition, by the na- 
ture of the calculations, p*Kint values in Table V for ions listed in 
Table I11 are independent of the value of the hydrolysis conatant. ' Reference 46. 

Baes and Messmer (35) derived expressions for esti- 
mating first hydrolysis constants for cations from the 
size-to-charge ratio. They found that the cation Pll values 
were described by four equations with the same slopes and 
different intercepts. Subsequently, Brown et al. (36) found 
that, if effective nuclear charge was used instead of simple 
charge, cation PI1 values for all cations could be described 
by a single expression: 

log Pll = intercept + slope gl - + g2 [ (:2 11 (12) 

where 
g, = (1 + 2s + D)(z  + 2) (13) 

g, = g ( n ) ( z  - 1) + O.ld(n - 3)'(1 - S) (14) 
and where z is the formal charge, r is the ionic radius, S 
is equal to 0 if there are no s electrons in the outermost 
shell of the ion and equal to 1 if such electrons are present, 
D is the number of d electrons in the neutral metal, n is 
the principal quantum number of the outermost shell of 
the ion, g(n) is equal to 0 when n is 1 and equal to 1 when 
n is greater than 1, and d is the number of d electrons in 
the ion. The significance of the terms in eqs 12-14, as well 
as the derivations of these equations, is given elsewhere 
(36). Values of g,, g,, and r for cations considered in this 
study are reported in Table 111. 

An expression of the same general form as eq 12 was fit 
by means of least squares to values of log Ksc (Table 11). 
The resulting expression is 

20.0 

where log Pln is the nth aqueous hydrolysis constant for 
the surface complex (for SO-M, n = 0; SO-MOH, n = 1, 
Table 111), and a. and al are constants with values of 2.3 
and -0.37 ( r  = 0.95, n 5 l), respectively, for iron(II1) 
hydrous oxides and 1.0 and -0.10 ( r  = 0.93, n 5 2) for 
manganese(1V) oxide. The first two terms on the right side 
of eq 15 are equivalent to eq 12. The third term allows 
the prediction of constants for hydrolyzed surface species 
(i.e., SO-M(OH),, n I 11, as log Plo is 0 by convention. The 
value (0.10) of the coefficient of the charge-to-size term 
in eq 15 was found to be identical for both the Fe(II1) and 
Mn(1V) systems. This means that for a reaction of the 
type 

Ke' 
FeO--Mz+ + MnO- - FeO- + MnO--ML+ (16) 

Kex is independent of the cation considered. If this ob- 
servation were applied to all oxides, the limited number 
of p*Kint values for cations on aluminum(II1) and titani- 
um(1V) oxides could be used to estimate values of a. and 
a l  in eq 15 and values of log Ksc could be estimated for 
number of cations on these other oxides. 

Equation 15 is depicted graphically for iron(II1) hydrous 
oxide in Figure 3. Using eq 15 enables relatively accurate 
prediction of the values of log Ksc. Excluding silver, the 
average differences between calculated and observed values 
are f0 .5  for log pcM and f0.8 for log @zoH on iron(II1) 
hydrous oxide. For 6-Mn0, the uncertainties are f1.5 for 
log K E  f0.4 for log p$oH, and *1,2 for log @ioHZ. This 
uncertainty is comparable with the uncertainty in the 
measured values. Comparison of the uncertainties [0.8 log 
unit for hydrous iron(II1) oxide] associated with eq 15 for 
surface complexes such as CdOH+ with the effect on p*KLnt 
arising from progressive site loading and inner- vs outer- 
sphere complexes (discussed earlier) indicates that (1) large 
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Figure 3. Representation of eq 15 for the prediction of surface com- 
plexation constants (log Ksc) for cations on iron(II1) hydrous oxides. 

