
a
(
c
a
8
t
t
i
p
s
r
m
g
2
1
n
n
p
c

F
s
b
t
r

U
c
P

p

b

o
S
e

Journal of Colloid and Interface Science214,20–30 (1999)
Article ID jcis.1999.6111, available online at http://www.idealibrary.com on

0
C
A

Adsorption of Phosphonates onto the Goethite–Water Interface

Bernd Nowack1 and Alan T. Stone

Department of Geography and Environmental Engineering, The Johns Hopkins University, Baltimore, Maryland 21218

Received July 20, 1998; accepted January 28, 1999
ha
e

p nic
b lexes
( xylic
a r of
c Ami-
n om-
p
d xide
s

vely
i orre-
s plex-
i s -C-
P ility
t cale
f ility
m lica-
t n, in
c cale
f lize
p ehold
d seek-
i are
u

vari-
e assi-
t iron
o tural
a 2), and
s

sorb
s n of
p t au-
t and
c phe-
n ides.
B
[ vior,
t the
s -
n r sur-
f d

Inst
52
nw
The adsorption of one phosphonate, two hydroxyphosphonates,
nd five aminophosphonates onto the iron (hydr)oxide goethite
a-FeOOH) has been studied as a function of pH. At phosphonate
oncentrations significantly lower than the total number of avail-
ble surface sites, nearly 100% adsorption is observed below pH
.0. Adsorption decreases to negligible levels as the pH is increased
o 12.0. Under the conditions just described, adsorption of nitrilo-
ris(methylenephosphonic acid) as a function of pH is nearly
ndependent of the ionic strength (from 1 mM to 1 M). At phos-
honate concentrations close to the total number of available
urface sites, adsorption decreases over a broader range in pH and
eflects the number of phosphonate groups. At pH 7.2, the maxi-
um extent of adsorption decreases as the number of phosphonate

roups increases from one to five. Adsorption is modeled using a
-pK constant capacitance model that postulates formation of a
:1 surface complex involving one surface site and one phospho-
ate functional group. Denoting the fully deprotonated phospho-
ate ligand as La2, different protonation levels for adsorbed phos-
honate species are represented by a series of equilibrium
onstants of the form

bn,surf 5
[ ; Fe-L -H n

(a2n21)2]
[ ; FeOH] ? [L a2] ? [H 1(n11)]

.

or a phosphonate of charge a2, there are (a 2 1) possible
urface protonation levels. For a surface protonation level n, log

n,surf values derived from this modeling approach are related to
he surface complex charge Z through the following linear
elationship:

log bn,surf 5 (11.45 1 7.31? n) 2 (2.53 2 0.46? n) ? Z.

sing this approach, adsorption as a function of phosphonate
oncentration and pH can be fully accounted for. © 1999 Academic

ress

Key Words: phosphonates; goethite; adsorption; surface com-
lexation; surface protonation.

INTRODUCTION

The adsorption of carboxylic acids onto oxide surfaces
een well studied in recent years. Adsorption has been
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x-

lained by both inner-sphere complexes (mixture of io
onding and covalent bonding) and outer-sphere comp
near-range electrostatic interactions). While monocarbo
cids exhibit only weak adsorption, increasing the numbe
arboxylic acid groups leads to increased adsorption (1).
ocarboxylate compounds which are able to effectively c
lex Fe(III) or Al(III) in solution such as NTA or EDTA
isplay a strong adsorption onto the respective (hydr)o
urfaces (2–4).
While adsorption of carboxylic acids has been extensi

nvestigated, only a few studies have focused on the c
ponding phosphonates. Phosphonates are effective com
ng agents and contain one or more phosphonate group
O(OH)2. Properties such as high water solubility, the ab

o complex metals even at high pH, the ability to prevent s
ormation and corrosion (5, 6), and good chemical stab
ake them attractive for use in a variety of industrial app

ions. Phosphonates are used in oil and gas productio
ooling water, boiler, and desalination systems to inhibit s
ormation and corrosion, in the textile industry to stabi
eroxide-based bleaching agents, in industrial and hous
etergent formulations, and in nuclear medicine as bone-

ng carriers of radionuclides. Approximately 20,000 tons
sed in the United States each year (7).
Phosphonates have a strong tendency to adsorb onto a

ty of surfaces. Examples include calcite (8), barite (9), c
erite (10), clays (11, 12), aluminum oxides (13–15), and
xides (16). Adsorption has also been studied with na
dsorbents such as sewage sludge (17–19), sediments (1
oils (20).
Despite the fact that phosphonates are known to ad

