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We investigated the phosphate(P) adsorption mechanisms at the
ferrihydrite—water interface as a function of pH, ionic strength (1),
and loading level, using a combination of adsorption envelopes,
electrophoretic mobility (EM) measurements, and attenuated total
reflectance Fourier transform infrared (ATR-FTIR) spectroscopy.
The P adsorption envelopes show that: (1) adsorption decreases with
increasing pH 3.5-9.5 and (2) adsorption is insensitive to changes
in I at pH 4-7.5, but it slightly increases with increasing | from 0.01
to 0.8 at pH > 7.5. The EM in 0.1 M NaCl decreases with increas-
ing P concentration from 0 to 50 xmol L1 at pH 3-9. The results
of these macroscopic studies suggest the formation of inner-sphere
complexes. The ATR-FTIR investigation shows that inner-sphere
surface complexes are nonprotonated, bidentate binuclear species

greatly affect the reactivity, speciation, mobility, and bioavail
ability of P. Because adsorption to mineral surfaces is one
the most important rate-limiting factors controlling P release i
subsurface environments, it is vital to study the mechanisms
P adsorption on naturally occurring soil minerals.

Many researchers have investigated P adsorption mechanis
on major soil minerals (e.g., iron oxides) using in situ/ex sitt
Fourier transform infrared (FTIR) spectroscopy. While the pre
dominant formation of inner-sphere bidentate binuclear con
plexes on ferrihydrite, goethite, lepidocrocite, and hematite we
suggested by several researchers (3-8), the inner-sphere m
odentate mononuclear complexes at the goethite surface w
later proposed (9).

(=Fey,P0Oy4) at pH > 7.5 and could be associated with Na* ions at P
loading levels of 0.38 xmol m=2. At pH 4-6, protonated inner-
sphere complexes are proposed at the loading levels between 0.38
and 2.69 umol M2, ©2001 Academic Press

Key Words: phosphate; adsorption; ionic strength; ferrihydrite;
surface complexation; electrophoretic mobility; ATR-FTIR.

An important factor accounting for the differences in the pro
posed P surface complexes on iron oxides between the pre
ous studies may lie in the use of (i) different FTIR technique
(e.g., in situ versus ex situ FTIR spectroscopy) and (i) differer
data interpretation processes (e.g., molecular symmetry assi
ment of adsorption complexes based on asymmetriibration
or peak position comparison with iron phosphate model con
plexes). Evidence of inner-sphere complexation in the ex si
(dry and severely evacuated sample conditions) studies has b

) questioned by many researchers due to the possible creatior
In the past few decades, excess P has been recognized ggifacts (i.e., a structural alteration by drying the residual ac

nonpoint-source agricultural pollutant throughout the world dugypate and removal of entrained water). In situ spectroscoy
to the overapplication of both synthetic and animal based fertiyestigations are preferred, because the colloidal interfaces
izers (1, 2). In 1996 the USEPA reported that more than 50% @ftyral settings contain water and are at atmospheric press
freshwater eutrophication is attributed to agricultural nutrien(&o)_ Comparing the peak position between adsorption cor
such as P. Eutrophication as well as the overgrowth of cyanobﬁrexeS and model complexes to assign the type of surface co
teria due to the excess P in recreational, industrial, and drirﬂqexeS can be problematic because the peak position could of
ing water could greatly threaten human and ecological healiit due to different reaction conditions (e.g., loading level, pH
Therefore, the fate and transport of P in soil/water environmerfsd moisture content) (3, 6, 8, 12). The molecular symmeti
must be well understood to design effective remediation stralfssignment of adsorption complexes based on the asymme
gies for reducing negative impacts on aquatic/terrestrial enyinration has been preferably used in recent vibrational spe
ronments. Various abiotic and biotic factors (pH, redox, io”iﬁoscopic studies to investigate oxyanion (arsenate, carbonz

strength, adsorbenttype, percentage organic matter content, tﬁmjsphate, selenate, and sulfate) adsorption mechanisms at
perature, concentration, competitive adsorbates, solubility progimeral-water interface (9, 11-15).

uct effects, and nonreductive/reductive dissolution of adsorbate)rne two-line ferrinydrite (FH) (an amorphous hydrous ferric
oxide) was chosen in this study because (i) it commonly forrmr

1To whom correspondence should be addressed. E-mail: ugarai@udel.d8uSOils and sediments (16-19) and (ii) its strong adsorptic
Fax: 302(831)0605. capacity for P (20, 21) has implications in P agrogeochemic
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cycles in the environment. The presence of P ligands at tbally adjusted with 0.1 M HCl or NaOH. After equilibration, the
FH surfaces are known to retard the transformation of FH intabes were centrifuged at 3000 rpm for 10 min. The pH of the st
crystalline phases like goethite (22, 23) and might also inhilpernatant was measured. The filtered supernatants were pas
reductive/nonreductive dissolution reactions of the FH. The réwough a 0.2¢:m Supor 200 filter and analyzed for dissolved F
ductive or nonreductive dissolution inhibitory reactions havwesing the modified molybdenum blue method (29, 30).

been documented for P adsorbed on lepidocrocite and goethite

surfaces (24, 25). Since the P surface speciation on FH sklectrophoretic Mobility Measurements

faces has been only investigated via ex situ FTIR spectroscopierg assure accuracy of the EM measurements, a Zeta-Me

analysis (7, 26), the reaction dynamics of P ligands at thep system (Zeta Meter, Inc., New York) was calibrated by me:

