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Abstract

Understanding anion adsorption mechanisms is necessary to allow prediction of anion adsorption behavior. This study was conducted to
evaluate the ability of the triple layer model, a chemical surface complexation model, to describe the effect of changes in solution ionic
strength (0.01-1.0 M NaCl) and solution pH (3—-11) on B adsorption by the iron oxide, goethite, the aluminum oxide, gibbsite, the clay
minerals, kaolinite and montmorillonite, and two arid zone soils. lonic strength dependence of adsorption suggests an inner-sphere adsorption
mechanism for goethite, kaolinite, montmorillonite, and the two soils and an outer-sphere adsorption mechanism for gibbsite. The triple layer
model, containing an inner-sphere adsorption mechanism, was able to describe B adsorption on goethite, kaolinite, montmorillonite, and the
two soils. The model was able to describe B adsorption on gibbsite using an outer-sphere adsorption mechanism. A problematic inconsistency
exists in the triple layer model description of ionic strength dependent B adsorption between the type of B surface complex defined in the
model and the ionic strength dependence of the model result. That is, postulating an inner-sphere adsorption mechanism in the triple layer
model resulted in an ionic strength dependence appropriate for the formation of outer-sphere surface complexes and vice versa. Additional
tests of the ability of the triple layer model to describe ionic strength dependent adsorption of additional ions are needed to establish whether
the inconsistencies are limited to the B system or are of concern in other triple layer model applications.
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1. Introduction accepting a hydroxyl ion to form the borate anion:
H3BO3 + H20 <> B(OH), + H™. (1)

Boron is an important element in plant nutrition. Boron The borat ion h tetrahedral irv. Direct .
toxicity may be a problem in arid areas, while B deficiency et (I)ra %anlonf atsha etrahedra fgsotn;(: - |r|ec (;e>t<pterl-
is of concern in areas receiving plentiful rainfil]. The B hmedn a}Bew (ta:ce C}I’ € pf)resencre] 0 : r!gona an "?‘dra(;
solution concentration range between plant deficiency and b$ Ar;emj)ante deTf)L:;Iaégf?eci?r?crg F%ﬁie?'?énzf\g?n? llor:?r:reed

Xxicity is narrow. Plants r nd onl he B activity in
toxicity is narro ants respond only to the B activity (ATR-FTIR) speciroscopi8.4].

soil solution and not to B adsorbed on soil minef2ls For . .
. . . . Ligand exchange with surface hydroxyl groups has been
this reason, understanding of the mechanism of B adsorption. . .
. S ; invoked as the mechanism of B adsorption on Al and Fe
on soil materials is essential.

Boric acid is a very weak monobasic acid with &p oxide minerals[3,5,6] and clay minerald7]. Ligand ex-

of 9.2 and a trigonal aeometrv. It acts as a Lewis acid b change is a mechanism whereby anions become specifically
' 9 9 Y- Y adsorbed onto mineral surfaces forming inner-sphere surface