trongly, only few studies have tried to model the adsorptio
hosphonates using a surface complexation model. Mos

hors use a Langmuir isotherm at a given pH (12). Laiti
o-workers (13, 14) have modeled the adsorption of
ylphosphonate (a monophosphonate) onto aluminum ox
y using three surface complexes ([XLH, [XL 2, and
XLOH22) they were able to model the acid–base beha

he pH-adsorption edge, and the adsorption isotherm in
ystem phenylphosphonate–aged-Al2O3. For the system phe
ylphosphonate–boehmite, they considered two binuclea

ace complexes:[X2LH and [X2L
2. Gerbino (15) presente

itute

.
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21ADSORPTION OF PHOSPHONATES
limited surface complexation model for the adsorption
olyphosphonates onto aluminum oxide.
This study examines the adsorption of eight phospho

ontaining ligands onto goethite as a function of pH, io
trength, and phosphonate concentration, using experim
ata and a simple surface complexation model (the 2-pK con-
tant capacitance model). As shown in Table 1, compo
ossessing one (MP, AMP, and HMP), two (HEDP, IDM

hree (NTMP), four (EDTMP), and five (DTPMP) phosphon
roups are included in this study. Four of the phosphon
xamined are widely used in technical applications: HE
TMP, EDTMP, and DTPMP (21). Although we are chie
oncerned with how the number of phosphonate groups a
dsorption, the presence of other functional groups (alcoh
nd amino groups) and molecular structures plays a ro
ome instances.

MATERIALS AND METHODS

The goethite used in this study was synthesized and ch
erized as described in (22) and was stored as a slurry co

TAB
Names, Abbreviations, and Structures

Abbreviation Name

MP Methylphosphonic acid
AMP Aminomethylphosphonic acid
HMP Hydroxymethylphosphonic acid
HEDP 1-Hydroxyethane-

(1,1-diphosphonic acid)

IDMP Iminodi-
(methylenephosphonic acid)

NTMP Nitrilotris-
(methylenephosphonic acid)

EDTMP Ethylenedinitrilotetrakis-
(methylenephosphonic acid)

DTPMP Diethylenetrinitrilopentakis-
(methylenephosphonic acid)
f

e-
c
tal

ds
,

es
,

ct
te
in

c-
in-

ng 44 g/L goethite. MP, AMP, HEDP, IDMP, and NTMP
he acid form were obtained from Fluka (.97% purity).
DTMP (Dequest 2041, 95% purity), HMP, and DTPMP w
rovided by Monsanto (St. Louis, MO).
Adsorption experiments were carried out in 30-mL g

ials in a 256 0.2°C constant temperature bath. A goet
oading of 0.42 g/L was used in all experiments. For m
xperiments, 10 mM NaNO3 was used to maintain consta

onic strength conditions. In one set of experiments, the i
trength was varied by adding 1, 10, and 100 mM and 1
aNO3. Prior to phosphonate addition, carbon dioxide
xcluded by sparging suspensions with argon. Following p
honate addition, suspensions were stirred for 1 h using a
eflon-coated stir bar before pH measurement and sa
ollection. Each sample was filtered using 0.2 microm
ore-diameter polycarbonate filters (Nuclepore Corp.) prio
nalysis.
The pH–adsorption edge experiments employed 10 an

M phosphonate concentrations. No buffer was used in t
xperiments. Instead, NaOH and HNO3 additions were used

1
the Phosphonates Used in This Study

Structure

CH3-PO(OH)2
H2N-CH2-PO(OH)2
HO-CH2-PO(OH)2

(OH)2O P
P

HO- C -CH3

P
(OH)2O P
LE
of
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22 NOWACK AND STONE
ary the pH. Constant pH experiments employed either
M acetate (pH 4.6) or 1.0 mM MOPS (pH 7.2) buffers.
Experiments examining adsorption–desorption kinetics

an by adding 10mM NTMP to goethite suspensions buffer
o pH 7.2 (1.0 mM MOPS). These buffers were sele
ecause of their poor ability to complex metals ions (
liquots were taken as a function of time and filtered
nalysis. In one experiment, desorption was initiated 1 h after
hosphonate addition by raising the pH to 12.2 using
aOH. In a second experiment, the phosphonate remain
ontact with goethite for 7 days prior to raising the pH to 1
HEDP, NTMP, EDTMP, and DTPMP in filtered solutio
ere measured using an ion-pair HPLC method describ
owack (24). Each phosphonate was complexed with Fe(I

ow pH and then separated on a polymer reversed-phas
mn. The eluent contained the tetrabutylammonium c

erion, bicarbonate buffer (pH 8.3), and acetonitrile. Usin
V/visible detector set at 260 nm, detection limits of t

echnique are 0.1mM for NTMP, EDTMP, and DTPMP, an
.5 mM for HEDP.
IDMP, AMP, HMP, and all phosphonates included in the

M pH–adsorption edge experiments were quantified by m
uring total phosphorus. A filtered sample was digested fo
ith potassium peroxodisulfate at 100°C and measure
rthophosphate by the molybdenum blue method (25). Ab
ance was measured spectrophotometrically at 720 nm.