FH-water interfacial environments are not clearly understocghring a constant zeta potentiatZ9+ 1 mV) of Min-U-Sil
Therefore the objective of our study was to investigate P S{l’e., standard colloidal silica) in distilled water. Freeze driec

face speciation (i.e., P surface complexation and the protonatjgn (suspension density) = 0.4 g L) was hydrated in 30 ml
environment) at the FH-water interface using in situ, attentgt 9 91 M NaCl solution, and ultrasonified for 2 min at 60 W.
ated total reflectance (ATR)-FTIR spectroscopy. Phosphate shkz pH was adjusted to the desired pH values (4, 4.75, 5.5, 6.
face complexes are proposed based on the molecular symmetry 5 g 5 ang 9.25) by adding 0.1 M HCl and 0.1 M NaOH
assignment via Gaussian profile fit analysis of phosphate after 24 h of equilibration, the mineral suspensions were reacte
vibrations. Additionally, the in situ spectroscopic analyses Wey&in 20 mil of sodium phosphate solutions (62.5 or }2%ol
complimented with macroscopic investigations such as adsofp-1) gyer the same pH and I to provide initial P concentrations c
tion envelopes as a function of ionic strength (I) and elegs 59 5Qumol L1, After 48 h of equilibration, approximately

trophoretic mobility (EM) measurements. 10 ml of well-mixed suspensions were inserted into the elec
trophoretic cell. Tracking time measurements of particle move
MATERIALS ment were repeated for 10 particles. The average value was us

) ] ) . ] to estimate the EM values using the Helmholtz—Smoluchows|
The two-line ferrihydrite was synthesized according tgquation (31).

Schwertmann and Cornell (27). Forty grams of ferric nitrate
were dissolved in 500 ml deionized water. The pH of the s&ample Preparation for the ATR-FTIR Analysis
lution was titrated to pH 7.5 and maintained at this pH value
for 45 min by addition ®1 M NaOH. The FH precipitate was : X . )
washed with deionized water and the supernatant was decar? & ;tudled_as a functlon_g F() pH (4-9) at constant loadin
: : . : . vel (i.e.,I' = 0.38 umol m™—<) and (ii) P loading level (0.38—
after centrifugation. This was repeated until the nitrate concef- 9 umolm-2) at constant pH4 and 7.5. Hydration and pH
tration was reduced to below 0.003 mmol. The FH pastewasthf ‘i ts of the FH pr4 - Y lished pH
freeze dried prior to the adsorption experiments. The ﬁve-poirﬁ%,luS ments of the suspensions were accomplished usi
Brunauer—Emmett—Teller (BET) surface area was 26@Th. t

e method described in the adsorption envelope section. The
The point of zero salt effect (PZSE), as determined by the potéﬁi—l suspension density of 1 gtand I=0.1 M NaCl were used
tiometric titration method (28), was 8. Powder X-ray diffractio

in all experiments. A monodentate mononuclear iron phospha
(XRD) analysis revealed the diagnostic, two peaks for two-li q) reference complex (1.5 M FeBH,0, 0.75 M NaHPG,
ferrihydrite (0.24 and 0.15 nm).

Infrared spectra of adsorbed phosphate on the FH surfa

and [OH]/[Fe]= 1) was prepared based on the study by Ros
et al. (32) to aid in IR spectra data interpretation. The sodium |
solution complexes (0.1 M N&lPQ, in 1 M NacCl) at different
pH values (1.3, 4.8, 8, and 12.8) were also prepared follow
ing the method described in the study by Tejedor-Tejedor ar
Anderson (8).

Phosphate adsorption envelopes were investigated at differAdsorption samples for pH4 and 7.5 under the 0.38 and/c
ent solution ionic strengths (0.8, 0.1, and 0.01 M NaCl). A N2.69 umolm~2 loading level were also prepared in® un-
filled glove box was used to minimize the pH shifts in the atmaler the same reaction conditions above. The preparation of t
spheric CQ partitioning. Twenty milliliters of FH suspensionsreagents (0.1 M NaCl and 2 mmol péP0O,) and the P adsorp-
(0 = 2 g L™1) were transferred to 50 ml Nalgene high speetion experiments in BO were performed in the Nilled glove
centrifuge tubes. A total of 10 samples were prepared for edobx. The FH was hydrated in the 20 ml 0.1 M NaCl in@
value of I. After 2 min of ultrasonification at 60 W, pH valuedor 3d. After the hydration, the pH of the suspension was ac
were adjusted to provide a range of 3—10 with addition of 0.1 Msted to 4 or 7.5 for 24 h with 0.1 M DCI and NaOD. The P
HCl or NaOH. The samples were shakenat 150 rpm at2BC stock solution (pH4 or 7.5 and4 0.1 M NacCl) was added to
for 24 h. Next, the samples were spiked with 20 ml of 1.4 mmdthe mineral suspensions, and then the pD was periodically a
P stock solution over the same pH range and | to provide arsted for 48 h. The samples were recovered by the centrifug
initial P concentration of 0.7 mmol. The samples were shakéon method described above, and the paste was recovered in
on an orbital shaker at 150 rpm for 24 h. The pH was periodi, glove box. To minimize the partitioning of the atmospheric
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hydrogen, the paste was quickly loaded on the ATR-FTI&d 7.5, whereas the adsorption increases with increasing |
trough and it was continuously purged with Buring the FTIR pH > 7.5. lonic strength independent P adsorption behavior ¢

analysis. soils (New Zealand loamy soils) and soil components (kaolir
_ ite, montmorillonite, illite, and goethite) have been reported b
ATR-FTIR Analysis several researchers (33-39).