Table IV. Comparison of Values of log Ksc Measured for 
Thorium (37) and Predicted Independently from eq 15 

FeOOH MnO, Th  (OH) 
n H" S' H S 

0 10.5 10.8 nv 
1 12.0 12.0 nv 
2 14.1 13.3 10.6 10.5 
3 11.4 15.1 9.9 11.2 
4 8.7 16.7 7.7 11.8 

a Reference 37. ' Eauation 15. 

variations in the adsorbate-to-adsorbent ratio (approxi- 
mately a factor of 10000) are required to shift a p*Kint 
value by 0.8 log unit, and (2) shifts in ionic strength by a 
factor of approximately 100 are required to shift a p*Kint 
value by 0.8 log unit. In practice, this means that given 
the uncertainties in estimating values of p*Kint with eq 15, 
progressive surface loading and inner-sphere complexing 
can be ignored for most groundwater systems. However, 
it  may be that a portion of the uncertainties associated 
with eq 15 results from the failure to explicitly consider 
surface heterogeneity and inner-sphere complex formation. 

The values of log Pc for silver complexes on iron(II1) 
hydrous oxides predicted by eq 15 differ significantly from 
the measured values of Davis and Leckie (9). The reason 
for these differences is not clear. 

Recent work (37) has defined values of p*Kint for tho- 
rium adsorption onto a - F e 0 0 H  and 6-Mn0,. As the re- 
sults of Hunter et al. (37) were published after the de- 
velopment of the regression equations (22), they provide 
an opportunity to test the validity of eq 15 for predicting 
triple-layer constants. Values of log Ksc calculated from 
the results of Hunter et al. (37) and independently pre- 
dicted from eq 15 are given in Table IV. As may be seen, 
the agreement is very good for low values of n. A t  higher 
values of n, significant differences between predicted and 
observed values occur. This is not surprising because eq 
15 is based primarily on constants for mono- and divalent 
cations that do not form surface complexes with values of 
n larger than 1 or 2. In addition, the hydrolysis behavior 
of Th4+ ions is dominated by the formation of polynuclear 
species (38) and errors in the values of log Pln where n > 
1 cannot be ruled out. In summary, it appears that eq 15 
can be used to predict, with the confidence specified 
earlier, values of log pc for cations surface complexes with 
low n values. 

Values of p*Kint can be calculated for a large number 
of ions of interest in groundwater/sediment systems by 
using eq 11, the values of log Ksc (Table 11), the values of 

Table V. Triple-Layer Intrinsic Complexation Constants 
for Cations on Iron and Manganese Hydrous Oxides 
Consistent with Values of 10.9 and 4.2 for pK'At for 
Iron(II1) and Manganese(1V) Oxides, Respectively 

Fe(II1) Mn(IV) 

cation 0" 1 0 1 2 
Ag+ 
Ba2' 
Cap+ 6.6 15.9 5.3 
Cdzt 5.0 11.3 1.9' 10.6' 19.4' 

5.0 11.8 1.5' 9.8' 17.6' cop+ 
cu2+ 4.3 8.8 0.1 7.5 13.4 
Fe2+ 5.1b ll.lb 1.7' 9.9' 19.4' 
H P  l . O b  3.1' -2.4' 0.5' 

5.2 12.3 3.3' 13.6' 
7.8' 16.3' 4.4' 

M?+ 6.8 15.6 5.9 
Mnpt 5.4b 12.1' 2.0' 11.1' 21.1b 
Pb2+ 4.0 7.5 -1.8 6.5 
T1' 8.1' 16.4' 4.7' 16.0' 
Zn2+ 5.0 10.6 1.5 8.8 15.0 

nValue of n in the reaction SOHo + Mzt + nHpO = SO--M- 
(OH);-" + (n + l)Ht. *Estimated. 

log pln (Table 111), and the values of p@$ given above. For 
cations not given in Table 11, eq 15 can be combined with 

p*Kint = P K ~ ~  - log KSc - log 61, (17) 
and the values for p p s t  given above to yield 

for cation complexes with iron(II1) hydrous oxides and 

p*Kint = 5.2 - 

for cation complexes with d-manganese(1V) oxides. 
Equations 18 and 19 have been used with values of log Pin, 
g,, and g, (Table 111) to estimate values of p*Kint (Table 
V) for pollutant cations for which experimentally deter- 
mined values are not available. Values of p*Kint that are 
consistent with acidity constants different from those used 
can be calculated by using eq 17. In addition, values of 
p*Kint for ions not considered in this study can be esti- 
mated from eqs 18 and 19. The use of these estimates will 
facilitate initial efforts to model the behavior of pollutants 
and trace metals in groundwater/sediment systems. 