DATA TREATMENT

FITEQL 3.1 (26) was used to model equilibrium speciat
he pKa values for dissolved phosphonate species were

ected from the CRITICAL database (23) and were correcte
.01 M ionic strength using the Davies equation. Acid–b
roperties of free- and phosphonate-bound surface site
lectrostatic aspects of the (hydr)oxide–water interface
odeled using the 2-pK constant capacitance model. T

urface area of this goethite preparation was determined
iously to be 47.6 m2/g (22). Lövgren et al. (27) reported
urface site density, first and second protonation constant
otal specific capacitance values for their goethite prepar
n 0.10 M NaNO3. It is assumed that these same values (sh
n Table 2) also apply to our goethite preparation in 0.01
aNO3.

TABLE 2
Equilibrium Constants Describing the Acid–Base Properties

of Goethite from Ref. (27)

[FeOH1 H1 5 [FeOH2
1 log K: 7.47

[FeOH5 [FeO2 1 H1 log K: 29.51
Total specific capacitance 1.28 Fzm2

Site density 1.7 sites/nm2

BET surface areaa 47.6 m2/g

a From Ref. (22).
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In order to account for phosphonate adsorption within
-pK constant capacitance model, it is necessary to speci
umber of surface sites, adsorbing anions, and protons
omprise each surface species. Results from the Sjo¨berg group
13, 14, 28) are especially pertinent here. Phenylphosph
dsorption onto aged Al2O3 (13) and onto AlOOH (boehmite
14) has been examined using acid–base titration and
28). Phenylphosphonate (C6H5PO3

22) possesses two anion
xygen groups. The most recent appraisal of the experim
vidence (28) concluded that adsorbed phenylphosph
akes contact with one surface-bound FeIII atom (i.e., mono
uclear surface complex) and is capable of existing in t
rotonation levels ([AlLH, [AlL 2, and[AlLOH 22).
For the sake of simplicity, we have made the assumption

he equation formulated by Sjo¨berg’s group for monophosph
ate adsorption onto Al (hydr)oxides also applies to the
orption of phosphonate-containing compounds onto Fe
goethite):

FeOH1 L a2 1 ~n 1 1!H1 N

[Fe-L-H ~n!
~a2n21!2 1 H2O. [1]

As far as the mathematical formulation of FITEQL is c
erned, this equation allows for mononuclear complex for
ion and disallows multinuclear complex formation. It ma
o distinction between monodentate and multidentate m
uclear surface complexes. Using Eq. [1], two protona

evels are possible for the monophosphonates MP and
deprotonated and protonated), three for AMP (taking
ccount protonation of the amine group), four for the dip
honate HEDP, five for IDMP, seven for NTMP, ten
DTMP, and 13 for DTPMP. As subsequent sections

ndicate, Eq. [1] provided a reasonable representation o
xperimental data, and hence equations accounting
ultinuclear surface complexes were not employed.
In solution, chelate ring formation is usually required

rder for multidentate complexes to be significant. Five-m
ered rings are most stable, followed by six-membered r

arger rings are substantially less stable (29). Assuming
urface complexes are analogous to solution complexes
ralizations can be made about the viability of multiden
urface complexes involving the eight compounds include
ur study (Table 1). The alcohol groups in HMP and HE
robably do not participate in bond formation, owing to th
igh pKa values. Six of the compounds listed in Table
ossess amine groups which are near enough to phosph
roups to allow the formation of five-membered chelate ri

f amine groups arenot involved in coordination, ring size
ecome prohibitively large (i.e., involving eight or mo
toms.)
The surface parameters listed in Table 2, combined wit

eOOH loading of 0.42 g/L, can be used to calculate a su
ite loading (ST) of 58 mM. Hence, 40mM phosphonat
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23ADSORPTION OF PHOSPHONATES
oncentrations are comparable in magnitude toST. Experi-
ents performed at this phosphonate concentration were

