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Abstract

The effect of citric, formic and tartaric acids and their anions,

W

sodium bicarbonate and amino carboxylate on the adsorption znd
dissolution of phosphate from soil clay mineral separates and pure
ziay minerals, was studied. The purpose of that study was to
investigate the effect of crganic compounds, known to be excreted from

roots of various orops, on the reactions of P with surfaces of clay

a
I+t was shown that organic compounds containing one or more OH
d ed P from clay particles. Aminc compounds
f the phosphate %o Z:1 clay surfaces, even if
grcups in their molecule. The systematic study of P
ion as a function of pH, ionic strength and organic 1ligand
ntraticn have led us to suggest a anified explanation of the

rhate zdesorptisci Maximum F adsorption occurs at pH
an

e T i
5.1 on kaolinite 5.7 on montmorillonite. These values are

very close tc the PZCe of +these clays. At dilute suspension ef 2:1
smectite minersls no phosphate interacted with the clay. When the clay
collapsed due to high ionic strength or to H-bonding due to amino acid
adscrption +he ©broken edges c=f the mineral expose active aluminum

d phosphate.

sites that are capable to &i
This work has puat rward explanations and clarified the mechanism of
phosphate binding to <clay minerals. The major practizal outcome of
thic recearch is that it was shown that high salt concentration
insreases the rhosphate binding to the clay.

It suggests that under saline soil conditions higher phosphate
application will Dbe eeded %o supply enough phosphate to plant

growth.,
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3. Objectives and Significance of Research

3.1. Objectives

1. To describe quantitatively the concentration of o-phosphate
in aqueous solution, when the conditions for both adsorption and precipi-
tation reactions exist simultaneously, as a function of: pH value, the'
concentration competing anions, and phosphate-precipitating cations,

adsorbing surface characferistics, jonic strength, and the adsorbent-

aqueous solution ratio.

2. To study the effects of the above-mentioned factors on the

kinetics of adsorption and desorption processes for o-phosphate.

3. To develop and compare reasonably simple, chemically-based
models of o-phosphate adsorption and precipitation reactions in the

presence of root excretion products.
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Effects of pH and Organic Acids on Orthophosphate Solubility
in an Acidic, Montmorillonitic Soil'

SAMUEL J. TRAINA, GARRISON SPOSITO, DEAN HESTERBERG, AND U. KAFKAFI?

ABSTRACT

The effects of pH and organic acid addition on residual ortho-
phosphate (o-phosphate) solubility in an acidic, montmorillonitic soil
separate suspended in 20 mol NaCl m~3 were investigated. In the
absence of added organic acid, the solubility of residual o-phosphate
in the soil decreased as the pH value was increased from 4 to 7.
With o-phosphate additions that resulted in low aqueous-solution o-
phosphate concentrations, the soil sorbed more o-phosphate at pH
7 than at 5.5. The solubility data appeared consistent with the pres-
ence of an Al-phosphate solid whose formation was initiated through
the hydrolysis of exchangeable AI** and subsequent reaction of the
hydrolytic product with o-phosphate in aqueous solution. Additions
of citric, tartaric, or formic acid at low concentrations (<0.1 motl
m~?) produced a drop in residual o-phosphate solubility at pH 5.5
and 7.0. In the case of citric acid, o-phosphate solubility gradually
returned to its value in the absence of organic ligand as the ligand
concentration was increased to 0.6 mol m~3, whereas no such in-
crease occurred in the case of tartaric or formic acid. This behavior
was rationalized as the outcome principally of two competing reac-
tions: (i) the reaction of adsorbed, polymeric hydroxy-Al with or-
ganic ligand to form an exchangeable Al species that combined with
o-phosphate to reduce its solubility, and (ii) the complexation of
adsorbed Al to form a soluble Al-organic complex that did not sub-
sequently combine with o-phosphate. The latter reaction was im-
portant only for citric acid. The former reaction, favored by a large
stability constant for Al-organic acid adducts, produced o-phosphate
solubility decreases in the order citrate > tartrate > formate.

Additional Index Words: Al-organic complexes, Al phosphates,
exchangeable Al, phosphate sorption reactions.

Traina, S.J., G. Sposito, D. Hesterberg, and U. Kafkafi. 1986. Effects
of pH and organic acids on organophosphate solubility in an acid,
montmorillonitic soil. Soil Sci. Soc. Am. J. 50:45-52.

THE MAGNITUDE of organic acid production in the
rhizosphere and its influence on the availability
of o-phosphate to higher plants remain controversial
issues in the literature of soil-plant relations (see e.g.,
Tinker, 1981; Hedley et al., 1982; 1983; Whipps and
Lynch, 1983; Whipps, 1984, and the references cited
in these papers). From the perspective of soil chem-

! Contribution from the Dep. of Soil and Environmental Sciences,
Univ. of California, Riverside, CA 92521 and A.R.O. Institute of
Soils and Water, Volcani Center, Bet-Dagan 50250, Israel. Received
9 May 1985. Approved 13 Aug. 1985. )

2 Assistant Research Soil Chemist, Professor of Soil Science, and
Graduate Fellow (Riverside), and Research Scientist (Bet-Dagan),
respectively. Present address of the senior author is Dep. of Agron-
omy, Ohio State Univ. Columbus, OH 43210.

45

istry, the issue can be focused on the processes that
affect the concentration of o-phosphate in a soil so-
lution to which carboxylic or amino acids have been
introduced (Nagarajah et al., 1968; Hale and Moore,
1979; Tinker, 1980; Olsen and Khasawneh, 1980, and
the references cited therein), Much research has been
published over the past 35 yr concerning the effects of
organic acids on o-phosphate sorption (Swenson et al.,
1949; Deb and Datta, 1967a,b; Nagarajah et al., 1968;
1970; Chen et al., 1973a; Kuo and Lotse, 1974; Earl
et al., 1979; Lopez-Hernandez et al., 1979) and three
principal categories of organic acid-o-phosphate inter-
action have been identified. These are: (i) competitive
sorption reactions (INagarajah et al., 1968; Lopez-Her-
nandez et al., 1979), (ii) dissolution of o-phosphate
adsorbents by organic ligands (Chen et al., 1973a; Earl
etal., 1979), and (iii) modification of the surface charge
on o-phosphate adsorbents by organic ligand adsorp-
tion (Nagarajah et al., 1968; Kwong and Huang, 1979).
Category (i) refers to the breaking and forming of metal
o-phosphate bonds in either surface complexes or pre-
cipitates; category (ii) refers to the well known chem-
ical weathering of soil inorganic materials by organic
acids (Robert et al., 1979; Stevenson, 1982, Chap. 18),
and category (iii) refers to an indirect effect of organic
ligand adsorption on o-phosphate adsorption.