complexes. Inner-sphere complexes contain no water mole-
* Fax: +1-951-342-4962. cules between the adsorbing anion and the surface functional
E-mail address: sgoldberg@ussl.ars.usda.gov group; while outer-sphere complexes contain at least one
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water molecule between the adsorbing anion and the surfacestrength. In NaCI@ solutions, Cd, Co, and Ni adsorption
functional group8]. Adsorbed B formed both inner-sphere increased somewhat with increasing ionic strength. In or-
and outer-sphere surface complexes on amorphous Fe oxid@er to accurately describe heavy metal adsorption in NaNO
as observed by ATR-FTIR spectroscdgy. and NaClQ solutions using the triple layer model, Criscenti
The effects of ionic strength on adsorption have been and Sverjensky20] invoked the formation of metal surface
used previously to distinguish between inner-sphere andcomplexes that included the background electrolyte anion.
outer-sphere met§®] and anion[10] surface complexes on  Since such surface species were not necessary to describe
goethite. Selenate showing strong ionic strength dependencédieavy metal adsorption in NaCl, these authors recommended
in its adsorption behavior was considered weakly bonded use of this background electrolyte for metal adsorption stud-
as an outer-sphere surface complex, while selejiiea, ies.
lead and cadmiunf®] showing little ionic strength depen- The objective of the present study was to evaluate the
dence in their adsorption behavior were considered specif-ability of the triple layer model to describe the ionic strength
ically adsorbed as strong inner-sphere surface complexeseffects on B adsorption behavior by oxides, clay minerals,
Extended X-ray absorption fine structure (EXAFS) measure- and soils from a background electrolyte of NaCl using the
ments were used to verify the adsorption mechanisms for data published previously by Goldberg et[aP].
the selenium specied1]. Using the reasoning of Hayes
and co-worker$§9—11], Goldberg et al[12] interpreted their
ionic strength dependent B adsorption results to indicate the2. Materialsand methods
formation of inner-sphere B surface complexes on goethite,
gibbsite, and kaolinite and outer-sphere B surface complexes Boron adsorption behavior was studied on goethite
on montmorillonite and two soils. In a more detailed evalua- («-FeOOH), gibbsite-Al(OH)3), kaolinite (KGa-2, poorly
tion of ionic strength effects on ion adsorption, McBr[d8] crystallized kaolinite), Na-montmorillonite (SWy-1, Wyo-
indicated that ions forming inner-sphere surface complexes ming bentonite), Arlington soil (classified as coarse-loamy,
can show ionic strength dependent adsorption which in- mixed, thermic Haplic Durixeralf), and Bonsall soil (clas-
creases with increasing solution ionic strength. The expla- sified as fine, montmorillonitic, thermic Natric Palexeralf).
nation for this is the principle of mass action. Increased ion Synthesis methods for the oxide minerals were described
adsorption results because of the increased solution activityby Goldberg et al[12]. The clay minerals were obtained
of the counter ion of the background electrolyte available to from the Clay Minerals Society’s Source Clays Repository
compensate the surface charge generated by specific ion addUniversity of Missouri, Columbia) and used without any
sorption. Reinterpretation of the data of Goldberg efidl] pretreatment. The soil samples consisted oktBemm frac-
using the mass action principle indicates an outer-spheretion of subsurface (25-51 cm) layers of each soil series.
adsorption mechanism for B on gibbsite and inner-sphere  Trace impurities in the oxides and clay minerals and dom-
adsorption mechanisms for B on goethite, kaolinite, mont- inant clay minerals in the soils were determined by X-ray
morillonite, and soils. diffraction as described in detail by Goldberg et [d2].
Surface complexation models such as the constant ca-Specific surface areas were determined usip@diorption
pacitance model and the triple layer model are chemical for oxides and clay minerals and ethylene glycol monoethyl
models that explicitly define surface complexes and chem- ether (EGME) adsorption for soils (see Goldberg ef]
ical reactions and consider the charge on both the adsorbfor method details and parameter values).
ing anion and the adsorbent solid. The constant capaci- Experimental details for determining B adsorption en-
tance model has been used successfully to describe B advelopes (amount of B adsorbed as a function of solution
sorption on various Al and Fe oxides, clay minerals, and pH per fixed total B concentration) are given by Goldberg
soils[12,14-17] The constant capacitance model considers €t al.[12]. Samples of adsorbent were added to centrifuge
all ions to adsorb specifically forming inner-sphere com- tubes and equilibrated with aliquots of a 5.0 gfrB so-
plexes unaffected by changes in solution ionic strength sincelution in NaCl background electrolytes (0.001, 0.01, 0.05,
the model uses the constant ionic medium Reference State0.1, and 1 M). The supernatants were analyzed for pH, fil-
Solution ionic strength effects can be included by consider- tered, and analyzed for B concentration using the colorimet-
ing activity coefficients for the solution species. The triple ric azomethine-H method described by Binghgi.
layer model can consider both inner-sphere and outer-sphere  The triple layer mode[22] was used to describe B ad-
surface complexes and has been successful in describingorption behavior on the adsorbents. The computer program
ionic strength dependent selenilt®], molybdenun{18], FITEQL 3.2[23] was used to fit surface complexation con-
and arseni§19] adsorption by soil minerals. stants to the experimental adsorption data. In the present
For heavy metals, adsorption behavior with ionic strength application of the triple layer model to B adsorption, the fol-
is a function of the type of background electroly2®]. In lowing surface complexation reactions were considered:
NaNQg, so_luti_ons, Cd, Pb, Co, and Zn adsorption e_xhibited SOHg) + H,.n <> SOH!, )
very little ionic strength dependence. In NaCl solutions, Cd @ )
and Cu adsorption decreased strongly with increasing ionic SOHs) < SO(‘S) + Hzgq), 3)
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(4)