f possible, to determine stability constants for surface c
lexes, since adsorption was sensitive to changes in p
ontrast, 10mM phosphonate concentrations result in an ex
f surface sites and nearly 100% adsorption below app
ately pH 8.0. Experiments performed using 10mM phospho
ate concentrations were only used to fit the adsorption o

ully deprotonated surface complex at pH values above 1
Once stability constants for surface complexes had

etermined, their values were used to calculate the amou
dsorption expected in 10mM phosphonate experiments and
dsorption isotherm experiments at pH 7.2 using the spec
rogram MacmQL (30).
The iterative algorithm employed by FITEQL fails with d

rom EDTMP and DTPMP adsorption experiments, owing
he large number of possible surface complexes. The sta
onstants of these surface complexes were adjusted ma
sing the speciation program MacmQL. All surface complexe
ere considered equally important so that no surface
lexes were overrepresented. Again, the 40mM data were
tted and subsequently the 10mM data and the adsorptio

sotherms were calculated.

RESULTS

dsorption Kinetics

The adsorption of 10mM NTMP onto 0.42 g/L goethite a
H 7 is very fast and complete within a few minutes (Fig.

f the pH is raised to 12.2 after 1 h of contact time, a slow
esorption process takes place. All NTMP can be deso
ithin 5 h, and therefore the adsorption reaction is comple

eversible. If NTMP is adsorbed onto goethite at pH 7 fo

FIG. 1. Adsorption of NTMP onto goethite at pH 7 and desorption at
2.2 as a function of time. NTMP was adsorbed for 1 h or for 7 days,
espectively, before addition of NaOH. Conditions: 9.8mM NTMP, 0.42 g/L
oethite, 1 mM MOPS-buffer, 0.01 M NaNO3, addition of 1 M NaOH after 60
in and 7 days.
ed,
-
In
s
i-

e

en
of

on

ity
ally

-

.

ed
ly

ays, the same desorption behavior is observed after raisin
H to 12.2. This suggests that NTMP is adsorbed as a su
omplex and that no phase transformation into an iron(
TMP precipitate took place. Precipitates of phosphon
ith Fe(III) have been observed for NTMP at pH 2–7 (31)
lyphosate (a mixed phosphonate–carboxylate ligand) at
32).

onic Strength Dependence

The adsorption of 10mM NTMP onto 0.42 g/L goethite a
our different concentrations of the background electro
aNO3 is shown in Fig. 2. NTMP adsorption increases w
ecreasing pH. There is no influence of the background Na3
oncentration on the adsorption in the range from 1 mM to
aNO3. Whereas the presence of an ionic strength effect
ot necessarily mean that outer-sphere complexes are fo

he absence of an effect points clearly toward an inner-sp
omplex (33). The line in Fig. 2 represents the model calc
ion for the 0.01 M system with the constants from Table

dsorption as Function of pH

Two data sets were obtained for all phosphonates. Th
M phosphonate data represent an excess of surface site

he phosphonates, while the 40mM data represent a surface s
oncentration and phosphonate concentration that are co
able in magnitude.

Figure 3 shows the results for the monophosphonate
wo surface complexes,[FeL2 and [FeLH0, are sufficien

or modeling the data. Both complexes are assumed t
ononuclear surface complexes involving bond formation

ween one O of the phosphonate group and one su
FeOH group as proposed for phenylphosphonate and
ina (13). The two complexes very well represent the pla
t low pH and the decrease in adsorption toward higher

FIG. 2. Adsorption of NTMP onto goethite as a function of the conc
ration of the background electrolyte. Conditions: 9.8mM NTMP, 0.42 g/L
oethite, NaNO3 as background electrolyte.
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24 NOWACK AND STONE
dsorption becomes negligible above pH 10. The data from
M total MP experiments can also be described using the

og K values obtained from the 40mM total MP data.
HMP, which possesses a phosphonate group and a hyd

roup, adsorbs as a function of pH in a manner that is q
imilar to MP (Fig. 3). Again, the surface complexes[FeL2

nd[FeLH0 yield reasonable modeling results; logK values
or HMP and MP are similar (see Table 3).