In acidic soils, all three categories of o-phosphate-
organic acid interaction are mediated by protons and
the effect of pH alone on o-phosphate solubility must
be appreciated clearly. This topic has been reviewed
recently by Haynes (1982) and by White (1981; 1983),
who point out that most studies of acidic soils in which
aluminosilicates are the dominant adsorbents show
that o-phosphate solubility either decreases with in-
creasing pH or exhibits no significant change. The
chemical basis for this common observation appears
to be the hydrolysis of exchangeable (i.e., KCl-extract-
able) Al(III) and the subsequent reaction of the newly-
formed surface hydrolytic species with o-phosphate
from the soil solution (Haynes, 1982; White, 1983). If
AI(II]) on a soil adsorbent is already hydrolyzed ex-
tensively at low pH values, increasing the pH will not
decrease o-phosphate solubility (White and Thomas,
1981; Haynes, 1982). White (1983) has suggested that
any soil in which the exchangeable AI(III) content ex-
ceeds 20 mmol kg~! at low pH will show a decrease
in soluble o-phosphate with increasing pH up to 7.0,
whereas any soil in which the exchangeable AI(III)
content falls below 2 mmol kg~! will not.
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The pioneering studies of Wild (1953) and Coleman
et al. (1960) on o-phosphate sorption reactions with
montmorillonite can be taken as the basis for a de-
tailed application of the concepts discussed above to
o-phosphate solubility in acidic, montmorillonitic soils.
Coleman et al. (1960) demonstrated that: (i) mont-
morillonite without exchangeable Al(IIT) does not react
significantly with o-phosphate at low pH and ionic
strength, (ii) Al-montmorillonite can react with o-
phosphate at low pH to form Al(OH),H,PO,(s) once
the exchangeable AI(III) has been displaced by the
metal cations in an added electrolyte, and (iii) Al-
montmorillonite can react with o-phosphate at pH <7
to form the amorphous solid AI(OH),H,PO(s) after
hydrolysis of the exchangeable AI(III). The solid-phase
Al-phosphate product was shown by Coleman et al.
(1960) to have a pK,, (= pAPR* + 2pOH~ +
pH,PO;) of 27.8 + 0.1. Other studies of o-phosphate
sorption reactions with aluminosilicates or Al-bearing
solid organic matter under acidic conditions also have
suggested this Al-phosphate product and have served
to bracket its pK,, value between 27 and 29 (Cole and
Jackson, 1950; Taylor and Gurney, 1962; Chen et al.,
1973b; Gebhardt and Coleman, 1974; Veith and Spos-
ito, 1977; Bloom, 1981). Robarge and Corey (1979)
have simulated o-phosphate sorption behavior using
an Al-saturated sulfonic resin to mimic a constant-
charge, Al-bearing adsorbent. Their data for P/Al mo-
lar ratios > 0.5 in the Al-hydroxy polymers adsorbed
by the resin were consistent with the precipitation of
Al-phosphate as described above with a pK,, value of
28.2 + 0.1 (Corey, 1981).

This perspective on the role of exchangeable AI(III)
in o-phosphate solubility is broadened, in the context
of the present study, by the recent experiments of
Kwong and Huang (1979) and Goh and Huang (1984)
concerning the influence of organic acids on Al(III)
hydrolysis. Kwong and Huang (1979) have shown that
the progress of normal Al(III) hydrolysis is perturbed
increasingly by an organic acid (at a given concentra-
tion) the greater is the stability of its AIIII) com-
plexes. Thus, for example, the order of increasing
hindrance of Al(III) hydrolysis among the three or-
ganic acids, citric (2-hydroxypropane-1,2,3-tricarbox-
ylic acid), tartaric (D-2,3-dihydroxybutane acid), and
formic (methanoic acid), would be formic < tartaric
< citric because this is the order of the stability con-
stants for their 1:1 complexes with Al(III) (Martel and
Smith, 1977; Kwong and Huang, 1979). Complemen-
tary to this insight, Goh and Huang (1984) have shown
that citric acid additions to montmorillonite suspen-
sions equilibrated with solutions containing hydro-
lyzed AI(III) reduce the adsorption of AKIII) hydro-
lytic species in favor of exchangeable AI(III). Moreover,
if the concentration of citric acid is large enough, ex-
changeable Al(III) is displaced in favor of the for-
mation of soluble Al(III)-citric acid complexes. These
results suggest that metal-complexing organic acids
tend to augment exchangeable AI(III) on montmoril-
lonite because they inhibit hydrolysis and that, at suf-
ficiently high concentrations, they solubilize ex-
changeable Al(III). The former effect should decrease
o-phosphate solubility at a given pH value because it
increases the quantity of potentially hydrolyzable ad-
sorbed AI(IIT), whereas the latter effect should increase

Table 1. Chemical properties of the Altamont soil separate.

Extractabl
Exchange  Organic __BxtractableAl
pH, able Na ¢ TotalPt  CDB% - oxalate
mol kg mmol kg™
66+01 060+001 2908 13.6%03 495 8211

1 By HF digestion.
$ Citrate-dithionite-bicarbonate.

o-phosphate solubility because it decreases the quan-
tity of potentially hydrolyzable adsorbed Al(III).

In this paper, the conceptualizations summarized
above concerning o-phosphate solubility in model sys-
tems containing Al-montmorillonite and organic acids
will be tested for an acidic, montmorillonitic soil sep-
arate (Fletcher et al., 1984). The objective of the pres-
ent investigation is to determine the effects of pH and
added organic acid concentration on the solubility of
residual o-phosphate in the soil. The organic acids se-
lected were citric, tartaric, and formic acid, repre-
senting tri-, di-, and mono-carboxylic ligands for metal
binding. The choice of organic acids and of their range
of concentration were considered representative of
rhizosphere conditions (W.M. Jarrell, 1983, personal
communication) and of the spectrum of differing sta-
bility for Al(IlI)-organic acid complexes. The largest.
organic acid concentration used (0.6 mol m~3) was
small enough to preclude massive soil mineral dis-
solution during the solubility experiments (Robert et
al., 1979; Earl et al., 1979).

MATERIALS AND METHODS
Soil Separate

A sample of the 0- to 0.15-m depth of Altamont clay loam
(fine, montmorillonitic, thermic Typic Chromoxererts) was
used in this study. The pH value of the saturated soil paste
(pH,y) is 5.7 and the content of organic C is 29 + 1 g kg™!
soil. The method of preparation of a Na-saturated soil sep-
arate which comprises principally silt and clay has been de-
scribed in detail by Fletcher et al. (1984). Stock suspensions
of the Na-saturated separate in 20 mol NaCl m~? were pre-
pared following this method and then stored under refrig-
eration in polyethylene bottles. Some chemicai properties of
the separate determined by standard procedures (Page et al.,
1982) are listed in Table 1. The NaHCO;-extractable P in
the separate amounted to 3.0 £ 0.1 mmol kg~! and the KCl-
extractable Al was 5.2 + 0.8 mmol kg~'. To the extent that
these results characterize “exchangeable™ chemical species,
it may be inferred that the pool of exchangeable o-phosphate
in the separate is relatively large (Olsen and Sommers, 1982,
p. 422) whereas that of exchangeable Al is relatively small
in respect to its potential effect on o-phosphate solubility
(White, 1983).

