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Adsorption of Phosphonates onto the Goethite-Water Interface
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The adsorption of one phosphonate, two hydroxyphosphonates,
and five aminophosphonates onto the iron (hydr)oxide goethite
(a-FeOOH) has been studied as a function of pH. At phosphonate
concentrations significantly lower than the total number of avail-
able surface sites, nearly 100% adsorption is observed below pH
8.0. Adsorption decreases to negligible levels as the pH is increased
to 12.0. Under the conditions just described, adsorption of nitrilo-
tris(methylenephosphonic acid) as a function of pH is nearly
independent of the ionic strength (from 1 mM to 1 M). At phos-
phonate concentrations close to the total number of available
surface sites, adsorption decreases over a broader range in pH and
reflects the number of phosphonate groups. At pH 7.2, the maxi-
mum extent of adsorption decreases as the number of phosphonate
groups increases from one to five. Adsorption is modeled using a
2-pK constant capacitance model that postulates formation of a
1:1 surface complex involving one surface site and one phospho-
nate functional group. Denoting the fully deprotonated phospho-
nate ligand as L*", different protonation levels for adsorbed phos-
phonate species are represented by a series of equilibrium
constants of the form

[ = Fe-L-H& "]
[=FeOH] - [L*] - [H "™ 7]~

Bn,surf =

For a phosphonate of charge a—, there are (a — 1) possible
surface protonation levels. For a surface protonation level n, log
B.«urr Values derived from this modeling approach are related to
the surface complex charge Z through the following linear
relationship:

l0g Browr = (11.45 4+ 7.31-n) — (2.53 — 0.46-n) - Z.

Using this approach, adsorption as a function of phosphonate
concentration and pH can be fully accounted for.
Press
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INTRODUCTION

The adsorption of carboxylic acids onto oxide surfaces hBY US'”Q three surface complexes=XLH,

plained by both inner-sphere complexes (mixture of ionic
bonding and covalent bonding) and outer-sphere complexe
(near-range electrostatic interactions). While monocarboxylit
acids exhibit only weak adsorption, increasing the number o
carboxylic acid groups leads to increased adsorption (1). Ami
nocarboxylate compounds which are able to effectively com
plex Fe(lll) or AI(Ill) in solution such as NTA or EDTA
display a strong adsorption onto the respective (hydr)oxid
surfaces (2—4).

While adsorption of carboxylic acids has been extensively
investigated, only a few studies have focused on the corre
sponding phosphonates. Phosphonates are effective comple
ing agents and contain one or more phosphonate groups -
PO(OHY),. Properties such as high water solubility, the ability
to complex metals even at high pH, the ability to prevent scal
formation and corrosion (5, 6), and good chemical stability
make them attractive for use in a variety of industrial applica
tions. Phosphonates are used in oil and gas production,
cooling water, boiler, and desalination systems to inhibit scal
formation and corrosion, in the textile industry to stabilize
peroxide-based bleaching agents, in industrial and househc
detergent formulations, and in nuclear medicine as bone-see
ing carriers of radionuclides. Approximately 20,000 tons are
used in the United States each year (7).

Phosphonates have a strong tendency to adsorb onto a ve
ety of surfaces. Examples include calcite (8), barite (9), cass
terite (10), clays (11, 12), aluminum oxides (13-15), and iror
oxides (16). Adsorption has also been studied with nature
adsorbents such as sewage sludge (17-19), sediments (12), :
soils (20).

Despite the fact that phosphonates are known to adsol
strongly, only few studies have tried to model the adsorption o
phosphonates using a surface complexation model. Most a
thors use a Langmuir isotherm at a given pH (12). Laiti anc
co-workers (13, 14) have modeled the adsorption of phe
nylphosphonate (a monophosphonate) onto aluminum oxide
=XL", and

been well studied in recent years. Adsorption has been EXXLOH ") they were able to model the acid—base behavior
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face complexes=X,LH and =X,L . Gerbino (15) presented
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TABLE 1
Names, Abbreviations, and Structures of the Phosphonates Used in This Study

Abbreviation Name Structure
MP Methylphosphonic acid CHPO(OH),
AMP Aminomethylphosphonic acid M-CH,-PO(CH),
HMP Hydroxymethylphosphonic acid HO-GHPO(OH),
HEDP 1-Hydroxyethane- (OH),O P
(1,1-diphosphonic acid) |
HO-C-CH,
|
(OH),O P
IDMP Iminodi- (OH)ZOP-CHz\
(methylenephosphonic acid) N —H
(OH)ZOP-CHZ/
OH),OP-CH.
NTMP Nitrilotris- O, 2\