Adsorption of AMP, which possesses a phosphonate g
nd an amino group, cannot be modeled using[FeL2 and
FeLH0 alone; a third surface complex,[FeLH2

1, must be
ostulated in order to obtain a good fit to the experimental
he surface complex[FeL2, with a deprotonated amin
roup, is only predicted to occur in low concentrations at h
H. The surface complex[FeLH0 corresponds to a surfa
omplex with a protonated amino group and a deproton
hosphonate group.[FeLH2

1 corresponds to a complex with
rotonated amino-group and a singly protonated phosph
roup. This description is reasonable since the first proton
f AMP occurs on the amino-group, which is not believed

orm a bond to the surface. The pH adsorption isotherm
MP exhibits a maximum near pH 4 with a small decre

oward pH 3, which was not found for MP and HMP (Fig.
Dissolved polyphosphonates are known to undergo nu

us changes in protonation level as a function of pH (25)
ence it is quite reasonable to postulate multiple proton

evels for adsorbed polyphosphonates. In our modeling wo
s necessary to increase the number of protonation levels
umber of phosphonate groups and amino groups on the
cule is increased. IDMP and HEDP require four protona

evels, NTMP requires six, EDTMP requires seven, and
MP requires nine.
Experiments employing 40mM concentrations of IDMP

Fig. 3) and HEDP (Fig. 4) require protonation levels
ange from[FeLH3

0 at low pH to[FeL32 at high pH. Each
rotonation level dominates surface speciation within a fi

TAB
Stability Constants for Goethite–Phosphonate

Surface complex MP HMP AMP

[FeL log K 13.31 13.26 14.14
[FeLH pK1,surf 6.06 5.90 7.65
[FeLH2 pK2,surf 5.94
[FeLH3 pK3,surf

[FeLH4 pK4,surf

[FeLH5 pK5,surf

[FeLH6 pK6,surf

[FeLH7 pK7,surf

[FeLH8 pK8,surf

Note.Log K is defined by the equations:

[FeOH1 La2 1 H1 N [Fe-L(a21)2 1
[FeLHn11 N [Fe-LHn 1 H1
0
o

xyl
te

up

a.

h

d

te
on

r
e

r-
d
n
it
the
ol-
n
-

t

d

H range; at higher (or lower) pHs it is superseded by ano
urface species with lower (or higher) numbers of bound
ons. Although concentrations for a particular surface spe
re quite sensitive to pH, the sum of all adsorbed phosph
pecies decreases very slowly as the pH is increased.
The point of zero charge for goethite has been reported

H 8.5 (23). With IDMP and HEDP, both 10 and 40mM data
ndicate considerable adsorption at and above this pH v
he 10mM adsorption data, for example, show that ther
till 90% adsorption of HEDP and IDMP at the point of z
harge.
Six surface complexes are needed to describe NTMP

orption (Fig. 4). The complexes range from the neu
FeLH5

0 at low pH to[FeL52 with a charge of25 at high pH
lthough the surface of the goethite is negatively charge
H 9, there is still strong adsorption of the highly nega
TMP anion (HNTMP52 is prevalent at this pH). The logK
alues obtained at 40mM NTMP are able to explain the 10mM
ata as well.
When 10mM concentrations are employed, the adsorp

f EDTMP and DTPMP decreases linearly as the pH is
reased from 3 to 12 (Fig. 4). EDTMP requires seven su
pecies and DTPMP requires nine surface species to repr
his pH dependence. The neutral surface complexes[FeLH7

0

or EDTMP and[FeLH9
0 for DTPMP were not considere

ecause apparently they are only needed below pH 3.
ompletely deprotonated and highly charged compl
FeL72 and [FeL92 occur only at very low concentratio
bove pH 10. The 10mM data can be described as well w

he set of logK values obtained from the 40mM data.

dsorption Isotherms at Constant pH

Adsorption was also studied as a function of phospho
oncentration at constant pH. Experiments were conduct
H 7.2 for all phosphonates and at three additional pH va

3
rface Complexes (I 5 0.01 M NaNO3, 25°C)

HEDP IDMP NTMP EDTMP DTPM

18.8 18.91 23.85 30.05 41
6.2 6.12 6.2 7.6 8.0

4.8 5.47 5.6 6.2 7.2
3.2 4.05 4.8 5.6 6.6

3.5 5.0 6.0
2.4 4.0 5.0

2.7 4.0
2.8
1.6

log K (first line)
log Kn,surf 5 2pKn,surf (lines 2–9)
LE
Su

H2O
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25ADSORPTION OF PHOSPHONATES
or NTMP. The adsorption isotherms were also modeled u
og K values from the pH dependence experiments and d
nvolve further adjusting of the parameters.