ATR-FTIR data collection was conducted on a Perkin-Elmer OXyanion adsorption onto variable charge mineral surfac
1720x spectrometer equipped with apurge gas generator and™aY form inner-sphere complexes (via Ilggnq exchapge) and/
a MCT detector. ZnSe and Ge horizontal crystals @sgle of outer-sphere complexes (via electrostatic interaction). The

incidence) were used for the adsorption samples and the P s§fffacé complexes can be indirectly distinguished by the | e

tion samples (sodium phosphate and iron phosphate solutiofig§ts on the adsorption envelopes (40). Inner-sphere comple;

respectively. A total of 500 coadded spectra were collected - S€lenite) are insensitive to changes in |, while outer-sphe
the adsorption samples at a resolution of 2&nand a total of COMPlexes (i.e., selenate) are sensitive to the changes in | |
150 coadded spectra were taken. cause of competition with counter anions in the backgroun
All spectra were ratioed against the spectra of an empty c&IECtrolytes. Based on this argument, we can suggest the f
Subtraction of the spectra was performed to obtain all final spdfation of P inner-sphere complexes at pH 3-7.5. We, howev:
tra. For example, the final spectra were obtained by subtractfiig "0t have a straightforward explanation for the increase
the spectra of the entrained solution and the FH paste or tHE P @dsorption with increasing | observed atpi.5. Barrow

background solution from the spectra of reacted samples (i@ &/- (33) also observed these unique P adsorption phenome
t the goethite—water interface at pHi.3. The data were later

P adsorbed iron oxides or P solution, respectively). All speg! "€ X i
tra were normalized with respect to the highest absorbance §4p!ained using the quadruple-layer adsorption model (41), b

~1020 cntl) of each sample. Since ATR—FTIR spectra Sud\_/chride (42) poin_ted out thgt the model is not suited to explqi|
traction was done at the slope of the absorption band of tmg anion adsorption behfa\wor due to the use of the hypothetic
ferrihydrite (<1100 cmd), it is difficult to preserve the Ry flttlng parameters. The diffuse double Igyer theory can also |
vibration at<800 cn'! if present. Therefore the changes in thgonsidered. Decreased double layer thickness due to increa

P v3 vibrations are mainly discussed in Results and Discussidr2lloWs the P ions to approach closer to the negatively charg
surfaces, where they form inner-sphere complexes via ligand e

change mechanisms. Inner-sphere adsorption, however, sho

RESULTS AND DISCUSSION not be influenced by either the thickness of the diffuse doub
layer or the repulsion force because the specific adsorption i
lonic Strength Effects on Adsorption Envelopes volves direct coordination to discrete surface metal cations (4-

) o Instead, McBride suggested the simple mass action princif
Figure 1 shows the effects of ionic strengt? on P adsorptigh explain the unique P adsorption phenomena. The principle
envelopes. Approximately 70%=(.85.:mol m™<) of P was re-  gimilar to the constant capacitance model described by Goldbe
moved at pH= 4 at _aII l, ar_1d the n_et adsorption d_ecreased 10 30%pqg Sposito (43). The surface electrical potential correction ter
(=0.8umol m~2) with pHincreasing up to 9.5 (Fig. 1). The P adis jgnored by assuming that any inner-sphere and outer-sphe
sorption appears to be insensitive to changes in | between pH 3gointer ions are adsorbed to balance the surface charge cre
in the process. In the case of high I, the negatively charged s

faces created by the inner-sphere P adsorption are likely to

2 neutralized by co-adsorption of cations (i.e.,")lérom indif-

- Og ferent el_gctrolytes. Therefor_e, higher electro_lyte Conc_entratiOI
E o o=08 || May facilitate the P adsorption via the following reaction:
g ‘ A o of 01=0.1
2 % ¥ 5° N a1=001| | =Fe-OH+Na'+HPCO; —>=Fe-O-PO;H------ Na' 4 H,O0.
o o
E’ = & EUDUE&@ . . . .
2 Bo o In fact, there is macroscopic evidence to support this theor
= T g Do g Nanzyo (26) reported that sodium adsorption was significant
§ 08 T S enhanced from 0.76 to 1.84mol m~2with increasing P adsorp-
E A4 tion from 0 to 0.8umol m~2 on iron hydroxide gel at pE 10.

04 Accordingly, our P adsorption envelope data suggest that

predominantly forms inner-sphere complexes at the FH—wat
interface at pH4-9.5. No conclusive statements can be ma
based on the macroscopic data. We therefore performed the E

FIG. 1. lonic strength effects on P adsorption envelopes at the FH-wafdleasurements and ATR-FTIR analysis of P adsorption at t
interface. FH—water interface.

3.5 4.5 5.5 6.5 7.5 8.5 9.5
pH
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N
I

tates, which might alter the charge properties of the FH. How
o] O 0 pmol ever, speciation calculations in MINEQL(47) predict that all
o samples were undersaturated with respect to FeRPB,O(s).
O 25 pmol The EM measurement results are consistent with the resu
of the | effects on the P adsorption envelopes discussed in t
A o previous section. It is, however, difficult to suggest molecula
° o A sopmol  oqie adsorption mechanisms based on our macroscopic d
o alone (the adsorption envelopes and the EM measurement
We therefore performed ATR—FTIR spectroscopic analyses
A A o investigate the molecular scale P surface speciation at the Fi
-3 : . . . . ' water interface.
35 4.5 5.5 6.5 7.5 8.5 9.5