SOHs) + H3BOs(ag) <> SH2BO3(s) + H20,
SOH) + H3BOs(aq) <> SHsBO, () + Hzg) ©)
SOHs) + HaBOs(ag) > SOH — HaBO5) ©)
SOHg) + H3BO3(aq) + H20

< SOHJ — H3BOj) + Hizg @
SOH) + Ny <> SO~ — Nag + Hzg, ®
SOHs) + Hiag) + Cliag <> SOH; — Clg, ©

where SOH represents a reactive surface hydroxyl bound to

a metal ion, S (Al or Fe) in the oxide mineral or an alumi-
nol at the clay mineral edge. Both trigonal, E{#). and (6)

and tetrahedral, Eqg5) and (7) B surface species were
included, consistent with the experimental spectroscopic re-
sults[3,4]. Egs.(4) and (5)describe the formation of inner-
sphere B surface complexes since no water is present be
tween the adsorbate B and the surface functional group;
while Egs.(6) and (7)define outer-sphere B surface complex

formation since a water molecule is situated between the ad-

sorbate B and the surface functional group. E§sand (9)

define the outer-sphere surface complexes formed by ionsKci- (int)

from the background electrolyte. By convention the Na sur-

face complex is considered to be outer-sphere even though ~ [SOH|(H)(CIM)

no water of hydration is shown between the adsorbed Na ion
and the surface functional group. The locations of the var-
ious adsorbing ions on the surface are indicateéim 1

511
_ [SOTI(HY)
K_(int) = SO exp(— Fyo/RT), (11)
Lis _ [SHZBO3]
Ke"(") = [SoMHsB0)” 42
2. oy — SHEBOIHY)
Kg® (int) = SOH 800 exp(— Fyo/RT), (13)
los i [SOH) —HoBO3 ]
Kg(int) = [SOH (H3B03) exp F (Yo — ¥p)/RT],
(14)
20s i o [SOHY —H3BOZ J(HY)
e =M = =S oHI(HsB0s)
x exp[ F (Yo — 2y)/RT], (15)
-KNa‘*' (int)
_ [SO” —Nat|(HY)
=~ [SOHNT) exg F (Y — Y0)/RT], (16)
SOH! — CI~
ISOW, —C1) i F(po—vs)/RT].  @7)

where F is the Faraday constant (Crgo), o and Vg
are surface potentialg/(), 0 andp refer to surface planes

; ; : : : 1
While the triple layer model formulation does not expressly Of adsorption,R is the molar gas constant (J MoK 1),
assign inner-sphere complexes exclusively to the 0-plane and! 1S the absolute temperaturk, square brackets represent

outer-sphere complexes exclusively to ghplane, this has
been done historically.

Intrinsic equilibrium constants for the surface complexa-
tion reactions are:

_ [SOH]]
K, (int) = ——=—exp(F RT), 10
+inh) = o S eXRF Yo/ RT) (10)
VN C] : C2 :
Yo | l
1 1
1 1
\llﬁ h :
i |
1 1
1 1
Va H h
1 1 .
Charge c, Gp O4 X
Adsorbed H* (On counter ions
Species OH- A-
H,B0, H,B0, |I—
B(OH), B(OH),

Fig. 1. Placement of ions, surface charge, Gurface potentialsy() and
capacitances in the triple layer model (after Weg29l).

concentrations (molt!), and parentheses represent activi-
ties. The exponential terms can be considered as solid-phase
activity coefficients that correct for charges on the surface
complexes.