N — CH,-PO(OH),

(methylenephosphonic acid) (OH),0P-CH, /

o _ (OH),OP-CH, CHy-PO(OH),
e e ey
(OH)0P-CHy ™ CHy POOH),
(OH)OP-CHy  CHizPOOH),
DTPMP Diethylenetrinitrilopentakis- N-CH,-CHy-N-CH,-CHy-N
thyl hosphoni i 7 \
(methylenephosphonic acid) (OH),0P-CH, éIHz CHyPOOH),
PO(OH),

a limited surface complexation model for the adsorption afig 44 g/L goethite. MP, AMP, HEDP, IDMP, and NTMP in
polyphosphonates onto aluminum oxide. the acid form were obtained from Fluka>97% purity).
This study examines the adsorption of eight phosphonaeBTMP (Dequest 2041, 95% purity), HMP, and DTPMP were
containing ligands onto goethite as a function of pH, ionigrovided by Monsanto (St. Louis, MO).
strength, and phosphonate concentration, using experimentaAdsorption experiments were carried out in 30-mL glass
data and a simple surface complexation model (tKZon-  yials in a 25+ 0.2°C constant temperature bath. A goethite
stant capacitance model). As shown in Table 1, compoundgding of 0.42 g/L was used in all experiments. For mos
possessing one (MP, AMP, and HMP), two (HEDP, IDMP)yheriments, 10 mM NaNOwas used to maintain constant
three (NTMP), four (EDTMP), and five (DTPMP) phosphonatgnic strength conditions. In one set of experiments, the ioni
groups are included in this study. Four of the phosphonat&?ength was varied by adding 1, 10, and 100 mM and 1.0 A
examined are widely used in technical applications: HED aNO,. Prior to phosphonate addition, carbon dioxide was

NTMP, EDTMP, and DTPMP (21). Although we are Chleflyextcluded by sparging suspensions with argon. Following pho:

concerned with how the number of phosphonate groups affe o . . .
. X onate addition, suspensions were stirred oh using a
adsorption, the presence of other functional groups (alcoholate

and amino groups) and molecular structures plays a role | ronTcoated stir_bar before pH measqrement ar_ld samp
some instances. collection. Each sample was filtered using 0.2 micromete
pore-diameter polycarbonate filters (Nuclepore Corp.) prior t

MATERIALS AND METHODS analysis. , .
The pH-adsorption edge experiments employed 10 and <
The goethite used in this study was synthesized and charad phosphonate concentrations. No buffer was used in thes

terized as described in (22) and was stored as a slurry contarperiments. Instead, NaOH and Hi&ditions were used to



22 NOWACK AND STONE

TABLE 2 In order to account for phosphonate adsorption within the
Equilibrium Constants Describing the Acid-Base Properties 2-pK constant capacitance model, it is necessary to specify th
of Goethite from Ref. (27) number of surface sites, adsorbing anions, and protons th
“FeOH+ H* = =FeOH; log K: 7.47 comprise each surface_species._ Results from thieeBgogroup
—FeOH= =FeO + H* log K: —9.51 (13, 14,_ 28) are especially pertinent here. Phenylphosp_hona
Total specific capacitance 1,28 adsorption onto aged 40; (13) and onto AIOOH (boehmite)
Site density 1.7 sites/nn (14) has been examined using acid—base titration and FTI
BET surface aréa 47.6 /g (28). Phenylphosphonate {8,P0;") possesses two anionic