PH ATR-FTIR Analysis

FIG. 2. Elect.rophoretic mobility measurements on the FH with/without 25 (A) Theoretical IR vibrations of phosphoric acidA tetrag-
and 50umol sodium P solution. . - .
onal penta-atomic molecule (e.g., ﬁ-“@exmblts four different
vibrations (i) the symmetric stretching?(, v;), (ii) the sym-
metric bending E, vy), (iii) the asymmetric stretchingH; vs)
and (iv) the asymmetric bendin& (v4). Thev, (nondegenerate
The EM measurements showed that the presence of 25 agthmetric stretching) and thg (triply degenerate asymmetric
50 umol P in 0.1 M NacCl solution lowered the EM betweerstretching) vibration can be utilized to understand not only th
pH 4 and 10 and shifted the isoelectric point (IEP) of the soliholecular symmetry of the phosphoric acid (P) but also the cc
from =8 to <4.0 (Fig. 2). Charge reversals in EM and shiftordination environments of the P adsorption complexes on met
in IEP due to P adsorption to hematite and goethite have bemide surfaces. Infrared spectra of P have been extensively i
previously reported (8, 44). vestigated by several researchers (8, 9, 48, 49). Phosphate
According to Hunter (45), the EM measurements are usgeveral pk, values (pk = 2.20, pK; = 7.2, and pk = 12.3)
ful not only in obtaining isoelectric points for colloidal materi<(50), and the protonation significantly affects the P molecule
als, but also in indirectly distinguishing inner-sphere complexeymmetry. In Table 1, we have summarized (i) the molecule
from outer-sphere complexes. Nonspecific ion adsorption of isymmetry and (ii) the number and the position of theand
different electrolytes outside of the shear plane (i.e., formatiog vibrations of the phosphoric acid at different pH values re
of outer-sphere complexes via van der Waals forces) generdilyrted in previous studies. Figure 3 shows the IR spectra of
does not affect the IEP, but it could cause shifts in the valgelution species which are reproduced based on Tejedor-Tejec
of EM if the concentrations of indifferent electrolyte are higland Anderson’s research (8).
(45). The shear plane is at the outer edge of the inner part ofully deprotonated phosphoric acid (E’Oat pH 11 has T
the double layer and near the outer Helmholtz plane or the Stestmmetry. This tetrahedra molecule shows a singisymmet-
layer, depending on the models used to describe the interfaigal vibration (F;) at =1006 cnt?, and there is no activation
(45). Inner-sphere complexes generally cause shifts in both IBPthe v; vibration (Fig. 3). Monoprotonated (HBO) species
and EM due to specific ion adsorption inside the shear plahave Gy, symmetry and thes vibration splits into two E and
(45). In some cases, however, inner-sphere adsorption doesAgtat =1077 and 989 cmt. There is alsa; band activation
significantly affect the EM and IEP of the pure solid suspensi@t =850 cnt . Further protonation results in the formation of
(45, 46).
Based on the information above, our EM measurements sug-
gest the formation of inner-sphere complexes for P at pH 4- g
As mentioned above, EM can be shifted by physically adsorb "/L
anions such as chloride. Moreover the chloride concentrati ,
was the same in all EM measurements, so if physical adso§ 3
tion of chloride is outcompeting the formation of outer-spherg
P complexes, we should observe the same EM values for ' 3
systems containing 0.1 M NaCl regardless of P being present¥ - g 5 .
o . . g S pH 4.8, H PO, (C.)
not. This is not the case (Fig. 2). Therefore, our experimenig S = 2o
evidence (shifts in IEP and EM with 25 and %@nol P and = A_//%\w pH 1.3, H PO, (C,)
0.1 M NaCl) suggests that P is specifically adsorbed (i.e., forr
inner-sphere complexes) at the FH—water interface.
Another explanation for the observed EM shift of the P-FH
samples is the formation of iron—phosphate (surface) precipi- FIG.3. ATR-FTIR spectra of phosphoric acid at different pHs.
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TABLE 1
Position of IR Peak Maxima of Phosphoric Acid, P Adsorption Complexes on Iron Oxides, and Ferric Phosphate Solution Complexes

) Infrared active band positions (crh)
Species, symmetry, and

reaction conditiorfs 1100 1000 900
PO}~ (aq), Ty (This study) 1006¢3)
HPOf[ (ag), Gy (This study) 10773) 989(3) 850(v1)
H2PQ; (ag), Gy (This study) 1160(3) 1074(3) 940(@v3) 870(3)
H3POy (aq), Gy (This study) 117943) 1006@3) 888(1)
Reference monodentate mononuclear complexes
Co(NHg)sPQy, Cay (3) 1030¢3) 980@3) 934(v1)
Reference bidentate binuclear complexes
(CH30)%PG;, Coy (3) 1220¢3) 1110@s3) 1050@3) 815(1)
Co(NH,CH2CH2NH2)POy, Cyy (3) 1085f3) 1050@s3) 915@3) 900(@1)
Goethite-P (paste) (8)
pH 4.5, 2.35 umol m—2 1121@3) 1044(shoulder) 1004 bands) Peaks 940 cn! cannot be identified
due to the absorption bands of goethite
pH 4.5, 1.85:mol m—2 1095@3) 1044¢3) 1004@3)
pH 4.5, 1.23:mol m—2 1097@3) 1044 1004 (shoulder)§ bands)
pH 5-8.4, 1.85-2.3@mol m~2 =1100@3) =~1040@3) =1006@3)
Goethite-P (in suspension) (6)
pH 3.6-5.1, 1.25-2.5mol m~2 =1100¢3) =1000¢3)
(Not well defined) (Not well defined)
pH 8.1-9.7, 0.63-1.2amol m—2 =1080@3) =1040@3)
Ferric phosphate monodentate mononuclear solution complexes
FeH,PO, or FeHPQ (8) pH 1, 14 mmol 117Q(6) 1077@3) 980(3)

H3POy, 0.8 mmol Fe(ClQ)s,
0.1 M HCIQy, 0.25 M NaCIQ

pH 1, 14 mmol HPQy4, 0.8 mmol Fe(NQ)s, 1149¢3) 1085@3) 960(3)
0.1 M HNG;3, 0.25 MNaNQ (8)
Ferric phosphate monodentate mononuclear 1695(1034@3) 986(v3)