Solubility Experiments
Sorption Isotherms

A quantity of the stock soil separate suspension contain-
ing 0.40 * 0.02 g solids was placed into a tared 250-mL
polycarbonate centrifuge bottle and approximately 0.2 kg of
20 mol NaCl m~? solution was added. The pH of the NaCl
solution had been adjusted previously with HCl or NaOH
to provide a final value of either 5.5 or 7.0 in the soil sus-
pension. Aliquots of 1 mol H;PO, m~3 in 20 mol NaCl m~?
at pH 5.5 or 7.0 were added to give initial o-phosphate con-
centrations between 0 and 100 mmol m~3. The suspension
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Fig. 1. Sorption isotherms for o-phosphate on the Na-Altamont soil
separate at 298 K. Vertical bars denote one standard deviation.

density was 2.00 + 0.05 g oven-dry soil separate kg~' for
all experiments, which were conducted in duplicate. The re-
action bottles were shaken at 298 K for 24 h, then centri-
fuged (19 745 RCF) at 295 K for 30 min. A subsample of
the supernatant solution was removed for pH measurement
while the remainder of the solution was passed through a
Nucleopore 0.2-um polycarbonate filter membrane and saved
for chemical analysis.

The control samples (i.e., those not reacted with added o-
phosphate) for the pH 5.5 and 7.0 sorption experiments were
reacted with Cl-saturated exchange resin (Olsen and Som-
mers, 1982) to estimate residual sorbed o-phosphate. The
total residual sorbed o-phosphate in the soil-separate sus-
pension, taken equal to the sum of the resin-extractable P
and the total solution P in the control samples, was 2.85 +
0.07 and 2.02 + 0.03 mmol kg~! soil at pH 5.5 and 7.0,
respectively.

The total sorbed o-phosphate in each experiment was cal-
culated from the difference between the initial and final so-
lution concentrations of o-phosphate, corrected for the
amount of residual sorbed o-phosphate in the control sam-
ples.

Residual o-phosphate Solubility at Varying pH Values

A quantity of the stock soil separate suspension contain-
ing 0.40 = 0.02 g solids was placed into a tared 250-mL
polycarbonate centrifuge bottle and approximately 0.2 kg of
20 mol NaCl m~? solution was added. The pH of the NaCl
solution had been adjusted with HCl or NaOH to provide
a final pH value between 4 and 9 in the soil separate sus-
pension. Duplicate samples were prepared for each experi-
ment. The suspension density was 2.00 = 0.05 g oven-dry
soil separate kg~' of solution. The reaction bottles were
shaken at 298.0 + 0.3 K for 24 h, then centrifuged at 19 745
RCF for 30 min and filtered as described above.

Organic Acid Experiments

A quantity of the stock soil separate suspension contain-
ing 0.40 = 0.02 g solids was placed into a tared 250-mL
polycarbonate centrifuge bottle and approximately 0.2 kg of
acidified, 20 mol NaCl m~? solution was added. The pH of
the NaCl solution had been adjusted previously with HCl
to provide a final pH value of 5.5 in the soil suspension.
Aliquots containing 10 mol m™? citric, tantaric, or formic
acid (Baker, analyzed reagent-grade) in 20 mol NaCl ~* at
pH 5.5 were added to provide initial concentrations of added
organic ligand ranging from 0 to 600 mmol m™3. Ortho-
phosphate-organic acid interactions at pH 7.0 were studied
following an identical procedure except that 10 mol m™3
citric, tartaric, or formic acid in 20 mol NaCl m~* at pH 7
was added to suspensions adjusted to pH 7. Duplicate sam-
ples were prepared for all experiments. The suspension den-
sity was 2.00 .+ 0.05 g soil separate kg~' for all samples.

3.5 4.5 5.5 6.5 7.5 8.5
i pH
Fig. 2. Effect of pH on residual o-phosphate solubility for the Na-
Altamont soil separate in a background of 20 mol NaCl m~3.
Vertical bars denote one standard deviation.

The reaction bottles were shaken at 298 K for 24 h, then
centrifuged and filtered as described above.

Chemical Analysis

Solution concentrations of o-phosphate were determined
by a molybdenum blue colorimetric procedure (Olsen and
Sommers, 1982). Preliminary analysis indicated that the
presence of 0 to 600 mmol m~3 citric, tartaric, or formic
acid had no apparent effect on the colorimetric determina-
tion of o-phosphate. Thus the organic acids were not in-
cluded in the colorimetric standards. Solution concentra-
tions of Ca were measured with a Perkin-Elmer model 5000
atomic absorption spectrophotometer equipped with a back-
ground corrector using NO,-acetylene flame atomization.
Solution concentrations of Al at pH 5.5 and 7.0 for the sam-
ples in NaCl background alone were determined by induc-
tively-coupled plasma spectroscopy. All pH measurements
were made with a Beckman model 71 pH meter equipped
with an automatic temperature compensator and a glass/
calomel electrode pair.

RESULTS AND DISCUSSION

Sorption isotherms for o-phosphate on the soil sep-
arate at pH 5.5 and 7.0 are plotted in Fig. 1, where
the vertical lines indicate standard deviations for du-
plicate experiments. The shape of each isotherm is an
L-curve, characteristic of o-phosphate sorption reac-
tions (Sposito, 1984, Chap. 4). Unlike the isotherms
for typical hydrous oxide adsorbents (Goldberg and
Sposito, 1984), the isotherms for the Na-Altamont soil
at lower o-phosphate concentrations show an increase
in sorption with pH. At higher o-phosphate concen-
trations, the two sorption isotherms in Fig. 2 coalesce,
but a distribution-coefficient plot of the data (Sposito,
1984, p. 119) indicated that neither isotherm was close
to a sorption maximum, so no conclusion as to the
effect of pH on the sorption maximum could be drawn.

Approximate ion-activity products (IAP) for hy-
droxyapatite, the least soluble Ca-phosphate expected
to form under the conditions of the experiments, were
calculated at each point on the isotherms with the pH
values and total Ca and P concentrations measured in
the supernatant solutions. The values estimated for
log IAP always were four or more log units smaller
than log *K,, for hydroxyapatite (14.5; Lindsay, 1979,
p. 165), indicating that the sorption process did not
involve Ca-phosphate precipitation.

The solubility of residual o-phosphate in the Na-
Altamont soil separate as influenced by pH in a 20
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Fig. 3. Effect of organic acid addition at pH 5.5 on o-phosphate
solubility for the Na-Altamont soil separate in 2 background of
20 mol NaCl m-3, Vertical bars denote one standard deviation.

mol NaCl m~? background is depicted in Fig. 2. The
data show clearly that a solubility minimum is
achieved near pH 7.2, where the o-phosphate concen-
tration in the aqueous solution phase was 25% of its
value at pH 3.93 (7.1 mmol m~3). These results show
a trend opposite to that expected for the solubility of
an Al-phosphate under acidic conditions with the AP+
activity controlled by dissolution of a clay mineral
(Lindsay, 1979, Fig. 12.2), but they correspond very
well with the solubility data for o-phosphate in the
presence of exchangeable AL(III) on montmorillonite,
reported in the classic study of Coleman et al. (1960),
and with the general hypotheses advanced by White
(1983) concerning pH effects on o-phosphate solubility
in acidic soils containing exchangeable AI(III).
Evidently the hydrolysis of exchangeable AI(III) in
the soil separate as pH increased provided additional
reactant material for o-phosphate sorption processes,
causing a decrease in golubility. That the sorption pro-
cess did not involve the formation of a Ca-phosphate
(except possibly ahove pH R) was verified through a
calculation of log IAP for hydroxyapatite as described
above. The total Al concentration in the supernatant
solution at pH 5.5 (10.3 + 0.9 mmol m~?) and 7.0
(4.8 = 0.6 mmol m~?) was used along with the cor-
responding pH value and o-phosphate concentration
to estimate a log IAP corresponding to the solid,
Al(OH),H,PO,(s). The results, log IAP = 28.9 (pH
5.5) and 31.8 (pH 7.0), are consistent at the lower pH
value with the pK,, values for AI(OH),H,PO4(s) re-
ported by Coleman et al. (1960) and a number of other
investigators, as discussed above. Thus it may be in-
ferred that the o-phosphate solubility data in Fig. 2
could represent as one mechanism the precipitation
of AI(OH),H,PO.(s). The upper stability limit for this
compound in soil is expected to be near pH 7 (Veith
and Sposito, 1977). Above pH 7, the formation of other
o-phosphates and/or of A(OH)y(s) is favored.
Figures 3 and 4 show the effect of citric, tartaric,
and formic acid additions on the solubility of residual
o-phosphate in the Na-Altamont soil separate initially
at pH 5.5 or 7.0, respectively. In the case of citric acid,
there is a sharp decline in o-phosphatc solubility with
increasing organic ligand concentration up to 80 mmol
m-3, regardless of initial pH value, then a gradual in-
crease in o-phosphate solubility until it approaches (pH
5.5) or slightly exceeds (pH 7.0) its value in the ab-