oxygen groups. The most recent appraisal of the experiment
evidence (28) concluded that adsorbed phenylphosphona
makes contact with one surface-bound' Fgom (i.e., mono-
vary the pH. Constant pH experiments employed either 1ngiclear surface complex) and is capable of existing in thre
mM acetate (pH 4.6) or 1.0 mM MOPS (pH 7.2) buffers.  protonation levels£AILH, =AIL ~, and=AILOH*).
Experiments examining adsorption—desorption kinetics be-For the sake of simplicity, we have made the assumption ths
gan by adding 1M NTMP to goethite suspensions bufferedhe equation formulated by Sjerg’s group for monophospho-
to pH 7.2 (1.0 mM MOPS). These buffers were selectdtfte adsorption onto Al (hydr)oxides also applies to the ad
because of their poor ability to complex metals ions (2330rption of phosphonate-containing compounds onto FeOO
Aliquots were taken as a function of time and filtered fotgoethite):
analysis. In one experiment, desorption was initlateh after
phosphonate addition by raising the pH to 12.2 using 1 MFeOH+ L® + (n+ 1)H* &
NaOH. In a second experiment, the phosphonate remained in
contact with goethite for 7 days prior to raising the pH to 12.2.
HEDP, NTMP, EDTMP, and DTPMP in filtered solutions
were measured using an ion-pair HPLC method described inAs far as the mathematical formulation of FITEQL is con-
Nowack (24). Each phosphonate was complexed with Fe(lIl) é@rned, this equation allows for mononuclear complex forma
low pH and then separated on a polymer reversed-phase ¢@§In and disallows multinuclear complex formation. It makes
umn. The eluent contained the tetrabutylammonium couf© distinction between monodentate and multidentate monc
terion, bicarbonate buffer (pH 8.3), and acetonitrile. Using 2Uclear surface complexes. Using Eq. [1], two protonatior
UV/visible detector set at 260 nm, detection limits of thi¢evels are possible for the monophosphonates MP and HM
technique are 0.1:M for NTMP, EDTMP, and DTPMP, and (deprotonated and protonated), three for AMP (taking intc
0.5 uM for HEDP. account protonation of the amine group), four for the diphos
IDMP, AMP, HMP, and all phosphonates included in the 4phonate HEDP, five for IDMP, seven for NTMP, ten for
uM pH-adsorption edge experiments were quantified by méaDTMP, and 13 for DTPMP. As subsequent sections will
suring total phosphorus. A filtered sample was digested for anflicate, Eq. [1] provided a reasonable representation of th
with potassium peroxodisulfate at 100°C and measured &¢Perimental data, and hence equations accounting ft
orthophosphate by the molybdenum blue method (25). Abs#rultinuclear surface complexes were not employed.

*From Ref. (22).

=FeL-H{E """ + H,0. [1]

bance was measured spectrophotometrically at 720 nm. In solution, chelate ring formation is usually required in
order for multidentate complexes to be significant. Five-mem
DATA TREATMENT bered rings are most stable, followed by six-membered ring:

larger rings are substantially less stable (29). Assuming th:
FITEQL 3.1 (26) was used to model equilibrium speciatiorsurface complexes are analogous to solution complexes, ge
The pK, values for dissolved phosphonate species were sFalizations can be made about the viability of multidentate
lected from the CRITICAL database (23) and were correctedsarface complexes involving the eight compounds included i
0.01 M ionic strength using the Davies equation. Acid—baseir study (Table 1). The alcohol groups in HMP and HEDF
properties of free- and phosphonate-bound surface sites @nobably do not participate in bond formation, owing to their
electrostatic aspects of the (hydr)oxide—water interface wedrigh pK, values. Six of the compounds listed in Table 1
modeled using the BK constant capacitance model. The@ossess amine groups which are near enough to phosphon
surface area of this goethite preparation was determined pgesups to allow the formation of five-membered chelate rings
viously to be 47.6 rfig (22). Lovgren et al. (27) reported If amine groups aranot involved in coordination, ring sizes
surface site density, first and second protonation constants, &edome prohibitively large (i.e., involving eight or more
total specific capacitance values for their goethite preparatiatoms.)
in 0.10 M NaNaQ. It is assumed that these same values (shownThe surface parameters listed in Table 2, combined with th
in Table 2) also apply to our goethite preparation in 0.010 MeOOH loading of 0.42 g/L, can be used to calculate a surfac
NaNO.. site loading &;) of 58 uM. Hence, 40 uM phosphonate
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100 days, the same desorption behavior is observed after raising t
f A Adsorption pHY pH to 12.2. This suggests that NTMP is adsorbed as a surfat
@ Desorptionafer | hour, pi 122 complex and that no phase transformation into an iron(lll)-
NTMP precipitate took place. Precipitates of phosphonate
with Fe(lll) have been observed for NTMP at pH 2—7 (31) anc
glyphosate (a mixed phosphonate—carboxylate ligand) at pH
(32).

80 —O— Desorption after 7 days, pH 12.2

60 -

40

% adsorbed

lonic Strength Dependence

The adsorption of 1M NTMP onto 0.42 g/L goethite at

four different concentrations of the background electrolyte

: : @ . g——0 ¢ NaNO,is shown in Fig. 2. NTMP adsorption increases with
0 100 200 300 400 500 decreasing pH. There is no influence of the background NaNC
time [min] concentration on the adsorption in the range from 1 mMto 1 M
FIG. 1. Adsorption of NTMP onto goethite at pH 7 and desorption at pHNaNQ' Wher.eas the presence of an ionic strength effect doe
12.2 as a function of time. NTMP was adsorbed Toh or for 7 days, NOt necessarily mean that outer-sphere complexes are forme
respectively, before addition of NaOH. Conditions: @8 NTMP, 0.42 g/L  the absence of an effect points clearly toward an inner-sphe
goethite, 1 mM MOPS-buffer, 0.01 M NaN(addition d 1 M NaOH after 60 complex (33). The line in Fig. 2 represents the model calcula

min and 7 days. tion for the 0.01 M system with the constants from Table 3.