The total number of reactive surface functional groups is:

[SOH] = [SOH] + [SOH] |+ [SO™] + [SH2BO3]

+ [SH3BO, | + [SOH] — H2BO3 ]

+ [SOHJ — H3BO3 ] +[SO~ — Na']

+ [SOH) —CI]. (18)
This parameter is related to the surface site density,
(site nnT2):

N;Sal0'8
[SOHT = ——/——.

Na

wheres is the surface area (hg™1), a is the solid concen-
tration (g L~1) and N, is Avogadro’s number.
The charge balance expressions are:

(19)

oo+ og+04=0, (20)

00 = [SOH} ] + [SOH} — H2BO; | + [SOH} — H3BO2"]
+[SOH} — CI"] —[SO ] — [SHsBO, |

—[SO™ —Na'], (21)
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Table 1
Triple layer model parameters used for the solids

Ny = 2.31 sitesnrm2

C1=12Fnm2
Co=02Fm?

Goethite Gibbsite Kaolinite Montmaorillonite Bonsall soil Arlington soil
Inner-sphere B surface complexes
log K 4 (int) 4.3 5.02 5.02 5.02 391 450 425
log K_(int) -9.82 —11.22 —11.22 —11.22 —10.83 —10.67 —10.79
log Ko+ (int) -9.32 —-8.6% —-8.6% -8.62 —1053 —-9.22 b
log K¢ (int) 5.42 752 752 752 483 744 612
log Kg(int) 5.47 7.27 525 NC NC 395 NC
log K- (int) —1.56 —2.00 -1.97 —1.44 —144 -3.20 —3.53
Vy 787 197 127 268 9B 339 303
Outer-sphere B surface complexes
log K + (int) 4.3 5.02 5.02 5.02 5.02 5.02 5.02
log K_(int) -9.82 —1122 —1122 —11.28 —9.96 —1122 —10.16
log K g+ (int) -9.32 -8.62 -8.62 -8.62 -8.30 —8.54 —8.08
log K - (int) 5.42 7.52 7.52 7.52 8.04 779 818
log K (int) 5.87 748 575 577 577 476 445
log K- (int) NC —2.58 NC —4.65 —4.65 NC —6.08
Vy 116 201 554 122 89 326 154

NC means no convergence.
@ parameters remained fixed and were not optimized.
b parameter was not included.

o =[SO —Na']—[SOH} — H,BO;3 | it was subsequently necessary to optimize Aggs+ (int)
2— - and logK |- (int), followed by logK 4 (int) and logK _ (int),
~2[SOH; —H3BO; "] — [SOH; —CI7]. (22) as well acs| the boron surface complexation constants. It is
The surface charge/surface potential relationships are: preferable and minimizes the number of adjustable parame-
C1Sa ters to obtain values of protonation—dissociation constants
o0=—r (Yo — ¥p), (23) and the surface complexation constants for the background
electrolyte experimentally from titration data. These pa-
CaSa rameters are not generally available for complex natural
0a = —p—(Wa = Vp), (24) materials. The capacitances fixed @ = 1.2 Fm 2 and

C> = 0.2 Fm2 were considered optimum for goethite by
Zhang and Spark$28]. All input parameters and opti-
mized surface complexation constant values are provided
in Table 1 The set of surface complexation constants and
capacitances were the same parameters used in describing
molybdenum[18] and arseni¢19] adsorption by soils and

soil minerals. Activity coefficient corrections were included
for the solution species using the Davies equalitj.

‘%a(seoDRTI)l/2 Sinh(Fy4/2RT), (25)

where C; and Co are capacitancesy, is the surface po-
tential at the planed, of the diffuse ion swarmsg is the
permittivity of vacuum,D is the dielectric constant of water,
and/ is the ionic strength.