A consistent set of outer-sphere p*Kint values for cation 
adsorption on hydrous iron(II1) oxide and 6-Mn0, is re- 
ported in Table v. These values have been recalculated 
from literature results in an effort to remove the uncer- 
tainties associated with site density. All values are con- 
sistent with values of 10.9 and 4.2 for pF$t for hydrous 
iron(II1) oxide and 6-Mn02, respectively. The values 
presented are consistent with an ionic strength of 0.1 M; 
however, given the effect of ionic strength on P*K*~, these 
values can be used for more dilute groundwaters. The 
effects of surface site heterogeneity on values of p * P t  have 
been found to be small compared with other uncertainties 
and can be ignored. As all values given in Table V are for 
outer-sphere complexes, the application of the triple-layer 
model to mixed electrolytes will tend to overpredict the 
competition effects between inner-sphere complex forming 
ions (e.g., Cd2+ and Pb2+) and major electrolyte cations 

Conclusions 
The most significant source of variation among values 

of p*Kint reported in the literature is the choice of the 
values of p*pzt  and p*Ic,"," for the adsorbent solid phase. 
This variation is primarily because of the value of the site 

(30). 
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density used, with different techniques giving different 
values for materials prepared under nearly identical con- 
ditions. These variations in p*Kint can be removed by 
writing the reactions so as to remove the pH dependence. 
The results presented here demonstrate the need for 
careful characterization of the number of surface sites and 
the need for an evaluation of the methods used for such 
determinations. 

Values of p*Kint can be predicted from effective charge, 
ion size, and hydrolysis behavior of the aqueous ions in- 
volved. The use of these predicted values allows an initial 
evaluation of the importance of adsorption as a mechanism 
for limiting the aqueous concentration of pollutants for 
combinations of adsorbates and adsorbents that have not 
been experimentally evaluated. In addition, such evalu- 
ation can be useful in defining systems for which experi- 
mental determination would be most beneficial and de- 
fining previous experimental studies that may be in error. 
Furthermore, the variation of Ksc with site loading and 
ionic strength indicates the need to routinely evaluate these 
variables in future determinations of p*Kint values and in 
applications of the triple-layer model. 
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Determination of Nitrogen Dioxide in Ambient Air by Use of a Passive 
Sampling Technique and Triethanolamine as Absorbent 
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Institute of Inorganic Chemistry and Technology, Technical University of Cracow, ul. Warszawska 24, 
PL-31-155 Cracow, Poland 

rn The effects of temperature, humidity, and storage on 
a diffusive sampler were tested by use of the Amaya- 
Sugiura method, modified previously. Several materials 
were used as carriers for triethanolamine in the sampler. 
The mass of NO2 absorbed in the sampler was determined 
spectrophotometrically as nitrite by using Saltzman solu- 
tion. The collection efficiency of the sampler was lower 
than that calculated from Fick's law of diffusion due to 
significant contribution of liquid phase in the overall 
sampler diffusive resistance. This resulted in an increase 
of the mass of NO2 absorbed in the sampler by ca. 20% 
per 10 "C of temperature growth and by ca. 25% when the 
relative humidity rose from 0 to 100%. Dependence of 
concentration of TEA solution in the sampler on the 
relative humidity of the air was noted. The relative pre- 
cision of the method characterized by RSD was 10%; the 
detection limit of NOz was 10 pg/m3 for a 24-h exposure. 

Introduct ion 
Since Levaggi et al. (1) applied triethanolamine (TEA) 

for the quantitative trapping of NOz from the air stream, 
this substance has frequently been used as an absorbent 
in passive sampling methods of determination of NOz 
(2-7). Our earlier studies (8) on the Amaya-Sugiura me- 
thod (5)  showed that parameters such as wind velocity and 
air temperature can seriously affect the accuracy of the 
method. While the face velocity effect was diminished to 
-20% by an appropriate change in the sampler design (91, 
the temperature effect remained unchanged in spite of 
modification of the method. In this work an effort was 
made to measure and explain the temperature and hu- 
midity effects as due to the application of TEA as the 
absorbent. 