pH 7.0
20 mol m =3 NaCl

»

Citric

n

Formic

P} (mmol m -3)

(-]
o

Tartaric

2.8 8.1 82 @83 @4 @5 2.6
Initial (Organic Acid) (mol m -3 )

Fig. 4. Effect of organic acid addition at pH 7.0 on o-phosphate
solubility for the Na-Altamont soil separate in a background of
20 mol NaCl m-3, Vertical bars denote one standard deviation.

sence of organic ligand. These data are consistent with
a mechanism in which the organic ligand at low con-
centration acts principally to increase the quantity of
exchangeable Al(I1I) through displacement of hydrox-
yls from adsorbed Al-OH polymers by ligand ex-
change, thereby enhancing the potential for reaction
with o phosphate, and at higher concentrations acts
principally to decrease the quantity of exchangeable
AI(III) in favor of soluble complexes that do not react
with.o-phosphate to reduce its solubility. Ultimately,
complete displacement of exchangeable AI(ITI) by the
organic ligand should occur at high ligand concentra-
tions and o-phosphate solubility should increase cven
above its value in the absence of the ligand, parallel
with the observations made by Earl et al. (1979).

The effect of tartaric or formic acid on residual o-
phosphate solubility was less variable than that of cit.
ric acid. Tartaric acid produced thc same sharp de-
cline in solubility at low organic ligand concentrations
as did citric acid, but the recovery of the solubility
taward its initial value was slight as the organic acid
concentration was increased. Formic acid was unable
to produce a sharp decline in solubility at pH 5.5 and
its total effect on o-phosphate solubility at pH 7 was
almost negligible. These differences, given the ligand-
exchange mechanism described above, can be corre
lated with the differences in log stability constants for
1:1 AI(IIT) complexes among the three organic acids:
7.4 (citric) > 6.0 (tartaric) > 2.0 (formic). Evidently,
the stability of the Al(III)-tartaric acid complex is suf-
ficient to cause hydroxyl displacement from adsorbed -
AI(III) but is not great enough to promote the com-
plete displacement of exchangeable AL(III), whereas
that of the Al(III)-formic acid complex is not sufficient
even to mitigate strongly the hydrolysis of adsorbed
AI(III).

Additional insight can be gained from Fig. 5, which
shows the final pH values corresponding to the solu-
bility data points in Fig. 3 and 4. For the experiments
initiated at pH 5.5, the pH values as a function of the
initial organic acid concentration are essentially the
inverse of the o-phosphate solubility curves in Fig. 3.
For cxample, the sharp decline in solubility is paral-
leled by a sharp rise in pH for the citric and tartaric
acid experiments, and the slow decline in solubility
produced by formic acid additions is mirrored by a
slow rise in pH. The rising portions of all the pH curves
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are consistent with the replacement of hydroxyl groups
bound to adsorbed Al(III) by organic ligands, a pro-
cess which produces free OH-(aq) and renders the
AI(III) exchangeable (Goh and Huang, 1984). It is pos-
sible that some of the newly-cxchangeable Al(III) then
can be displaced by Na* from the background elec-
trolyte to react with o-phosphate in solution to form
either AI(OH),H,PO,(s), as proposed by Coleman et
al. (1960), or possibly an Al-organic-phosphate solid
(LeVesque and Schnitzer, 1967; Sinha, 1971a,b).
The possibility that Na* in the 20 mol NaCl m~3
background can displace exchangeable Al(III) was
supported indirectly in the present study by a com-
parative measurement of residual o-phosphate solu-
bility in the absence of added electrolyte. At pll 5.0
the solubility in deionized water was 10.7 + 0.1 mmol
m-3 and it decreased to 6.8 * 0.1 mmol m~> at pH
6.2. These two values are much larger than the solu-
bilities of 5.0 and 2.3 mmol m~3 measured at the same
pH values in 20 mol NaCl m~* (Fig. 2). Similar results
were reported by Coleman et al. (1960) for Al-mont-
morillonite/o-phosphate suspensions and attributed to
the displacement of exchangeable AI(III) by the metal
cation of the background electrolyte. The same effect
appeared in the model Al-resin/o-phosphate system
studied by Robarge and Corey (1979, Fig. 2b). In the
present experiments, the deionized water extracts ex-

hibited a pronounced yellow color relative to the NaCl
extracts. Given that this color indicated an increased
concentration of soluble organic matter, it is possible
that some of the increase in o-phosphate solubility
observed in the deionized water extracts resuited from
soluble Al(II1)-0-phosphate-organic matter complexes.

The falling portion of the pH curve in Fig. 5a for
citric acid is consistent with the full complexation of
exchangeable Al(III) and its removal to the aqueous
solution phase as a 1:1 Al(III)~citrate complex. At pH
5.5 only two of the three titratable protons in a citric
acid molecule are dissociated (Martell and Smith,
1952) and, therefore, full complexation of exchange-
able AI(III) by the organic ligand would release one
proton per complexcd mctal ion (Kwong and Huang,

1979), causing the initial pH value to drop. The sol- -

uble Al(III)-citrate complex formed is protected
against both hydrolysis and o-phosphate reaction. At
pH 7.0, soluble complex formation with exchangeable
AI(III) is still possible, but no pH change should ac-
company it because all three titratable protons per cit-
ric acid molecule are dissociated. The plateau in the
pH curve for citric acid in Fig. 5b is consistent with
this mechanism.

The solubility-pH relationship in Fig. 2 can be rep-
resented mathematically by the overlapping regres-
sion equations:;
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Fig. 6. Comparison of observed o-phosphate solubility in the presence of citric or formic acid and 20 mol NaCl m~? with calculated values

based on Eq. {1} and the pH, values in Fig. 5.