The surface site density was set at a value of 2.31
sitesnnT?, previously recommended by Davis and Kent
[24] for natural materials. Numerical values for the intrinsic . )
protonation and dissociation constants and the background3- Resultsand discussion
electrolyte surface complexation constants were obtained
from the literature. For goethite these constantsqgint) = Boron adsorption as a function of pH and ionic strength
4.3, logK_(int) = —-9.8, logKng-(int) = —9.3, for all materials is indicated ifigs. 2—7(experimental data
log K- (int) = 5.4 had been determined previously by from Goldberg et al[12]). Boron adsorption on all ma-
Zhang and Sparkf25]. For aluminum oxides, clays, and terials exhibited the typical parabolic adsorption envelope,
soils these constants were initially set at: fog(int) = where adsorption initially increased as the solution pH in-
5.0, logK_(int) = —112, logKng+(int) = —8.6, creased, an adsorption maximum was reached at intermedi-
log K¢ - (int) = 7.5 as obtained by Sprychf26,27] for ate pH, and B adsorption declined as the pH continued to
y-Al,03. Two B surface complexation constants were fit increase. The adsorption maxima were found at pH 7.5-8.5
simultaneously to the adsorption data at four to five differ- for goethite Fig. 2), pH 6-8 for gibbsite Kig. 3), pH 8-
ent ionic strengths using either inner-sphere or outer-sphere8.5 for kaolinite Fig. 4), and pH 9-10 for montmorillonite
adsorption mechanisms. For montmorillonite and the soils (Fig. 5 and the soils Kigs. 6 and Y. The effect of ionic

Og =
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6

B adsorbed (micromol/g)

pH pH

Fig. 2. Boron adsorption on goethite as a function of pH and ionic strength. Filled symbols represent experimental data. Triple layer moded results ar
represented by lines and open symbols: (a) inner-sphere surface complexes: optimi&ipgimbgand logK g (int); (b) outer-sphere surface complexes:
optimizing logKg (int), log K- (int) did not converge. Model parameter values are providéhbie 1
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Fig. 3. Boron adsorption on gibbsite as a function of pH and ionic strength. Filled symbols represent experimental data. Triple layer mode# results ar
represented by lines and open symbols: (a) inner-sphere surface complexes: optimiZiagittgand logk - (int); (b) outer-sphere surface complexes:
optimizing logKg (int) and logK g (int). Model parameter values are providedrable 1

strength on B adsorption was investigated for at least two ity of the triple layer model to describe B adsorption on
orders of magnitude, from 0.001 or 0.01 to 1.0 M NaCl. goethite using two outer-sphere B surface complexes was
Boron adsorption on goethit€ig. 2) exhibited very little not good Fig. 2b). This is not surprising since this adsorp-
ionic strength dependence consistent with an inner-spheretion mechanism contradicts experimental observation. What
adsorption mechanism as had been observed by Goldberds surprising is that the model fits show increasing adsorp-
et al.[12]. The triple layer model was able to describe the tion with increasing ionic strength rather than decreasing
data using two inner-sphere B surface complekég. (2a). adsorption with increasing ionic strength as expected for an
There was some deviation at lower pHs but the fit at pH outer-sphere adsorption mechanism.
above the adsorption maximum was excellent. The trigonal  Boron adsorption on gibbsite showed considerable ionic
B surface complex was dominant below pH 7. The abil- strength dependence consistent with an outer-sphere adsorp-
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B adsorbed {(micromol/g)
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Fig. 4. Boron adsorption on kaolinite as a function of pH and ionic strength. Filled symbols represent experimental data. Triple layer moded results a
represented by lines and open symbols. (a) Inner-sphere surface complexes: optimiziggindgand logKg- (int); (b) outer-sphere surface complexes:
optimizing logKg (int), log K- (int) did not converge. Model parameter values are providéthiie 1

4

B adsorbed (micromol/g)