(This study based on Ros¢al,, (55))

@ References are given in parenthesis.

diprotonated phosphate (i.e.pPi0;), which leads to a reduc- plexes (CHO),PQ, (C,,) and Co(NHBCH,CH,NH3)PO,(Cyy)
tion in the symmetry from g, to the G,. Thevs (E) vibration based on the studies by Kumamoto and Lincoln and Stran
splits into two bandsE,; and B,), therefore, there are a total of(3, 51, 52). The number of thg vibrations in these complexes
threevs bands By, By, andA;) at=1160, 1074, and 940 cmh.  is in good agreement with the predicted numbers based on t
The v, vibration shifts to higher wavenumber 28870 cnt!. molecular symmetry (& or Cy,) (Table 1).
At pH=1.3, the symmetry of the dominant phosphoric acid We can apply the concept of molecular symmetry as relate
species is BP0, (Csy) and the spectrum shows doubleisgnd to changes in the; and vy vibrations to P adsorption com-
A,) of the v vibration at=1179 and 1006 cmt. In summary, plexes on metal oxide surfaces. If orthophosphate ionﬁ(PO
the numbers of the; vibration are two for the &, symmetry are coordinated with metal ion(s) at the hydroxide surface &
and three for the & or lower (G) symmetry. The results of the forming inner-sphere complexes, one should observe a red
P IR spectra are in good agreement with the studies by Chapntian in symmetry with respect to the free aqueouﬁP(]’d).
et al. (48) and Nakamoto (49). As the symmetry lowers fromglto Cs, and to G,/C4, the triply
The peak positions of several P model compounds and P ddgenerates vibration splits into two or three bands, and the
sorption complexes at iron oxide—water interfaces based onniondegenerate vibration shifts upon the changes in coordina-
situ FTIR studies are also summarized in Table 1. Althoudlon environment (49). If P ions form outer-sphere complexe:
the band positions significantly differ between different P conthe v3 vibration of the free P ions at the same pH should b
pounds, the numbers of bands with respect to the symmetry ahéfted slightly due to slight distortion in adsorbed P molecule
consistent. This is also true for other P model compounds rga van der Waals forces, but there should be no influence on't
portedin Table 1. Atkinson and coworkers reviewedth@andvs number ofvs vibrations.
vibrations of the reference, monodentate mononuclear complexio investigate the P surface complexes at the FH—water i
Co(NH;)sPOy (Csy), and the reference bidentate binuclear conterface, we first compared the IR spectra of adsorbed spec
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” of the G, or C; symmetry species. The presence of thevi-

o e g bration at pH> 7.5 will be discussed later. Overall, there are nc
=4 / significant changes in the IR spectra of the P surface complex
8 with changing pH, but the molecular symmetry seems to rema
§ / pH 9 C,y or lower (Fig. 4). Itis clear that the inner-sphere adsorptiol
S of P causes the reduction in the molecular symmetry frgm T
2 / pH82 (POf’() to G,y or lower. If the symmetry reduction is caused only
§ pH7.5| Dby protonation, as would be the case for outer-sphere adsol
S tion, then thevs vibrations should appear at similar wavenum-
g pHE bers for the dominant phosphoric acid species in the pH rang

z studied (4-9) (i.e., BP0, and or HP@*). The peak maxima
pH5 . . L
of the vz vibrations of the reacted samples, however, are signi
pH 4 icantly different from those of the P solution species (Figs. :
and 4). Therefore, the symmetry reduction resulted from the
4150 1100 1050 1000 950 900 850 coordination onto iron octahedral structures at the FH surface

indicating the formation of P inner-sphere complexes. This i
consistent with the results of the adsorption envelopes and t

FIG.4. ATR-FTIR spectra: pH effects (4-9) on the P adsorption complexd&sM measurements. The type of adsorption complexes will k
(' = 0.38 umol m2) at the FH—water interface. discussed in the next section.

Wavenumber (cm™)

(C) Loading level effects on P adsorption complexes &
to the spectrum of the dominant phosphoric acid species at tité> 7.5. The IR spectra of the P adsorption complexés<
same pH to distinguish the inner-sphere from the outer-sph€88, 1.15, 1.82, and 2.42mol m~2) at pH 7.5 are shown in
adsorption complexes. Second, we assigned the symmetryFig. 5. All spectra show well-resolved triplet splitting of the
the adsorption complexes based on the numbes baind split- vibration 952,=1021, and=1088 cnT?) as determined via
ting and/or the presence or absence of iheribration. Peak Gaussian profile fit analysis, indicating,®r lower symmetry
deconvolution and Gaussian profile fitting were performed tegardless of loading levels. The central peak&021 cnr?
reveal the assemblage of multiplgbands using the Peaksolveis surrounded by two peaks(088 and 952 cmt) that are
software package version 1.05 (Galactic Industries Corp.). Tliknear equal intensity (Fig. 5). The distribution and the pea
molecular symmetry assignment allows us to speculate on thtensity of the triplet splitting resemble those of the IR spec
molecular configurations of the surface complexes. Third, theim for H,PO, (Fig. 3). Possible adsorption complexes car
spectra of the adsorption complexes inCHwere compared be postulated to besFeHPQ or =Fe,POy. The similar IR
with those in BO. If there are any shifts in the band positiorspectra can also be seen in the adsorption samples at
in these spectra, one can suggest that the surface complexe8&eand 9 (Fig. 4). To further investigate the coordinatior
associated with proton(s). Based on the combined informatiand protonation environment of the P surface complexe
from these experiments, the final adsorption complexes can be
proposed.