[P] = —6.727 + 11.357 pH — 2.658 (pH)?
+ 0.171 (pH)* (2 = 0.99) [1a]
for 3.93 < pH =< 7.06 and
[P} = 1358.548 — 670.14 pH + 123.667 (pH)?
—10.11 (pH)® + 0.31 (pH)*  (* = 0.99) [1b]

for 6.85 < pH <8.94, where [P] is the o-phosphate
concentration in mmol m~3. Given the inverse rela-
tionship between o-phosphate solubility and pH im-
plied by Fig. 3 and 5, together with the pH effect shown
in Fig. 2, it is reasonable to ask whether the solubility
curves in Fig. 3 can be calculated with Eq. [1] and the
pH values in Fig. 5. If this kind of calculation pro-
duces good estimates of o-phosphate solubility, it
would suggest that the only role played by the organic
acid is through the conversion of adsorbed, hydro-
lyzed AI(III) to exchangeable Al(III), which raises the
lp:H vzalue and shifts the solubility down the curve in
ig. 2.

Figure 6 compares o-phosphate solubilities calcu-
lated in this way to their measured values for citric
and formic acid at initial pH 5.5 and 7.0. The results
for tartaric acid (data not shown) were qualitatively
the same as for citric acid, but the observed difference
between the actual o-phosphate solubility and that
predicted on the basis of the final pH alone was less
pronounced for the former organic acid. On the other
hand, o-phosphate solubility in the presence of formic
acid was predicted reasonably well. The data obtained
near pH 5.5 suggest that complexation of AI(III) by
the organic acids competes with the conversion of ad-

sorbed AI(III) to an exchangeable form, thereby in-
creasing o-phosphate solubility in the order: citric acid
> tartaric acid > formic acid, with the latter exhib-
iting no significant effect. This result is consistent with
the order of stability constants for 1:1 complexes of
these acids with AI(III) (Martell and Smith, 1977,
Kwong and Huang, 1979), as stated previously. It ap-
pears that formic acid acts primarily to convert ad-
sorbed Al(III) to an exchangeable form and not to in-
hibit o-phosphate sorption through soluble AKIII)
complex stability.

CONCLUSIONS

The effects of pH and organic acid addition on o-
phosphate solubility in a montmorillonitic separate
from Altamont clay loam are consistent with the re-
sults of previous model experiments on o-phosphate
reactions with Al-montmorillonite. The effect of pH
in the absence of added organic acids is consistent
with the overall reaction scheme proposed by Cole-
man et al. (1960):

AlX,(s) + 3Na*(aq) + H,PO;(aq) + 20H (aq)

NaCl
= 3NaX(s) + A(OH),H,PO(s) 2]

in a NaCl background, where X refers to 1 mol of
montmorillonite surface charge. Equation {2] repre-
sents a mechanism in which Na* displaces exchange-
able AI(IIT) that subsequently reacts with o-phosphate
to form a solid Al-phosphate. This mechanism differs
fundamentally from the ligand-exchange adsorption
mechanism characteristic of o-phosphate reactions
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with hydrous oxides (Goldberg and Sposito, 1984). In
particular, Eq. [2] requir€s the presence of exchange-
able AI(III) and implies a decrease of o-phosphate sol-
ubility with increasing pH or increasing background
electrolyte concentration.

The effects of added organic acid (at fixed pH) on
o-phosphate solubility can be rationalized with two.
competing reactions. At lower organic acid concentra-
tions, the principal reaction scheme is the exchange
of OH for L (L = citrate, tartrate, or formate) in an
adsorbed, polymerized hydroxy-Al(IIl) species, fol-
lowed by a cation exchange reaction between an ex-
changeable Al-L complex and Na* to promote the
formation of an Al-phosphate. Since OH/Al molar ra-
tios > 2 typically in adsorbed hydroxy-Al polymers
(Veith and Sposito, 1979; Robarge and Corey, 1979),
there is a net production of OH~(aq) that leads to the
pH increases noted in Fig. 5. At high organic acid
concentrations, the principal adsorbed Al(III) reaction
with the ligand L is the formation of a soluble Al-
organic complex and the production of H*(aq) if L is
protonated. These two extremal reactions compete to
provide the net o-phosphate solubility curves in Fig.
3 and 4. It is evident that both extremal reactions are
favored by large stability constants for Al(III)-organic
acid adducts and the differences between the curves
in Fig. 3 and 4 reflect this kind of influence. The mech-
anisms proposed here do not provide a comprehen-
sive description of the o-phosphate~organic acid in-
teraction, but they suffice to account qualitatively for
the behavior in Fig. 3 to 5.
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Effects of Ionic Strength, Calcium, and Citrate on Orthophosphate Solubility
in an Acidic, Montmorillenitic Soil’

SAMUEL J. TRAINA, GARRISON SPOSITO, DEAN HESTERBERG, AND U. KAFKAF1?

ABSTRACT

A recent study by the authors of the effects of pH and organic
acids on residual orthophosphate solubility in an acidic, montmo-
rillonitic soil (Typic Chromoxererts) was extended to include vari-
ations of ionic strength (NaCl background) and Ca’" concentration
at fixed ionic strength. The objective of the experiments was to elu-
cidate further the mechanism of orthophosphate solubility in a mont-
morillonitic soil containing exchangeable AKIII) and added citric
acid. At ionic strengths between 20 and 100 mo! m * (NaCl) and
Ca!’ concentrations between 1 and 5 mol m > at 20 mol m ? jonic
strength (NaCl background), additions of citric acid at low concen-
trations (<0.1 mol m 3) reduced orthophosphate solubility. The sol-
ubility then gradually returned to its value in the absence of added
organic acid as the citric acid concentration was increased to 0.6
mol m 3. The only significant effect of increasing the ionic strength
or the Ca?* concentration was to decrease orthophosphate solubility
at any level of citric acid addition. Orthophosphate-citric acid in-
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teractions in the soil were influenced only quantitatively, probably
through the displacement of exchangeable AI(III) by Na* and/or
Ca?", by increasing the concentration of these two metal cations in
the soil solution.

Additional Index Words: aluminum-organic complexes, Al phos-
phates, exchangeable Al, phosphate precipitation.

Traina, $.J., G. Sposito, D. Hesterberg, and U. Kafkafi. 1986. Effects
of ionic strength, calcium, and citrate on orthophosphate solubility '
:Snz _,an acidic, montmorillonitic soil. Soil Sci. Soc. Am. J. 50:623-

EXTENDING THE CLASSIC investigation by Coleman
et al. (1960) on orthophosphate (o-phosphate) re-
actions in a model Al-montmorillonite system, Traina
et al. (1986) recently studied the effects of pH and
organic acid addition on o-phosphate solubility in a
suspension of Altamont clay loam (fine, montmoril-
lonitic, thermic Typic Chromoxererts) in a 20 mol m 3
NaCl background. The principal results of their study
were: (i) an observed decrease in residual o-phosphate
solubility as the suspension pH value was increased
from 4 to 7 with no organic acid present; (ii) a sharp
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decrease in o-phosphate solubility with additions of
low concentrations (<0.1 mol m~3) of citric, tartaric,
or formic acid at initial pH values of 5.5 and 7.0, and
(iii) a gradual recovery of the p-phosphate solubility
to its value in the absence of organic ligand as the
concentration of citric acid was increased to 0.6 mol
m~3, These results were interpreted as consistent with
a sorption mechanism involving the reaction of o-
phosphate with hydrolyzed, exchangeable AI(III) to
form A(OH),H,PO.(s), as first proposed explicitly by
Coleman et al. (1960). The effect of pH and organic
acids on this mechanism is principally to alter the
quantity of o-phosphate-reactive AI(III) on the soil clay
fraction. Increased pH also increases the extent of
AI(III) hydrolysis and enhances the possibility of basic
Al-phosphate formation. Organic ligand addition at
low concentrations increases the amount of exchange-
able (KCl-extractable) AI(III) that subsequently can
react to form an Al-phosphate solid (Goh and Huang,
1984). As the concentration of organic ligand in-
creases, and if the ligand forms strong complexes with
AI(III), soluble Al-organic complexes compete with Al-
phosphate formation to restore o-phosphate solubility
(Traina et al., 1986).