Fig. 5. Boron adsorption on montmorillonite as a function of pH and ionic strength. Filled symbols represent experimental data. Triple layesuitedel re
are represented by lines and open symbols. (a) Inner-sphere surface complexes: optimiZigg(lat), log Kg(int) did not converge; (b) outer-sphere
surface complexes: optimizing ldgg (int) and logKg (int); (c) inner-sphere surface complexes: optimizing &gg- (int), log K4+ (int), log K- (int),

log K+ (int), and logk—(int), logKg(int) did not converge; (d) outer-sphere surface complexes: optimizingggmt), log K- (int), log K+ (int),

log K- (int), and logk — (int), log K (int) was not optimized. Model parameter values are providéiie 1

tion mechanism, especially at pHs below the adsorption stants Fig. 3b). Surprisingly, the fits obtained using two
maximum Eig. 3). By focusing on the ionic strength de- inner-sphere B surface complexes were virtually identical
pendence of the adsorption maximum, Goldberg ef1&l]} (compareFigs. 3a and 3pwith trigonal surface B domi-
had erroneously deduced an inner-sphere adsorption mechanating up to a pH value of 10. What is again surprising, is
nism for this material. While the fits were not quantitative at that the model results for inner-sphere B surface complexes
low pH value, the triple layer model was able to describe (Fig. 3a), show ionic strength dependent trends in B adsorp-
the trends in B adsorption with changes in solution ionic tion that are contradictory to the type of B surface species
strength using two outer-sphere B surface complexation con-defined in the model input.



S. Goldberg / Journal of Colloid and Interface Science 285 (2005) 509-517 515

1.5
| (@)

01 M )

<roH

1.2

0.9

0.6

0.3

B adsorbed (micromol/g)

0.0 ——"~""—"——
5

Fig. 6. Boron adsorption on Bonsall soil as a function of pH and ionic strength. Filled symbols represent experimental data. Triple layer nsoal@ reprat
sented by lines and open symbols. (a) Inner-sphere surface complexes: optimiziigilag, log K5 (int), log Ky 4+ (int), log K- (int), log K1 (int), and

log K (int); (b) outer-sphere surface complexes: optimizing&egint), log Ky 4+ (int), and logk |- (int), log K+ (int) and logk — (int) were not optimized,
log K- (int) did not converge. Model parameter values are providehbie 1

1.0
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0.6

0.4

0.2

B adsorbed (micromol/g)

0.0

Fig. 7. Boron adsorption on Arlington soil as a function of pH and ionic strength. Filled symbols represent experimental data. Triple layer iiteded repd
resented by lines and open symbols. (a) Inner-sphere surface complexes: optimi&gg l@g), log K |- (int), log K+ (int), and logk — (int), log Ky 4+ (int)
was not included, logg (int) did not converge; (b) outer-sphere surface complexes: optimizinggaant), log Kg- (int), log Ky 4+ (int), log K- (int), and
log K —(int), log K 4 (int) was not optimized. Model parameter values are providéliabie 1