(B) pH effect on P adsorption complexes at pH 4-¢
Figure 4 shows the pH effect on the P surface complexes |
samples with the same loading level Bf= 0.38 umol m=2.
The highest peak &1020 cnt! for the sample reacted at pH 4
is slightly shifted to=1025 cnt?® with increasing pH from 4
to 9. The broad spectrum at pH 4 is an assemblage of threeg
vibrations £1102 and 1020 cm, and at=920 cnt?) (Fig. 4),
as determined via Gaussian profile fit analysis. This indicates {8
C,, or lower symmetry for the P adsorption complexes formin
at this pH. The position of peak maxim&1102 and=1020
cm™1) is similar to the spectra of P on goethite surfaces in pr
vious in situ FTIR studies (Table 1) (6, 8), suggesting similar
surface complexes might be forming at the FH/goethite—wat
interface. 150 1100 1050 1000 950 900 850

As pH increases, the triplet splitting of thg vibration be-
comes well resolved (Fig. 4). Interestingly, the spectra at pH 7.5,
8.2, and 9 show a small shoulderz890 cnv! (indicated by  fig.5. ATR-FTIR spectra: loading level effedt & 0.38-2.42:mol m2)
arrows in Fig. 4) that is probably the nondegeneratébration on the P adsorption complexes at pH 7.5 at the FH-water interface.

@
§ 2.42 ymol m*
2
[

1.82 pmol m*

d Al

1.15 pmol m™

Normal

0.38 pmol m?

Wavenumber (cm™)
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face complexes, therefore, might be forming at these pH ai
TN loading levels. In Fig 4, the peak &t1070 cnt! becomes
/ ™~ more intensified relative to the peak maxima=@40 cnt?!
with increasing pH from 7.5 to 9. The slight changes in the pee
intensity in vz vibrations &940 and 1070 cmt) at pH> 7.5
may suggest that the,molecular symmetry is slightly low-

___/ N/ \ \» ered. If one can assume that the same surface species
~
900 851

e N pH7.5| present between pH 7.5 and 9, the distortion in thgrolec-

ular symmetry could be caused by complexation with eithe
protons or other ions from the bulk solution. Since the po
PD7.5| sitions of thevs vibrations had no influence, after the deu-
terium exchange, between 850-12007¢nn the samples at
y pH 7.5 (Fig. 6), the surface complexes are not associated w
Wavenumber cm protons. Association with sodium ions may account for thi

FIG.6. ATR-FTIR spectra of P adsorption complexes at pH/pD 7.5 at tH&10lecular distortion observed at pH7.5. As discussed in the
FH-water interface. adsorption envelope section, the™Nians might be electrostat-
ically attracted to the adsorbed P at the FH-water interfac

. . This mechanism s indirectly supported by Nazyo’s macroscop
we compared t[12e spectra at pH/pD 7.5 with the '°"?‘d”f‘9 Ievg\?idence that N adsorption onto FH significantly increases
of 2.42 umolm== (Fig. 6). The spectra show no S|gn|f|canh

: . e om 0 to=1.12mol m~2 with increasing pH from 4.4 to 10.2
change in the position of the; vibration at 850-1175 crrt at a constant P loading level’ & 0.29 zmol m-2) on the FH

(Fig. 6), indicating that the adsorption complexes are not aSjrface (26)

sociatgd with protons. Similar results were ‘;bta‘”ed in Sam'We,therefore,suggest that the nonprotonated bidentate, bir
plei Vx'th Ioa_?_'r?g Ievfels of 0'3?_1'&????:” ‘;"t pHIZ 75 clear complexes (R0, Cy,) predominantly form at p&+ 7.5
(not shown). The surface complexes that have teo€lower at the FH—water interface under our experimental condition

symmetry \.NithOUt proton association are the nonprotonat%wever' the presence of different surface complexes (e.g., mc
bidentate binuclear complexeske,PQs). We, therefore, sug- o 0iate mononuclear complexes) angtBe,PQ; - - - - - - Nat

gest the predominant formation of the nonprotonated biden-
tate binuclear species at pH 7.5 at a loading level of 0.3§_Jmplexes cannot be excluded.

2.42 umol m~2. These data interpretations can be supported by(D) Loading level effects on P adsorption complexes &
Comparing them to arsenate (A%‘Q adsorption mechanismspH <7.5. Figure 7 ShOWS the |Oading IeVel ef‘feCtS on the F
at the FH-water interface at pH 8, since arsenate has siffilface complexes at pH4. The loading level does not see
lar chemical properties (e.g., pKto phosphate. Waychunasto have a strong influence on the IR spectra, suggesting tt
and coworkers reported the formation of As(V), bidentate bithe molecular symmetry of the P surface complexes is simile
uclear species based on extended X-ray absorption, fine strlfe-deconvolute the assemblage of peaks in these broad sp
ture spectroscopy (EXAFS) (53). A previous in situ FTIR studtfa, the Gaussian profile fit analyses were performed. The pe
also showed similar triplet splitting of they vibration in the fitting analysis in the spectrum at pH 4 with= 0.38 xmol m™2
spectra for P adsorbed goethite surfaces (pH 6483,1.85—

2.35umol m~2) (Table 1), which was assigned to nonprotonated,

bidentate binuclear complexes (8).