20

concentrations are comparable in magnitudeSto Experi- Adsorption as Function of pH

ments performed at this phosphonate concentration were usedwo data sets were obtained for all phosphonates. The 1
if possible, to determine stability constants for surface conpeM phosphonate data represent an excess of surface sites o
plexes, since adsorption was sensitive to changes in pH.th@ phosphonates, while the 481 data represent a surface site
contrast, 1QuM phosphonate concentrations result in an exceggncentration and phosphonate concentration that are comg
of surface sites and nearly 100% adsorption below approxible in magnitude.
mately pH 8.0. Experiments performed using i phospho- Figure 3 shows the results for the monophosphonate MF
nate concentrations were only used to fit the adsorption of tlig/o surface complexessFelL™ and =FelLH’, are sufficient
fully deprotonated surface complex at pH values above 10.for modeling the data. Both complexes are assumed to &
Once stability constants for surface complexes had begnonuclear surface complexes involving bond formation be
determined, their values were used to calculate the amountwp&en one O of the phosphonate group and one surfac
adsorption expected in 10M phosphonate experiments and in=FeOH group as proposed for phenylphosphonate and al
adsorption isotherm experiments at pH 7.2 using the speciatipina (13). The two complexes very well represent the platea
program Mag.QL (30). at low pH and the decrease in adsorption toward higher ph
The iterative algorithm employed by FITEQL fails with data
from EDTMP and DTPMP adsorption experiments, owing to
the large number of possible surface complexes. The stability
constants of these surface complexes were adjusted manually
using the speciation program Ma@QL. All surface complexes
were considered equally important so that no surface cong
plexes were overrepresented. Again, the |/ d data were
fitted and subsequently the 10M data and the adsorption
isotherms were calculated.

RESULTS

% NTMP adsorb

Adsorption Kinetics

The adsorption of 1M NTMP onto 0.42 g/L goethite at 0 : ‘ :
pH 7 is very fast and complete within a few minutes (Fig. 1). 5 6 7 8 9 1o 1l 12 13
If the pH is raised to 12.2 aftel h of contact time, a slow pH
dgsqrptlon process takes place. A”_ NTMP _Can_ be desorbeglG. 2. Adsorption of NTMP onto goethite as a function of the concen-
within 5 h, and therefore the adsorption reaction is completetion of the background electrolyte. Conditions: B! NTMP, 0.42 g/L
reversible. If NTMP is adsorbed onto goethite at pH 7 for goethite, NaN@ as background electrolyte.
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TABLE 3
Stability Constants for Goethite—-Phosphonate Surface Complexes (I = 0.01 M NaNO;, 25°C)

Surface complex MP HMP AMP HEDP IDMP NTMP EDTMP DTPMP
=Fel log K 13.31 13.26 14.14 18.8 18.91 23.85 30.05 41.0
=FelLH PK 1 aur 6.06 5.90 7.65 6.2 6.12 6.2 7.6 8.0
=FelLH, PKo st 5.94 48 5.47 5.6 6.2 7.2
=FelLH, PKs 3.2 4.05 438 5.6 6.6
=FeLH, PK s 35 5.0 6.0
=FeLH; PKs st 2.4 4.0 5.0
=FelLH, PKe st 2.7 40
=FeLH, PK 7 our 2.8
=FeLH, PKeg st 1.6

Note.Log K is defined by the equations:

=FeOH+ L* + H® & =Fe-L*" + H,0 logK (first line)
=FelLH,;, © =Fe-LH, + H" log Kpeuwt = —PKneut  (lines 2-9)

Adsorption becomes negligible above pH 10. The data from p® range; at higher (or lower) pHs it is superseded by anothe
1M total MP experiments can also be described using the twarface species with lower (or higher) numbers of bound pro
log K values obtained from the 40M total MP data. tons. Although concentrations for a particular surface specie
HMP, which possesses a phosphonate group and a hydrcaag quite sensitive to pH, the sum of all adsorbed phosphona
group, adsorbs as a function of pH in a manner that is quegpecies decreases very slowly as the pH is increased.