lonic strength dependence of B adsorption on kaolinite show increasing adsorption with increasing ionic strength
(Fig. 4) was slight as previously observed by Goldberg et above the B adsorption maximurfig. 4b).
al. [12]. Fit of the triple layer model with two inner-sphere lonic strength dependence of B adsorption on montmoril-
B surface complexes reproduced the experimental trends inlonite was large and had been interpreted as evidence of an
magnitude of B adsorption; the trigonal B surface complex outer-sphere adsorption mechanism by Goldberg ¢12].
was dominant at low pH. The model results show increas- However, this deduction is incorrect. Since adsorption in-
ing adsorption with decreasing ionic strength which is again creases with increasing ionic strength, the mechanism of B
contradictory to the behavior for inner-sphere adsorption adsorption is inner-spher€ify. 5). The fit of the triple layer
(Fig. 4a). In an exactly analogous contradictory manner, the model is not good and again exhibits the contradictory result
triple layer fits with two outer-sphere B surface complexes of decreasing adsorption with increasing ionic strength for
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inner-sphere B surface complexddd. 5a) and increasing  solution ionic strength. In the model application to oxides
adsorption with increasing ionic strength for outer-sphere and kaolinite, two adjustable parameters were optimized.
B surface complexed={g. 5b). Model fits to the data were  While the fit may not be quantitative and requires addi-
much improved by additional optimization of the back- tional adjustable parameters for montmorillonite and soils,
ground electrolyte and protonation—dissociation constantsthis study shows the potential of the triple layer model. Sur-
(Figs. 5¢c and 5d This also resulted in the inner-sphere face complexation models constitute an advancement over
model fits agreeing with experimental results of increasing Langmuir and Freundlich isotherm approaches which con-
B adsorption with increasing ionic strengthig. 5c). For tain two empirical adjustable parameters but cannot predict
the outer-sphere model fit, ionic strength dependence onchanges in adsorption occurring with changes in either solu-
adsorption behavior still contradicts the type of B surface tion pH or solution ionic strength.
species defined in the model input and observed experimen-  While the triple layer model is able to describe changes
tally (Fig. &d). in B adsorption with changing solution ionic strength, a po-
The fit of the triple layer model to B adsorption on the tentially problematic inconsistency exists in its description
soils was very poor when optimizing only the B surface of this dependence. For several materials, the ionic strength
complexation constants. Therefore, the fits showRigs. 6 dependence of model B adsorption was contradictory to that
and 7were obtained by optimizing additional constants. As observed in the experimental data. More troubling still is
for the montmorillonite, the large ionic strength dependence the fact that there was inconsistency between the type of B
on adsorption had been erroneously interpreted as evidenceurface complex defined in the model description and the
of an outer-sphere adsorption mechanism on soils by Gold-ionic strength dependence of the model result. That is, pos-
berg et al.[12]. Boron adsorption on soils increases with tulating an inner-sphere adsorption mechanism in the triple
increasing ionic strength indicative of an inner-sphere ad- layer model resulted in an ionic strength dependence appro-
sorption mechanismHgs. 6 and ). The fit of the triple  priate for the formation of outer-sphere surface complexes
layer model for Bonsall soil, while qualitatively correct, and vice versa. Although these inconsistencies were not ob-
again exhibits the contradictory result of decreasing adsorp-served in a prior application of the triple layer model to
tion with increasing ionic strength for inner-sphere B sur- describe molybdenum adsorption on Fe oxide, Al oxides,
face complexesHig. 6a) and increasing adsorption with in-  kaolinite, montmorillonite, and two soils as a function of so-
creasing ionic strength for outer-sphere B surface complexesjution pH and solution ionic strengfti8], additional tests of
(Fig. 6b). The fit of the triple layer model using two inner-  the ability of the triple layer model to describe ionic strength
sphere B surface complexes for Arlington soil reproduces dependent adsorption of additional anions are needed. Such
the general trends in B adsorption and shows little ionic tests will establish whether the inconsistencies are limited to
strength dependence consistent with the experimentally ob-the B system or are of concern in other triple layer model ap-
served inner-sphere adsorption mechaniig.(7a). The fit  plications. At present it is recommended that the triple layer
of the triple layer model using two outer-sphere B surface model be used only to describe ionic strength dependent B
complexes for Arlington soil again exhibits the contradictory adsorption. For ionic strength independent B adsorption, the
result of increasing adsorption with increasing ionic strength constant capacitance model should be used because of its

(Fig. ). greater simplicity and smaller number of adjustable parame-
Previous triple layer model descriptions of cadmium ad- tgrs.

sorption on silica and alumina in a background electrolyte
of NaClOy showed model trends of decreasing adsorp-
tion with increasing ionic strengtf20], while the exper-
imental data showed increasing adsorption with increas-
ing ionic strength indicative of an inner-sphere adsorption
mechanism. Upon postulating the formation of a Cd—ClO
surface complex, the model ionic strength dependence in
Cd adsorption reversed to agree with experimental obser-
vation. Attempts to consider formation of the sodium-B
surface complexes: SOHNaBOs3, SOHNa*—HzBOS*, and
SOHE“—NaH;BO; in the present triple layer modeling were
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