Adsorption isotherms for MP, HMP, and AMP at pH 7
re shown in Fig. 5a. MP reaches a surface coverage
mole/g, and HMP reaches a surface coverage o
mole/g. TheST value reported earlier (58mM) correspond

o 140 mmole H1/g. Thus, the maximum extent of MP a

FIG. 3. Adsorption of the monophosphonates MP, HMP, AMP and
hosphonates (bottom) and an excess of surface sites (top). Conditions (
he lines are calculated with the constants from Tables 2 and 3.
g
ot

60
0

MP adsorption corresponds to approximately half of
1 binding sites. AMP is unlike the other two monoph
honates. Because of its amino group, the dianion (L 22) to
monoanion (HL 2) transition in solution occurs near p

0, several log units higher than for MP and HMP.
hown in Fig. 5a, AMP adsorption is substantially low
han for the other two monophosphonates. Adsorption
or all three monophosphonates are successfully mod

e diphosphonate IDMP onto goethite at as a function of pH using an
hosphonates): 38.7mM (bottom) and 9.8mM (top), 0.42 g/L goethite, 0.01 M NaNO3.
th
all p
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26 NOWACK AND STONE
sing stability constants derived from adsorption versus
xperiments (40mM total phosphonate).
As shown in Fig. 5b, adsorption of the diphosphonate HE

nd the aminodiphosphonate IDMP rises sharply as their
entration is increased, but reach maximum extents of ad
ion that fall short of values observed for MP and HMP. L
oncentrations of HEDP and IDMP do, however, yield hig
xtents of adsorption than AMP.

FIG. 4. Adsorption of the polyphosphonate HEDP, NTMP, EDTMP,
bottom) and excess of surface sites (top). Conditions (all phosphonates
alculated with the constants from Tables 2 and 3.
H

P
n-
rp-

r

For the three remaining compounds, maximum exten
dsorption continue to decrease as the number of phosph
roups is increased: NTMP (one amine group, three phos
ate groups). EDTMP (two amine groups; four phosphon
roups) . DTPMP (three amine groups; five phosphon
roups). The adsorption isotherms are well represented b
odel calculations shown in Fig. 5b.
Maximum extents of NTMP adsorption (Fig. 6) decreas

d DTPMP onto goethite at as a function of pH using an excess of pho
8.7(bottom) and 9.8mM (top), 0.42 g/L goethite, 0.01 M NaNO3. The lines are
an
): 3mM
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he pH is increased: 50mmol/g at pH 3.0, 42mmol/g at pH 4.6
0mmol/g at pH 7.2, and 4mmol/g at pH 10.4. Calculated lin

ncluded in Fig. 6 indicate that the adsorption isotherms
ery successfully modeled using stability constants der
rom adsorption versus pH experiments.

DISCUSSION

Ideally, a quantitative model for predicting phosphon
dsorption should accurately depict: (i) the protonation be

or of unoccupied and occupied surface sites, (ii) the elect
otential gradient and distribution of ions within the (hydr)

de–water interface, (iii) the number of bonds made betw

FIG. 5. Adsorption isotherms of phosphonates onto goethite at pH
xperimental data and model lines are shown. (a) Adsorption of the m
hosphonates MP, HMP, and AMP at pH 7.2. Conditions: Goethite 0.42
mM MOPS-buffer, 0.01 M NaNO3. The lines are calculated with t

onstants from Tables 2 and 3. (b) Adsorption of the polyphosphonates I
EDP, NTMP, EDTMP, and DTPMP at pH 7.2. Conditions: Goethite
/L, 1 mM MOPS-buffer, 0.01 M NaNO3. The lines are calculated with t
onstants from Tables 2 and 3.
re
d

e
v-
al

n

he phosphonate molecule and the surface, along with d
oncerning the monodentate versus multidentate and the m
uclear versus multinuclear nature of the surface complex
iv) the protonation level and net charge of the phosphon
urface complex. It must be kept in mind, however, that se
f the system attributes just listed are either inaccessibl
erimentally or available only through indirect means

hrough inferences made about system chemistry. All mo
re provisional, and most models contain enough fitting
ameters that adsorption data can be adequately modeled
hough the system is not depicted correctly.

In the present work, different TOTL (total phosphon
oncentration) values pose different challenges for interp
ion and quantitative modeling. To highlight these challen
dsorption as a function of pH is replotted in Figs. 7a an

or five phosphonates possessing one, two, three, four, an
hosphonate groups. At 10mM TOTL (Fig. 7a), surface site
re in excess and nearly 100% adsorption is observed b
H 8.0. Adsorption of MP decreases somewhat more sh

han the others as the pH is increased to 12.0, but the sim
n adsorption behavior for IDMP, NTMP, EDTMP, and D
MP is quite striking. At pH 9, for example, the extent
dsorption for these four phosphonates is virtually the s
espite an enormous dissimilarity in the protonation level
et charge of the predominant species in bulk solution: H32

or IDMP, HL52 for NTMP, H2L
62 for EDTMP, and H2L

82 for
TPMP.
At TOTL concentrations of 40mM (Fig. 7b) and abov

Figs. 5 and 6), phosphonate molecules and surface site
resent at comparable concentrations. The maximum exte
hosphonate adsorption decreases as the number of ph
ate function groups is increased. In contrast to the behav
0-mM TOTL, adsorption as a function of pH at 40mM TOTL