Fundamental to the sorption mechanism proposed
above is the accessibility of adsorbed AI(III) to reac-
tion with dissolved o-phosphate. As shown by Traina
et al. (1986), this accessibility was increased in the
Altamont soil by increasing the quantity of exchange-
able AI(III) through organic acid addition at low con-
centrations. The data of Coleman et al. (1960) suggest
that, for Al-montmorillonite, the accessibility of AI(III)
would also be enhanced by increasing the ionic strength
of the background NaCl solution or by introducing
metal cations that can displace exchangeable AI(III)
more effectively than Na*. Traina et al. (1986) ob-
served a much greater residual o-phosphate solubility
in the Altamont soil suspension in the absence of added
NaCl than when the NaCl concentration was 20 mol
m™3, Coleman et al. (1960) and Wild (1953) noted the
effectiveness of added Ca?* in reducing o-phosphate
solubility in montmorillonite suspensions. All of these
results are consistent with a mechanism whereby in-
duced displacement of exchangeable AI(III) leads to
the formation of additional basic Al-phosphate.

In this paper, the effects of varying ionic strength
and of introducing Ca** on the solubility of residual
o-phosphate in the Altamont soil will be examined
both in the presence and in the absence of citric acid.
The objective of this investigation is to provide ad-
ditional insight as to the causative factors in o-phos-
phate solubility in acidic, montmorillonitic soil by way
of extension of the experiments of Traina et al. (1986).

MATERIALS AND METHODS
Soil Separate

A sample of the 0- to 0.15-m depth of an unfertilized
Altamont clay loam (fine, montmorillonitic, thermic Typic
Chromoxererts) was used in this study. The pH value of the
water-saturated soil paste (pH,,) is 5.7 and the content of
organic C is 29 + 1 g kg~' soil. Phosphate solubility exper-
iments were conducted on a Na-saturated separate of this
soil comprising the size fraction <53 um. Details of the
preparation of the soil separate are given by Fletcher et al.

(1984). The pH value of the filtered supernatant solution in
a stock suspension of the separate (pH,) was 7.2 + 0.2 when
measured on the freshly-prepared suspension and on the
suspension aged 253, 341, or 452 d. The NaHCO, extract-
able phosphate in the separate was 3.0 + 0.1 mmol kg™’
and the KCIl extractable Al was 5.2 + 0.8 mmol kg~'. Ad-
ditional chemical properties of the Na-saturated soil sepa-
rate have been reported by Traina et al. (1986).

The absence of Ca-phosphate from the Na-saturated sep-
arate was ascertained through calculation of an approximate
ion activity product (IAP) for hydroxyapatite based on mea-
sured values of pH, total soluble Ca, and total soluble phos-
phate in the stock suspension after 253, 341, and 452 d of
aging. The estimated log IAP was always 3.6 or more log
units less than log *K,, for hydroxyapatite (14.5; Lindsay,
1979, p. 165).

Solubility Experiments
Variation of Ionic Strength

A quantity of the stock soil separate suspension contain-
ing 0.40 + 0.02 g solids was placed into a tared 250-mL
polycarbonate reaction bottle and approximately 0.2 kg of
either 30, 50, or 100 mol m~? NaCl solution was added. The
pH values of the NaCl solutions had been adjusted previ-
ously with HCI to produce an approximate final pH value
of 5.5 in the soil suspension with less than a 0.4% change
in the ionic strength. Aliquots containing 10 mol m 3 citric
acid (Baker, analyzed reagent-grade) in 30, 50 or 100 mol
m=3 NaCl at pH 5.5 were added to provide initial concen-
trations of citrate ligands ranging from 0 to 200 mmol m 3,
The suspension density was 2.00 + 0.05 g soil separate kg™!
for all samples. Duplicate samples were prepared for each
experiment. The reaction bottles were shaken at 298 K for
24 h, then centrifuged at 19 745 RCF (relative centrifugal
force) for 30 min. A subsample of the supernatant solution
was removed for pH measurement while the remainder of
the solution was passed through a 0.2-um Nucleopore po-
lycarbonate filter membrane and saved for chemical analy-
sis. Kinetics experiments (data not shown) indicated that no
detectable changes in o-phosphate concentration in the su-
pernatant solutions occurred after reaction times of 24 h, up
to a maximum of 48 h. In other complementary experi-
ments, it was found that addition of the citric acid/NaCl
solutions (adjusted to pH 5.5) to the 20 mol m -3 NaCl back-
ground solution (also adjusted to pH 5.5) did not produce
a shift in pH; thus no corrections of the pH measurements
in the supernatant solutions after reaction were deemed nec-
essary.

Variation of Ca** Concentration

Organic Acid Experiments—A quantity of the stock soil
separate suspension containing 0.40 + 0.02 g solids was
placed into a tared 250-mL polycarbonate reaction bottle
and approximately 0.2 kg of either acidified, 1 mol m-}
CaCl,/17 mol m~? NaCl solution or acidified, 5 mol m~?
CaCl,/5 mol m~3 NaCl solution was added. The pH values
of the electrolyte solutions had been adjusted previously with
HCl to provide a final pH value of 5.5 in the soil suspension
with less than a 0.4% change in ionic strength. Aliquots of
10 mol m™? citric acid (Baker, analyzed reagent-grade) in
either 1 mol m~3 CaCl,/17 mol m~* NaCl or 5 mol m~?
CaCl,/S mol m~? NaCl, adjusted to pH 5.5, were added to
produce initial concentrations of added citrate ligands rang-
ing from 0 to 600 mmol m~>. The suspension concentration
was 2.00 + 0.05 g soil separate kg~' for all samples. Du-
plicate samples were prepared for each experiment. The re-
action bottles were shaken at 298 K for 24 h, then centri-
fuged and filtered as described above.

Variable pH Experiments—A quantity of the stock soil
separate suspension containing 0.40 x 0.02 g solids was
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I1,=20 molm 7o NacCl
30 molm 3 »
30 molm-3 9

100 mol m -3 3

{P] (mmol m-3)

2.0 2.1 8.2
Initial [Cit.] (mol m™?)
Fig. 1. Effect of ionic strength (/,) and initial citrate concentration

on residual o-phosphate solubility in NaCl (initial pH = 5.5).
The data for I, = 20 mol m * are from Traina et al. (1986).

placed into a tared 250-mL polycarbonate reaction bottle
and approximately 0.2 kg of either 1 mol m~3 CaCl,/17 mol
m-3 NaCl solution or § mol m~* CaCl,/5 mol m~* NaCl
solution was added. The pH values of the electrolyte solu-
tions had been adjusted with HCl or NaOH to produce final
pH values between 3.5 and 7.5 in the soil separate suspen-
sions with an ionic strength change of <4%. The suspension
density was 2.00 + 0.05 g soil separate kg™'. The reaction

bottles were shaken at 298 K for 24 h, then centrifuged at-

19 745 RCF for 30 min and filiered as described above.