As regards the modified sampler, it  enables 24-h mea- 
surements of NOz concentrations in ambient air to be 
conducted a t  extremely low cost. The sampler is com- 
merically available. The production cost of the sampler, 
which is reusable, is lower than 1 U.S. dollar. On the basis 
of the modified method, a Polish Standard (10) concerning 
determination of nitrogen dioxide in ambient air using a 
passive sampling technique was established this year. 

Exper imenta l  Sect ion 
Analytical Procedure. The sampler design and ana- 

lytical procedure were described elsewhere (9). A photo- 
graph of the sampler is presented in Figure 1. In some 
tests 25-mm disks of glass microfiber filters (Whatman 
GF/C), cellulose filters (Whatpan 3), and different sorts 
of fiber materials produced by Slpkie Zaklady Przemyslu 
Lniarskiego "Lentex", Lubliniec, Poland (Catalog No. 

46031 viscose fiber; Nos. 46012 and 46015 viscose polyester 
fiber) were used instead of nylon textile disks as tri- 
ethanolamine (TEA) carriers. 

Before relative humidity controlled tests, the samplers 
were prepared following the usual procedure and then kept 
open together with blanks for 24 h in a desiccator con- 
taining a constant-humidity atmosphere (see below). 

Generation of Constant-Humidity Atmospheres. 
The following saturated, aqueous solutions of inorganic 
substances were placed inside desiccators at 20 "C to ob- 
tain the relative humidity given in parentheses (11): 
H3P04J /2H20 (9%), CaClZ.6H2O (32%), Ca(NO3)y2H20 
(53%), NH4C1 + KNOB (73%), NH4C1 (79%), ZnS04.7H20 
(90'70). For 0% RH, 5-A molecular sieves were applied. 

To  evaluate the equilibrium curve between relative hu- 
midity and concentration of TEA, a series of measure- 
ments was carried out. For each value of relative humidity 
five samplers without caps were weighed to an accuracy 
of 1 mg; three of them were treated in the usual way with 
0.1 mL of 20% (m/m) aqueous TEA solution, weighted 
again, and placed inside an appropriate desiccator a t  20 
"C together with the remaining two samplers. After 24 and 
72 h, the samplers were weighed again. The final con- 
centration of TEA was calculated after subtracting the 
average mass of humidity absorbed by the samplers that 
had not been treated with TEA. 

Generation of Standard NOz Text Mixtures. Known 
concentrations of nitrogen dioxide were generated dy- 
namically by using permeation devices. The system is 
shown schematically in Figure 2. A cleaned and dried air 
stream was pumped with a constant flow rate of 30 
mL/min over a permeation device. The permeation device 
was held a t  35 f 0.1 "C in a thermostat. Several different 
permeation devices of the permeation rate (determined 
gravimetrically) of nitrogen dioxide ranging from 0.2 to 0.5 
pg/min were applied. An additional permeation device 
containing sulfur dioxide (permeation rate 1.2 pg/min) was 
used for studies on interference effects. The total amount 
of NO2 produced by a permeation device was diluted with 
another stream of purified air, whose flow rate was kept 
constant in the range of 5-10 L/min, depending on the 
desired NOz concentration. In relative humidity controlled 
experiments the diluting air was passed through a bubbler 
containing a constant-humidity solution (see above) to 
obtain a desired relative humidity. When the air was 
passed through a bubbler filled with distilled water, 100% 
RH (at a given temperature) was obtained. In the runs 
where the relative humidity was to be 0% , the air stream 
was additionally dried with 5-A molecular sieves. The zero 
air was passed through a container where three samplers 
were exposed in each run. These samplers were then used 

0013-936X/91/0925-0531$02.50/0 0 1991 American Chemical Society Environ. Sci. Technol., Vol. 25, No. 3, 1991 531 