FIG. 6. Adsorption of NTMP at different pH values. Experimental d
nd model calculations are shown. Conditions: 0.42 g/L goethite; p
ddition of HNO3; pH 4.6, 2 mM acetate-buffer; pH 7.2, 1 mM MOPS;
0.5, NaOH; 0.01 M NaNO3. The lines are calculated with the constants f
ables 2 and 3.
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esults in a very gradual decrease in adsorption as the
ncreased from 3 to 12. When TOTL is high, the higher frac
f surface sites occupied and the negative charge deposit

he surface through phosphonate adsorption disfavor ad
ion of additional phosphonate molecules. From a mode
erspective, however, it is not clear whether the area occ
y each phosphonate molecule arises from (i) the mono-, d

ri-nuclear properties of the surface complex, or (ii) the ch
f the surface complex, which in turn is affected by its pro
ation level. The fact that the maximum extent of NT
dsorption (and by inference, all eight phosphonates) cha
s a function of pH indicates that area occupied, proton

evel, and charge of the surface complex are strongly inte
endent.
The CCM model provides an accurate depiction of prot

ion level of the free goethite surface as a function of pH
.10 M NaNO3 medium (27). The CCM model has be

FIG. 7. Comparison of the adsorption of the monophosphonate MP
he polyphosphonates IDMP, NTMP, EDTMP, and DTPMP onto goeth
.8 mM and 38.7mM total phosphonate with model calculation according
ables 2 and 3. Conditions: see Figs. 3 and 4.
is
n
on
rp-
g
ed
or
e
-

es
n

e-

-

uccessfully applied in 0.010 M NaNO3 (34). The capacitanc
t 0.01 and 0.1 M NaNO3 was found to be nearly identical (35
Depicting phosphonate adsorption within a CCM is m
ore of a challenge. Our approach: (i) considers only m
uclear surface complexes, (ii) assumes that the entire c
f the phosphonate-surface complex should be assigned
ero plane, and (iii) uses multiple protonation levels and
esponding logK values to fit adsorption as a function of p
ow appropriate are each of these assumptions? At low su
overages, assumption (i) should be relatively unimpor
ince free surface sites are plentiful. This assumption
owever, be problematic at high surface coverages if ads
hosphonate molecules actually occupy two or more su
ites. Assumptions (ii) and (iii) are strongly interconnec
rotonation level affects charge, and charge affects the n
f the (hydr)oxide–water interface.
As the figures presented so far indicate, assumptions (i)

ead to a simple model that quite adequately depicts phos
ate adsorption as a function of pH and TOTL. Inspectio

he adsorption constants developed using this model (list
able 3 for all eight phosphonates) is also informative. C
lex formation constants listed in the first row correspon

he lowest possible protonation level,

[FeOH1 L a2 1 H1 N [Fe-L ~a21!2 1 H2O

K 5
@[Fe-L ~a21!2#

@[FeOH# z @L a2# z @H1#
, [2]

hile the following constants correspond to the protona
eactions

[Fe-LHn
~a2n21!2 N [FeLHn21

~a2n!2 1 H1

Kn,surf

@[FeLHn21
~a2n!2# z H1

@[Fe-LHn
~a2n21!2#

, [3]

here2log Kn,surf is equal to thepKn,surf of the surface com
lexes and allows a comparison to the pKa(n) of the phospho
ates in solution. The overall complex formation constantb n,surf

s defined as

log bn,surf 5 log KL,surf 1 SpKn,surf [4]

b n,surf is therefore defined as

bn,surf 5
@[Fe-L-Hn

~a2n21!2#

@[FeOH# z @L a2# z @H ~n11!#
[5]

We can now ask if there is a relation between the logK and
he number of phosphonate groups. A plot of the numbe
unctional groups against logK shows a linear behavior (n
hown). We can also express this fact in terms of the char

d
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he surface complex that is formed. Figure 8 shows a plot o
harge of the surface complex versus the logb n,surf values. Fo
ach protonation level (n), a linear relationship between t
n,surf and the charge of the complex exists.