Chemical Analysis

Solution concentrations of o-phosphate were determined
by a molbydenum blue colorimetric procedure (Olsen and
Sommers, 1982). Solution concentrations ot Ca were mea-
sured with a Perkin-Elmer model 5000 atomic absorption
spectrophotometer equipped with a background corrector.
All pH measurements were made with a Beckman model 71
pH meter equipped with an automatic temperature com-
pensator and glass/calomel electrode pair.

RESULTS AND DISCUSSION

The solubility of residual o-phosphate in the Na-
Altamont soil separate suspended in NaCl, as influ-
enced by both stoichiometric ionic strength (/) and
citric acid concentration, is depicted in Fig. 1. (The
vertical lines 1n the hgure indicate | standard devia-
tion for duplicate experiments). Figure 2 shows the
effects of Ca?* and citric acid concentration on o-
phosphate solubility. 1he data 1n both hgures for 20
mol m~? NaCl are taken from Traina et al. (1986).
Increases in J, in a NaCl background and increases in
Ca?* concentration at a constant /, of 20 mol m™?
generally caused a decrease in the solubility of o-phos-
phate at all levels of citric acid addition. These results
are consistent in principle with trends in o-phosphate
solubility reported for model Al-saturated exchange
surfaces (Wild, 1953; Coleman ct al., 1960; Robarge
and Corey, 1979) and with the formation of an Al-
phosphate solid subsequent to the release of exchange-
able AI(IIT) to the aqueous solution phase. Inasmuch
as increases in I, and Ca?* concentration should have
promoted the displacement of exchangeable AI(III)
from soil surfaces, these changes in o-phosphate sol-
ubility conform to the mechanism described by Traina
et al. (1986) for the Altamont soil.

Approximate IAPs for hydroxyapatite were calcu-

“a_ T T
s =20 molm 3

Na 20 mol m -9

w
[
Y

Ca ! molm -3

%

2.0 0.1 0.2 8.3 2.4 2.5 2.6
Initial [Cit.) (mol m"3)
Fig. 2. Effect of initinl Ca?' and citrate concentration on residual o
phosphate solubility at a constant Z, = 20 mol m  (initial pH =
+ §.5). The data for 20 mol m * Na are from Traina et al. (1986).

{P] (mmol m=3)

-
[~}

lated for each point in Fig. 2 with measured pH values
and values of total soluble Ca and P. Since the esti-
mated log IAPs were always three or morc log units
less than log *K,, for hydroxyapatite (14.5; Lindsay,
1979, p. 165), the marked decreases in o-phosphate
solubility shown in Fig. 2 should not have resulted
from basic Ca-phosphate precipitation. There is no
systematic change in the overall shapes of the ¢ phos
phate solubility curves in Fig. 1 and Fig. 2 caused by
changes in the solution concentration of cither Ca or
Na. Thus, one may infer that increases in I, or Ca’*
concentration had no qualitative influence on citric
acid o phosphate interactions in the Altamont soil.
The effect of citrate concentration on the pH value
of the soil separate suspension for various ionic
strengths and Ca?* concentrations is illustrated in Fig.
3. As noted by Traina et al. (1986), the rising portions
of the pH curves are consistent with the displacement
of hydroxyl groups from adsorbed AI(III) by organic
ligands, whereas at sufficiently large citrate concentra-
tions, complexation of exchangeable AI(III) and its re-
moval to the aqueous solution phase as a 1:1 AI(III)-
citrate complex promotes the release of a proton from
the citrate ligand and produces the falling portions of
the pH curves. At a given concentration of added cit
rate, increases in /; caused a decrease in the pH value
of the Altamont soil-separate suspension (Fig. 3a). This
behavior is in accord with the idcalized scheme pro-
posed by Coleman et al. (1960) for o-phosphate re-
action with an Al.saturated montmorillonite in the
presence of NaCl: '

AlX,(s) + 3Na*(aq) + H,PO;(aq) + 2H,0(l) -

" 3NaX(s) + AKOH)H,POLs) + 2H'(@a) [1]

where X refers to 1 mol of montmorillonite surface
charge. Direct displacement of protons from soil sur-
faces by Na™* ions may also have contributed to some
of the drop in pH. '
Since Ca?* should be more effective than Na* in
displacing adsorbed protons and exchangeable AI(III)
from soil surfaces, one could make the a priori hy-
pothesis that the pH value of the soil separate sus-
pension would decrease if the concentration of Ca were
allowed to increase while /, and the added citrate con.
centration were held constant. The data in Fig. 3b in-
dicate that this does not occur. Instead, the pH value
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Y T T Y T T T T 10.8
sat a 4 5.0 20 molm-3 Na 1
L o 8 [ J g.af a Imelm-3 Ca
6.1 ° ° . 2] 3 Smolm-3 Ca
S M a ’G‘ ?.a}
I‘SS: g . NaCl 8-. g §.8r I, =20 mol m -3
q .. 4 1 £ s.of
s2pF ¢ 1,=20 molm-3 o 4 E ! ]
L. 30 molm-3 4
5.5 r’, ° S0molm-3 v - T sl ]
E o 100 molm-3 o 2.8 f
S.3¢ B t.9 ¢
i ue ) i 1 L . L . 4
e - 7.2 3.5 4.5 5.5 6.5 7.5 8.5
Initial {Cit.} (mol m™3) pH
6.5 AN AL S S S R A S Fig. 4. Effect of pH and initial Ca?* concentration on o-phosphate
- b 3 solubility in the absence of added citrate. The data for 20 mol
6.4 | o 8 Iy = 20 mol m . m * NaCl are from Traina et al. (1986).
6.2 : o o g . . .
e 8 clude its precipitation. Apparently, the effect of Ca in
- S . the low-pH region was to displace exchangeable AI(IIT)
Q H . 8 and to cnhance the formation of an Al-phosphate solid
S8 , 8| in a manner analogous to the reaction represented in
o 20molm=3 Nao Eq. [1]. Below pH 4, the solubility of o-phosphate was
I molm-3 Caa 1 : :
- P s greater in the presence of Ca than in the presence of
. m ag 8 i . .
1 NaCl alone (Fig. 4). Model calculations of aqueous ion
P T T SR S T S speciation with the computer program GEOCHEM
2.2 @1 @82 23 @4 B85 0.6 (Sposito and Mattigod, 1980) indicated that under

Initial [Cit.) (mol m-3) ]

Fig. 3. Effect of (a) I, and (b) Ca’' concentration on the final pH
value of the soil-separate suspension at varying concentrations of
citrate. The data for 20 mol m * NaCl are from Traina et al.
(1986).

of the soil separate suspension increased with increas-
ing Ca concentration for citrate concentrations rang-
ing from 20 to 200 mmol m~3. This result may have
been in part caused by the formation of soluble Ca-
citrate complexes, which would inhibit by competi-
tion the complexation and concurrent deprotonation
of soluble citrate by AI(III). It is also possible that the
displacement by citrate of surface hydroxyl groups
bound to AIII) was enhanced in the presence of ad-
sorbed Ca, since a decrease in the absolute magnitude
of the negative charge present at soil surfaces and/or
a decrease in the thickness of the diffuse double layer
surrounding the soil particles should accompany Ca
adsorption (Sposito, 1984). At a citrate concentration
of 600 mmol m ™3, the suspension pH value decreased
as the Ca concentration increased, indicating that suf-
ficient citrate was present to allow complexation of
exchangeable AX(III) and its removal to the aqueous
solution phase, thereby masking hydroxyl release re-
sulting from enhanced citrate adsorption. '
The influence of Ca?* concentration and pH in the
absence of applied citrate and at constant I, is shown
in Fig. 4. The data indicate that, for pH >4.0, in-
creases in Ca?* concentration decreased o-phosphate
solubility. This result has been observed in Al-resin
systems by Robarge and Corey (1979). Estimated val-
ues of log IAP for hydroxyapatite suggested that some
precipitation of a Ca-phosphate may have occurred in
the experiment at pH values in excess of 7.0. How-
ever, at pH <7.0, the soil solutions were sufficiently
undersaturated with respect to hydroxyapatite to pre-

these acidic conditions, some Ca-phosphate solution
complexes were present in sufficient concentration to
increase the total o-phosphate solubility.