Interestingly, there is an activation of thg vibration at
=887 cnt! in the low loading ['=0.38 and 1.15.mol m~?)
samples as determined via Gaussian profile fit analysis (Fig.
In Fig. 5, the smalb; vibration becomes hidden when the load
ing level ranges from 0.38 to 2.42mol m~2 due to the shift and
the intensification of thes vibration at=950 cn . Thev; sym-
metrical vibration is observed in the loading levEl-£ 0.38—
1.15 umol m~2) samples reacted at pH7.5 (indicated by ar-
rows in Figs. 4 and 5), but not in the samples reacted at pt-b
(Figs. 4 and 7). The; vibration can be possibly explained
by (i) the presence of different surface complexes (e.g., mc . . .
odentate mononuclear complexes) other than the predomin ' el e ™ 80
nonprotonated bidentate binuclear complexes and/or (i) fur- Wavenumber cm
ther distortion in the molecular symmetry of the predominantrig. 7. ATR-FTIR spectra: loading level effedt & 0.38-2.69:mol m™2)
nonprotonated bidentate binuclear complexes. A mixture of Sarthe P adsorption complexes at pH 4 at the FH-water interface.

Normalized Absorbance

S

1150 1100 1050 1000 950

L.

0

2.69 pmol m*
1.92 umol m*

1.15 umol m*

0.38 pmol m*

Normalized Absorbance
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The IR spectrum of this complex was earlier reported by Tejedo
Tejedor and Anderson (8). The peak maxima of the triplet spli
ting of thev; vibrations are reported in Table 1 and are consister
with C,, or lower symmetry. The symmetry is in good agreemen
with the threevs band splitting of either diprotonated monoden-

)

0.38 pmol m”, pH 4 tate mononuclear complexes (FfFHDZ*, C:1) or monoproto-
nated monodentate mononuclear complexes (FEHPQ).
0.38 umol m™, pD 4 The phosphorus K edge EXAFS spectroscopic study by Ro:

and coworkers (55) also showed the formation of monodenta
mononuclear, ferric phosphate solution complexes. They inve
tigated the local structural environment of phosphate during tf
hydrolysis of Fe(d in the presence of phosphate at gH with
2.69 umol m*, pD 4 P/Fe= 0.5 andn = [OH]/[Fe] = 1 and found evidence for the
formation of monodentate mononuclear Fe4P49)) complexes
(55). We determined the ATR—FTIR spectrum for the P specie
forming under the same reaction conditions as those of Ro
FIG. 8. ATR-FTIR spectra of P adsorption complexes at pH/pD 4 at thet al. (55). The broad peak is an assemblage of thgedbra-
FH-water interface. tions positioned at 1100, 1028, and 971 ¢n{Fig. 9), indi-
cating Gy or lower symmetry. Whereas EXAFS analysis are
not sensitive to reveal the protonation environment of the PC
surface complexes, the molecular symmetry identification vi
FTIR analysis is sensitive to protonation of the P surface con
B}'exes. Several molecular symmetries are possible for this Fe.

2.69 ymol m?, pH 4

NN
) ))
e

T T T T T T
1150 1100 1080 1000 950 800 850

Wavenumber cm”™

revealed that the broad peak was an assemblage ofihrge
brations a&=1102, 1020, an@920 cnt! (bottom spectrum in
Fig. 4), indicating the &, or lower symmetry. Similar results
were obtained in samples at pH 4, 5, and 6 (not shown), indic

ing these surface .complexes havg Or lower symmetry. monodentate mononuclear (aq) complex with & lower sym-
The P adiszorpnon complexes at pD 4 with=0.38 and metry. They are monoprotonated monodentate mononucle
2.69pmol m _compared with those atpH4showthatthe pealfél)’ diprotonated monodentate mononucleay)(@onproto-
at sz} are shifted @943 and 1077 e’ (dashed line A and nated monodentate mononuclear with hydrogen bonded with tl
B in Fig. 8) after deuterium exchange. These results Suggﬁ%roxyl group of the FH (©), monoprotonated monodentate
mononuclear with hydrogen bonded with the hydroxyl grouy
BF the FH (Q), and diprotonated monodentate mononucles

below 7.5, protonation on the surface complexes can be S5ih hvd bonded with the hvd | fthe FHYC
pected. The protonation further lowers the symmetry of trt%ig 1}82%8;) ondedwi e hydroxyl group of the FHY

P adsorption complexes to;CBased on the IR spectra as-
signment at pH- 7.5 (i.e., nonprotonated, bidentate binuclear
complexes), we can predict the type of adsorption complexes
at pH< 7.5 to be protonated, bidentate binuclear complexes.
In fact, Tejedore-Tejedore and Anderson (8) suggested that the
nonprotonated bidentate binuclear complexes at@become
monoprotonated bidentate binucleaHg,HPQ,) surface com-
plexes with decreasing pH from 6.0 to 3.6 at the goethite-water
interface.

It is possible, however, that the protonated, monodentate
mononuclear complexessFePQH and=FePQH,) and mon-
odentate mononuclear complexes with hydrogen bonding with
hydroxy! groups of the FH surface form, because they all have
the Gy or lower symmetry and are associated with proton(s)
(Fig. 10). We, therefore, compare our IR spectra with the FTIR
spectra of Fe—P monodentate aqueous complexes that were well-
characterized by in situ spectroscopic techniques such as the
spectrophotometric method and EXAFS. Wilheletyal. (54)
studied the equilibra and kinetics of ferric and phosphate ion .
complexation at pH<2 using spectrophotometric and stop- Wavenumber (cm™)
flow techniques. They suggested that EEB‘21+ SPECIES ar€ 15 9 Monodentate mononuclear Fe—P (ag) complex. The spectra shc

formed under the specific reaction conditions (0.014 8#PEk,  raw spectra and deconvolted peaks in solid line and the fitted profiles in dott
0.1 mmol Fe(CIQ)3, 0.1 M HCIQy, 0.25 M NaCIQ at pH 1). line.