similar to MP (Fig. 3). Again, the surface complexegel The point of zero charge for goethite has been reported to t
and =FelLH’ yield reasonable modeling results; l&gvalues pH 8.5 (23). With IDMP and HEDP, both 10 and #4M data
for HMP and MP are similar (see Table 3). indicate considerable adsorption at and above this pH valu

Adsorption of AMP, which possesses a phosphonate grotipe 10 uM adsorption data, for example, show that there is
and an amino group, cannot be modeled usirlgeL” and still 90% adsorption of HEDP and IDMP at the point of zero
=FelLH’ alone; a third surface complexsFelLH,, must be charge.
postulated in order to obtain a good fit to the experimental data.Six surface complexes are needed to describe NTMP a
The surface complex=FelL , with a deprotonated amino-sorption (Fig. 4). The complexes range from the neutra
group, is only predicted to occur in low concentrations at higigFelLH? at low pH to=Fel®>” with a charge of-5 at high pH.
pH. The surface complexFeLH’ corresponds to a surfaceAlthough the surface of the goethite is negatively charged &
complex with a protonated amino group and a deprotonatpH 9, there is still strong adsorption of the highly negative
phosphonate groupsFelLH, corresponds to a complex with aNTMP anion (HNTMP™ is prevalent at this pH). The log
protonated amino-group and a singly protonated phosphona#dues obtained at 40M NTMP are able to explain the 1M
group. This description is reasonable since the first protonatidata as well.
of AMP occurs on the amino-group, which is not believed to When 10uM concentrations are employed, the adsorptior
form a bond to the surface. The pH adsorption isotherm fof EDTMP and DTPMP decreases linearly as the pH is in
AMP exhibits a maximum near pH 4 with a small decreasgeased from 3 to 12 (Fig. 4). EDTMP requires seven surfac
toward pH 3, which was not found for MP and HMP (Fig. 3)species and DTPMP requires nine surface species to reprodu

Dissolved polyphosphonates are known to undergo numéris pH dependence. The neutral surface complexgsLH?
ous changes in protonation level as a function of pH (25) afetr EDTMP and=FelLH; for DTPMP were not considered
hence it is quite reasonable to postulate multiple protonatibecause apparently they are only needed below pH 3. Tt
levels for adsorbed polyphosphonates. In our modeling workcibmpletely deprotonated and highly charged complexe
is necessary to increase the number of protonation levels as#iféeL’” and =Fel®" occur only at very low concentrations
number of phosphonate groups and amino groups on the matbove pH 10. The 1@&M data can be described as well with
ecule is increased. IDMP and HEDP require four protonatighe set of logK values obtained from the 40M data.
levels, NTMP requires six, EDTMP requires seven, and DT-

PMP requires nine. Adsorption Isotherms at Constant pH

Experiments employing 4QuM concentrations of IDMP
(Fig. 3) and HEDP (Fig. 4) require protonation levels that Adsorption was also studied as a function of phosphonat
range from=FelLH; at low pH to=Fel’" at high pH. Each concentration at constant pH. Experiments were conducted
protonation level dominates surface speciation within a fixgaH 7.2 for all phosphonates and at three additional pH value
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FIG. 3. Adsorption of the monophosphonates MP, HMP, AMP and the diphosphonate IDMP onto goethite at as a function of pH using an exc

phosphonates (bottom) and an excess of surface sites (top). Conditions (all phosphonatat):(88tfom) and 9.8.M (top), 0.42 g/L goethite, 0.01 M NaNO
The lines are calculated with the constants from Tables 2 and 3.

for NTMP. The adsorption isotherms were also modeled usikMP adsorption corresponds to approximately half of the
log K values from the pH dependence experiments and do hbt binding sites. AMP is unlike the other two monophos-
involve further adjusting of the parameters. phonates. Because of its amino group, the dianiofi ) to
Adsorption isotherms for MP, HMP, and AMP at pH 7.2a monoanion (H ) transition in solution occurs near pH

are shown in Fig. 5a. MP reaches a surface coverage of Bl) several log units higher than for MP and HMP. As
mumole/g, and HMP reaches a surface coverage of 8Bown in Fig. 5a, AMP adsorption is substantially lower
umole/g. TheS; value reported earlier (58M) corresponds than for the other two monophosphonates. Adsorption dat
to 140 umole H'/g. Thus, the maximum extent of MP andfor all three monophosphonates are successfully modele
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FIG. 4. Adsorption of the polyphosphonate HEDP, NTMP, EDTMP, and DTPMP onto goethite at as a function of pH using an excess of phospht