Log bn,surf 5 a 1 b z Z [6]

hereZ is the charge of the surface complex. Both the in
ept a and the slopeb are also linearly dependent onZ. By
sing a multiple linear regression, we can come up with
quation (r 5 0.999)

og bn,surf 5 11.45~60.33! 2 2.53~60.07! z Z

1 7.31~60.11! z n 2 0.46~60.03! z n z Z [7]

here the logb n,surf is solely dependent on the chargeZ of the
urface complex. This is a surprising result because it m
hat regardless of the number of phosphonate groups and
-dimensional arrangement, the logK and logb n,surf for one
urface protonation level of any phosphonate-surface com
re only dependent on the charge of the formed surface
lex. The log Ka(n,surf) values are therefore independent
orresponding logKa(n) values in solution. This can be seen
he two diphosphonates HEDP and IDMP which have alm
he same logK (18.8 and 18.91) and logb1,surf (25.0 and 25.03
espite quite different logKa(1) values in solution (10.14 an
1.29).
Laiti et al. (13) determined the adsorption constant for

dsorption of phenylphosphonate (a monophosphonate)
ged Al2O3. The logK values cannot directly be compared
ur values because a different oxide with different sur
arameters was used. pH values where protonation–de
ation occur may, however, be comparable.pKa(1,surf) for phe-

FIG. 8. Plot of the charge of the surface complex against logK and log

n,surf for all studied phosphonates (except AMP). The lines are the l
egressions for each surface protonation leveln.
e
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e

ns
eir

ex
m-
f

st

e
to

e
to-

ylphosphonate adsorption onto aged Al2O3 was found to b
.64, which can be compared to the value of 6.06 for
dsorption and the value of 5.9 for HMP adsorption o
eOOH (goethite). In their study involving AlOOH (boe
ite), Laiti et al. (14) modeled phenylphosphonate adsorp
sing a binuclear surface complex. ThepKa(1,surf) of the surface
omplex was 6.97, which is again very close to our value
P and HMP adsorption onto FeOOH (goethite).
Our study provides the opportunity to compare the ads

ion of compounds with an increasing number of phospho
roups. The logK values of the surface complexes incre
ith increasing charge. This is probably an indication
ssignment of charge within the (hydr)oxide–water inter
as not been done correctly. If some of the charged grou
n adsorbed phosphonate molecule extend out into bulk w

or example, their associated charge should not receiv
ame electrostatic correction that is applied to groups loca
he zero plane.

Is another modeling approach possible at this time? F
a (10mM TOTL) suggests that adsorption of IDMP, NTM
DTMP, and DTPMP is fundamentally similar, yet disti

rom MP. To account for this, we could postulate that
hosphonate groups should be assigned to the zero plane
ny additional groups (including amino groups) assigne
ulk water. Thus, two groups would receive the electros
orrection imposed by the CCM model, while additio
roups are dealt with using the Davies equation. Figure 7b
M TOTL) suggests that NTMP, EDTMP, and DTPMP ads

n the same way, yet IDMP and MP must be treated differe
o account for this, perhaps we could postulate up to t
hosphonate groups at the zero plane, with additional gr
ssigned to bulk water.
When constructing such a model, we run into a prac

ifficulty: which particular functional groups (with associa
Ka values in solution) should be assigned to the zero p
nd which should be assigned to bulk water? Should
ighest pKa groups be assigned to the surface (their h
asicity yields the strongest FeIII -phosphonate bonds) or
ulk water? However these assignments are made, logKa(n,surf)

alues still would be treated as adjustable parameters,
roximity of surface-bound FeIII can still induce deprotonatio
In parallel with the development of this alternative mo

dditional adsorption experiments should also be condu
hat explore the interrelationships between numbers of p
honate groups, their spacing within ligand molecules,

heir adsorption behavior. Molecules with sufficient numb
f anionic groups (e.g., NTMP, EDTMP, DTPMP) might
ppropriately treated as “polyelectrolytes.” Such molec
ery likely protonate in a diffuse, cloud-like way, for examp
he use of SF theory, where a lattice representation is us
ccount for the placement of charge at progressively gr
istances from the surface (36) might give the most rea
escription of the system.
Despite all these limitations of the used model, we can
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q. [7] for a successful predictive modeling of adsorp
ehavior. If we calculate the logK values for NTMP adsorp

ion and then calculate the adsorption for the 40mM experi-
ents, we can predict the adsorption behavior very well.
re 9 compares the calculated adsorption curve with
xperimental values. The highest discrepancy exists at low
here the error of the calculated logK becomes significan
owever, all data points are in the range of the logK values
redicted by the error of Eq. [7].
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