1028 ;

-
~
2]

Normalized Absorbance
1100

T T T T T T T T T T T 1
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thatthe position and the intensity of thevibration of oxyanions

OH N o (phosphate and sulfate) can be altered by changing drying cc
a) fe— O\P/ b) FeTTO ditions (air dried, N drying, and evacuation) (3, 6, 12). Elimina-
:J o VA ;]e s P tion of the entrained water could facilitate transformation fron
Fe N 0 ‘OH low energy binding (outer-sphere and/or monodentate monon
Y clear complexes) to higher energy binding (bidentate binuclez
complexes. The IR spectra collected under dry and/or severe
o evacuated conditions must be carefully interpreted based on 1
o) j / y OH purpose of the study. We, therefore, rely on the number of tt
Fe —Q—pP— OH d)  pe—o— ’P _ 0 v3 Vibrations and the molecular symmetry of the P surface con
j » N plexes more than on the positions of bands. In summary;, itis pc
0 j OH sible that the protonated, monodentate mononuclear complex
nonprotonated, monodentate mononuclear complexes with f
H drogen bonding, and protonated, bidentate binuclear comple»
? s /H are present at pkt 7.5 (Fig. 10).
) 3 >y o TONH,
(,j O CONCLUSION
Fe—0—1¥>—o —0—1i>—o
ﬁ A Fe A The results of the P inner-sphere adsorption mechanisms :
0 OH consistent based on adsorption envelopes, EM measureme
and ATR-FTIR analysis. Based on our IR analysis, the predon
nant formation of the nonprotonated bidentate binuclear speci
N ~H (FePQy) at pH> 7.5 is proposed and the surface complexe
g) Fe— O might co-exist with different surface species (e.g., monodel

3 \H

Fe—O—p— oH

Y

OH

O

tate mononuclear) and/esFe,POy- - - - - - Na at pH>7.5. The

exact identity of the protonated P inner-sphere, surface cor
plexes (i.e., protonated, monodentate mononuclear comple»
and/or protonated, bidentate binuclear complexes) forming
pH < 7.5 could not be elucidated due to limitations in mid-IR

range, FTIR analysis. In order to identify accurate P adsorptic
FIG.10. Possible molecular configurations£@r lower) of protonated P mechanisms in this pH range, local atomic structural informatio
inner-sphere complexes atthe FH-water interface. (a) monoprotonated bidenfReFFe bond distances and the coordination number) of the &
mononuclear (¢), (b) diprotonated bidentqte mononucleag()C(c) monopro-  gorbed P via phosphorus EXAFS analysis would be very usef
tonated monodentate mononuclear)@d) diprotonated monqdentate mononu- distinguish the protonated, monodentate mononuclear frc
clgar (G), (e) nonprotonated monodentate mononuclear with hydrogen bon %d . . |
with the hydroxyl group of the FH (g, (f) monoprotonated monodentate tN€ protonated, bidentate binuclear complexes. These analy
mononuclear with hydrogen bonded with the hydroxyl group of the Fy,(C would also be useful in determining the formation of iron phos
and (g) diprotonated monodentate mononuclear with hydrogen bonded with ffiigate surface precipitates that could not be well evaluated |
hydroxy! group of the FH (). ATR-FTIR analysis. In previous in situ FTIR studies on P ad
sorption at the goethite—water interface (6, 8), peak fitting ane

Comparison of the peak positions of the monodentaysis on Pv vibrations and deuterium exchange experiments @
mononuclear reference complexes to our experimental spectr® &urface complexes were neglected. Therefore, the P molel
pH < 7.5 indicates no similarities. The peak at 920¢ns only lar symmetry of adsorption complexes with respect to proton:
present in our IR spectra. This dissimilarity might suggest thibn and surface complexation was not clearly understood. O
the predominant complexes forming at pH 4 at the FH-wateomprehensive in situ ATR-FTIR study, however, revealed n
interface are unlikely to be mono-/diprotonated, monodentataly P bonding mechanisms at the FH—water interface but al:
mononuclear complexes. Assigning the type of surface cothe protonation of surface complexes. Such detailed molecul
plexes based on the band positions of the reference compousdale information should greatly enhance surface complexati
however, is risky because the position of bands could be shiftedeling of P adsorption reactions at the mineral-water inte
due to differences in the reaction conditions (e.g., loading levelace. While our findings (e.g., inner-sphere bidentate binucle
P/Fe ratio, and water content). Tejedore-Tejedor and Andersmmmplexes) provide important information on P surface speci
(8) reported changes in the peak position with changing P loaabn at the FH—water interface for reaction times of less than 48
ing levels (1.23-2.3@mol m~?) atthe goethite—water interfacelonger residence time effects (months to years) on P adsorpti
at pH 4.5 (Table 1). The band position could be shifted wittnechanisms at the FH—water interface are not well understoc
changing the moisture content. Several researchers have shtigpossible thatlonger contact times could resultin nonsingul:
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reactions due to chemical reconfiguration reactions, if biotic angl Kandori, K., Uchida, S., Kataoka, S., and Ishikawa JTMater. Sci27,
abiotic reductive dissolution of adsorbate are inhibited. Aging 719 (1992).

effects on P surface speciation at the FH—water interface cod
be further investigated using time-resolved in situ spectroscopic

fd Biber, M. V., Afonso, M. D. S., and Stumm, V&goch. Cosmochim. Acta.

58,No. 9, 1999 (1994).
Bondietti, G., Sinniger, J., and Stumm, Waglloids Surf.79,157 (1993).

techniques; such studies could provide insights on reaction$# nanzyo, M. Soil Sci. Plant Nutr32, No. 1, 51 (1986).
natural systems (e.g., long-term P amended soils and sedimemnts) Schwertmann, U., and Cornell, R. M., “Iron Oxides in the Laboratory

28.
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