(bottom) and excess of surface sites (top). Conditions (all phosphonates)lgottom) and 9.8uM (top), 0.42 g/L goethite, 0.01 M NaNQOThe lines are
calculated with the constants from Tables 2 and 3.

using stability constants derived from adsorption versus pHFor the three remaining compounds, maximum extents c
experiments (4QuM total phosphonate). adsorption continue to decrease as the number of phosphon:

As shown in Fig. 5b, adsorption of the diphosphonate HED@oups is increased: NTMP (one amine group, three phosph
and the aminodiphosphonate IDMP rises sharply as their carate groups)> EDTMP (two amine groups; four phosphonate
centration is increased, but reach maximum extents of adsogpeups) > DTPMP (three amine groups; five phosphonate
tion that fall short of values observed for MP and HMP. Lowgroups). The adsorption isotherms are well represented by t!
concentrations of HEDP and IDMP do, however, yield highenodel calculations shown in Fig. 5b.

extents of adsorption than AMP. Maximum extents of NTMP adsorption (Fig. 6) decrease a:
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@]
A MP  ooon
0 -

adsorbed phosphonate [Lumol/g]

T T T T T T

0 5 10 15 20 25 30 35
dissolved phosphonate [uM]

o

70

adsorbed phosphonate [LLmol/g]

1L) 1]5 26 2‘5 30 35
dissolved phosphonate [uM]

Experimental data and model lines are shown. (a) Adsorption of the mono-
phosphonates MP, HMP, and AMP at pH 7.2. Conditions: Goethite 0.42 g/L,
1 mM MOPS-buffer, 0.01 M NaN@ The lines are calculated with the
constants from Tables 2 and 3. (b) Adsorption of the polyphosphonates IDMP,
HEDP, NTMP, EDTMP, and DTPMP at pH 7.2. Conditions: Goethite 0.42~=
g/L, 1 mM MOPS-buffer, 0.01 M NaN@ The lines are calculated with the
constants from Tables 2 and 3.

NTMP [pmol/g

the pH is increased: 50mol/g at pH 3.0, 42umol/g at pH 4.6,
30 umol/g at pH 7.2, and «mol/g at pH 10.4. Calculated lines 5
included in Fig. 6 indicate that the adsorption isotherms ar€
very successfully modeled using stability constants derive@
from adsorption versus pH experiments. =

DISCUSSION

Ideally, a quantitative model for predicting phosphonate
adsorption should accurately depict: (i) the protonation behav
ior of unoccupied and occupied surface sites, (ii) the electricgg
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the phosphonate molecule and the surface, along with deta
80 concerning the monodentate versus multidentate and the mon
nuclear versus multinuclear nature of the surface complex; ar
(iv) the protonation level and net charge of the phosphonate
surface complex. It must be kept in mind, however, that sever:
of the system attributes just listed are either inaccessible e:
perimentally or available only through indirect means anc
through inferences made about system chemistry. All model
are provisional, and most models contain enough fitting pa
rameters that adsorption data can be adequately modeled e\
though the system is not depicted correctly.

In the present work, different TOTL (total phosphonate
concentration) values pose different challenges for interprets
tion and quantitative modeling. To highlight these challenges
adsorption as a function of pH is replotted in Figs. 7a and 7l
for five phosphonates possessing one, two, three, four, and fi
phosphonate groups. At 30M TOTL (Fig. 7a), surface sites
80 are in excess and nearly 100% adsorption is observed belc
pH 8.0. Adsorption of MP decreases somewhat more sharp
than the others as the pH is increased to 12.0, but the similari
60 in adsorption behavior for IDMP, NTMP, EDTMP, and DT-
PMP is quite striking. At pH 9, for example, the extent of
adsorption for these four phosphonates is virtually the sam
despite an enormous dissimilarity in the protonation level an
net charge of the predominant species in bulk solution? HL
for IDMP, HL® for NTMP, H,L® for EDTMP, and HL® for
DTPMP.

At TOTL concentrations of 4QuM (Fig. 7b) and above
(Figs. 5 and 6), phosphonate molecules and surface sites ¢
‘ present at comparable concentrations. The maximum extent

phosphonate adsorption decreases as the number of phosp
nate function groups is increased. In contrast to the behavior
FIG. 5. Adsorption isotherms of phosphonates onto goethite at pH 7.20-uM TOTL, adsorption as a function of pH at 4M TOTL

70

LmBy
o
T
b
=N

O-0-oTg oo g
T T

5 10 15 20 25
dissolved NTMP [puM]

30

35

FIG. 6. Adsorption of NTMP at different pH values. Experimental data
and model calculations are shown. Conditions: 0.42 g/L goethite; pH 3
. . o - _ e dition of HNQ; pH 4.6, 2 mM acetate-buffer; pH 7.2, 1 mM MOPS; pH
potential gradient and distribution of ions within the (hydr)oX10.5 NaoH: 0.01 M NaN© The lines are calculated with the constants from
ide—water interface, (iii) the number of bonds made betwegables 2 and 3.
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successfully applied in 0.010 M NaN@34). The capacitance
at 0.01 and 0.1 M NaN©was found to be nearly identical (35).

Depicting phosphonate adsorption within a CCM is much
more of a challenge. Our approach: (i) considers only monc
nuclear surface complexes, (ii) assumes that the entire char
of the phosphonate-surface complex should be assigned to t
zero plane, and (iii) uses multiple protonation levels and cor
responding logK values to fit adsorption as a function of pH.
How appropriate are each of these assumptions? At low surfa
coverages, assumption (i) should be relatively unimportani
since free surface sites are plentiful. This assumption will
however, be problematic at high surface coverages if adsorb
phosphonate molecules actually occupy two or more surfac
sites. Assumptions (ii) and (iii) are strongly interconnected
Protonation level affects charge, and charge affects the natu
of the (hydr)oxide—water interface.

As the figures presented so far indicate, assumptions (i)—(ii
lead to a simple model that quite adequately depicts phosph
nate adsorption as a function of pH and TOTL. Inspection o
the adsorption constants developed using this model (listed |
Table 3 for all eight phosphonates) is also informative. Com
plex formation constants listed in the first row correspond tc
the lowest possible protonation level,

adsorbed phosphonate [uM]

o

=FeOH+ L* + H* & =FeL @Y~ + H,0

[=Fedl @]

K [=FeOH [L*T-[H'T .

adsorbed phosphonate [LM]

while the following constants correspond to the protonatior

reactions
FIG. 7. Comparison of the adsorption of the monophosphonate MP and
the polyphosphonates IDMP, NTMP, EDTMP, and DTPMP onto goethite at EFe-LHga*”*D* & =FelH@" + HT
9.8 uM and 38.7uM total phosphonate with model calculation according to
Tables 2 and 3. Conditions: see Figs. 3 and 4. " [EFeLHgi*l”)*] “H*t .
n,surf [EFe-LHff“”‘l)‘] , [3]

results in a very gradual decrease in adsorption as the pHW'FS]ere—Iog K, e iS €qual to thepK, . of the surface com-

increased from 3to 12. When TOTL is high, the higher fractlonlexes and allows a comparison to thé,p, of the phospho-

of surface sites occupied and the negative 9harg.e depositiorﬁ%?es in solution. The overall complex formation consfant,
the surface through phosphonate adsorption disfavor adsolg)aeﬁned as ’

tion of additional phosphonate molecules. From a modeling

perspective, however, it is not clear whether the area occupied .

by each phosphonate molecule arises from (i) the mono-, di-, or 10g Brsur = 109 K surt + ZPKpsur [4]
tri-nuclear properties of the surface complex, or (ii) the charge
of the surface complex, which in turn is affected by its proto-
nation level. The fact that the maximum extent of NTMP

Bn.sut IS therefore defined as

adsorption (and by inference, all eight phosphonates) changes B _ [=FeL-HR "] [5]
as a function of pH indicates that area occupied, protonation nsut T [=FeOH] - [L&] - [H™ ]

level, and charge of the surface complex are strongly interde-

pendent. We can now ask if there is a relation between theKognd

The CCM model provides an accurate depiction of protontie number of phosphonate groups. A plot of the number o
tion level of the free goethite surface as a function of pH ifunctional groups against lo§ shows a linear behavior (not
0.10 M NaNQ medium (27). The CCM model has beershown). We can also express this fact in terms of the charge
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nylphosphonate adsorption onto aged@J was found to be
6.64, which can be compared to the value of 6.06 for MF
adsorption and the value of 5.9 for HMP adsorption ontc
FeOOH (goethite). In their study involving AIOOH (boeh-
mite), Laiti et al. (14) modeled phenylphosphonate adsorptior
using a binuclear surface complex. T, .+ Of the surface
complex was 6.97, which is again very close to our values fo
MP and HMP adsorption onto FeOOH (goethite).

Our study provides the opportunity to compare the adsory
tion of compounds with an increasing number of phosphonat
groups. The loK values of the surface complexes increase

e ‘| with increasing charge. This is probably an indication that

B R assignment of charge within the (hydr)oxide—water interface
) has not been done correctly. If some of the charged groups:

charge of the surface complex an adsorbed phosphonate molecule extend out into bulk wate

FIG. 8. Plot of the charge of the surface complex againstHognd log fOr €xample, their associated charge should not receive tf
Bnsu for all studied phosphonates (except AMP). The lines are the linegaame electrostatic correction that is applied to groups located
regressions for each surface protonation level the zero plane.

Is another modeling approach possible at this time? Figur

7a (10uM TOTL) suggests that adsorption of IDMP, NTMP,

the surface complex that is formed. Figure 8 shows a plot of tE®@TMP, and DTPMP is fundamentally similar, yet distinct
charge of the surface complex versus the fog, values. For from MP. To account for this, we could postulate that two
each protonation leveln], a linear relationship between thephosphonate groups should be assigned to the zero plane, w

n,surf

log K or log 8

Bnsur @nd the charge of the complex exists. any additional groups (including amino groups) assigned t
bulk water. Thus, two groups would receive the electrostati
LogBrsut=a+b-Z [6] correction imposed by the CCM model, while additional

groups are dealt with using the Davies equation. Figure 7b (4

whereZ is the charge of the surface complex. Both the intettM TOTL) suggests that NTMP, EDTMP, and DTPMP adsorb
Cepta and the S|opd) are also |inear|y dependent ah By in the same way, yet IDMP and MP must be treated d|fferent|y

using a multiple linear regression, we can come up with tHé& account for this, perhaps we could postulate up to thre
equation { = 0.999) phosphonate groups at the zero plane, with additional grouy

assigned to bulk water.
I0g By e = 11.45+0.33) — 2.53+0.07) - Z _V_\/hen Con_structin_g such a model, we run i_nto a prgctica
' difficulty: which particular functional groups (with associated
+7.3(*+0.11)-n— 0.46(+0.03):n-Z [7] pK, values in solution) should be assigned to the zero plane
and which should be assigned to bulk water? Should th
where the log3,, .. is solely dependent on the chargef the highestpK, groups be assigned to the surface (their high
surface complex. This is a surprising result because it medrasicity yields the strongest ¥ehosphonate bonds) or to
that regardless of the number of phosphonate groups and thweitk water? However these assignments are madek J@g.
3-dimensional arrangement, the lsgand log B,..: for one values still would be treated as adjustable parameters, sin
surface protonation level of any phosphonate-surface compfanoximity of surface-bound Fecan still induce deprotonation.
are only dependent on the charge of the formed surface comin parallel with the development of this alternative model,
plex. The logK,.. values are therefore independent o&dditional adsorption experiments should also be conducte
corresponding lodf ., values in solution. This can be seen fothat explore the interrelationships between numbers of pho:
the two diphosphonates HEDP and IDMP which have almgshonate groups, their spacing within ligand molecules, ani
the same lodK (18.8 and 18.91) and |06, .. (25.0 and 25.03) their adsorption behavior. Molecules with sufficient numbers
despite quite different lod,.;, values in solution (10.14 and of anionic groups (e.g., NTMP, EDTMP, DTPMP) might be
11.29). appropriately treated as “polyelectrolytes.” Such molecule!
Laiti et al. (13) determined the adsorption constant for theery likely protonate in a diffuse, cloud-like way, for example.
adsorption of phenylphosphonate (a monophosphonate) omtee use of SF theory, where a lattice representation is used
aged ALO;. The logK values cannot directly be compared t@ccount for the placement of charge at progressively great
our values because a different oxide with different surfackstances from the surface (36) might give the most realisti
parameters was used. pH values where protonation—depratescription of the system.
nation occur may, however, be comparatp,; s.. for phe- Despite all these limitations of the used model, we can us
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10.
11.

12.
13.

NTMP adsorbed [uM]

14.
15.

FIG. 9. Predictive modeling of phosphonate adsorption. Prediction .
NTMP adsorption based on Eq. [7] with the experimental data from Fig. 4. The
range of adsorption based on the error of the coefficients in Eq. [7] is showaA.
in dotted line. 18.

19.
20.

Eq. [7] for a successful predictive modeling of adsorptiofl:
behavior. If we calculate the log values for NTMP adsorp-
tion and then calculate the adsorption for the 4@ experi-

ments, we can predict the adsorption behavior very well. Figs
ure 9 compares the calculated adsorption curve with the
experimental values. The highest discrepancy exists at low pH,
where the error of the calculated ldg becomes significant. 24.
However, all data points are in the range of the Kbgalues 25

predicted by the error of Eq. [7]. -
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