CONCLUSIONS

The effects of ionic strength and Ca?* concentration
on o-phosphate solubility in the Altamont soil sepa-
rate are consistent with previous model experiments
on o-phosphate reactions with Al-saturated mont-
morillonite (Coleman et al., 1960) and Al-saturated
cation exchange resin (Robarge and Corey, 1979). A
generalized form of Eq. [1], following Coleman et al.
(1960), can be written to describe the influence of I,
and Ca?* concentration on o-phosphate solubility in
the Altamont soil separate at low concentrations of
citric acid

AlX;(s) + (3/m)M"*(aq) + H,PO;(aq) + 2H,O()

MCl,
= (3/n)MX,(s) + AI(OH),H,PO.(s) + 2H*(aq) [2] .

wtllere M"* is a metal cation and MCI, is its chloride
salt.

Equation [2] suggests that there should be no direct
effect of either I, or Ca?* concentration on citrate-o-
phosphate interactions. This hypothesis was borne out
in the present study by the observed lack of influence
of either I, or Ca®* concentration on the shape of the
o-phosphate-citrate solubility plots (Fig. 1 and 2). Ap-
parently the primary role of I, and Ca?* was to control
the initial concentration of soluble o-phosphate in the
soil separate suspension. Thus the o-phosphate sorp-
tion mechanism proposed by Traina et al. (1986) is
not altered by variations in /, or Ca®* concentration,
but instead is affected quantitatively by changes in-
duced in the amount of AI(III) available to react with
o-phosphate in the absence of added organic ligands.
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ABSTRACT

Previous studies by the authors of the effects of pH, organic acids, ionic
strength and Ca on . residual orth_ophosphatg solubility in an acidie
montmorillonitic soil (Typic Chromoxererts) were extended to include the
variation of r'eaction time. Tﬁe objective of the experiments was to determine
the time depe:ndence of the reactions and to elucidate further the mechanism of
orthophosphate | solubi.lity ip a montmorillonitic soil separate containing
exchangeable Al () and citric acid, suspended in 20 mol NaCl m-3. In the
abscence of added organic acids, soluble orthophosphate and Al (III) activities
were fou[nd to be at equilibrium with an amourphous hydroxy-Al-ph\osphate' solid
for t> 24 h. Initial citrate concentrations of 10, 100 and 400 mmol m~3
resulted in citrate sorption by the soil separate and ‘an increase in soluble
orthophospl{éte and Al (IIT) for t < 1 h. Citrate adsorption continued throughout
the time course of the experim‘énts. At 1 <t <8 h orthophosphate solubility
was not affected by the initial citrate concentration. At 8<t<25h
orthophdsphate solubility decreased to constant levels consistant with previous

equilibrium studies conducted by the authors. Soluble Al (III) decreased for

‘1 <t<30h and then remained constant in the 10 and 100 mmol m~3 citrate

treatments. The samples reacted with 400 mmol m~3 citrate exhibited a steady
increase in soluble Al (I) for the same time period. The time dependent
changes in aqueous orthophosphate and Al (Il) were consistant with a previously
proposed reaction describing organic ligand induced formation of an insoluble
hydroxy-Al-phosphate. The time trends in the solution concentrations of Ca
and Si were not affected by the addition of organic ligands nor were they

related to the changes in soluble Al (III) or orthophosphate. Thus the former
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elements did not directly take part in the citrate-Al-orthophosphate

interactions.
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Traina et al. (1986§,b) recently have investigated the effect of citric acid
on the solubility of orthophosphate (o-phosphate) in a suspension containing
montmorillonitie soil in a NaCl background. They concluded that the principal
effect of the organic acid on ‘_g-:-phosphate solubility was a citrate-induced
displacement of adsorbed Al which then precipitated as an Al-phosphate,
A1(OH)2H2PO;. Earlier research by Coleman et al. (1960) on a model
Al-montmorillonite system had established that hydrolyzed Al could be
exchanged by Nat in the presence of o-phosphate to precipitate as poorly
crystaning variscite. Subsequently Goh and Huang (1984, 1985) demonstrated
for the s‘t’ame, type of model system that citric- acid could render adsorbed
Al-hydroxy polymers exchangeable (KCl-extractable). These previous results
and their own déta on the effect of citric acid on o-phosphate solubility under
varying éoncfitions of pH, ionic stt;ength, and aqueous solution composition led
Traina et al. (1986a,b) to the conclusion described above.

The solubility experiments of Traina et al. (1986a,b) pertained to a
suspénsion equilibrated for 24 h. Preliminary studies indicated that little or no
change in o-phosphate solubility occurred for reaction times between 24 and
48 h (Traina et al., 1986b), but data were not taken for.reaction times less than
24 h. In this paper, the kinetics of o-phosphate-citrate interactions in the
montmorillonitie soil studied by Traina et al. (1986a,b) are reported for reaction
times between 1 and 50 h. The objectives of the investigation were to provide
insight as to the time scales over which citric acid acts to produce
exchangeable Al and induce the precipitation of o-phosphate, as well as to test

the internal consistency of this concept with kineties data.
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T/IATERIALS AND METHODS
Soil Separate

A sample of the 0 to 0.15-m depth of an uncultivated Altamont clay loam
(fine, montmorillonitie, thermic,.Typic Chromoxererts) was used in this study,
The pH value'of the water-saturated soil paste (pHsp) is 5.7 and the content of
organic carbc;n is 29 + 1 g kg~1 soil (Traina et al., 1986a). ‘Residual o-phosphate
solubility experiments were conducted on a Na-saturated separate of this soil
comprising the sizé fractiqn <53-pm. | Detaj}s of the preparation of the soil
separate )are given by Fletcher et al. (1984) ;nd its chemical properties have
been des'éribgd by Traina ej: al. (1986a,b). Those relevant to the present study
are the content of NaHCOg-extractable phosphate (3.0 + 0.1 mmol kg‘l); the
content of KCl-extractable Al (5.2 1V0.8 mmol kg~1), the supernatant solution
pH value (pHe = 7.2 + 0.2), and the significant undersaturation with respect to

Ca-phosphate solid phases.

Solubility Kinetics Experiments

A quantity of the stock soil separate suspension confaining 0.40 + 0.02 g
solids was placed into a tared 250-mL polypropylene reaction bottle and
approximately 0.2 kg of 20 mol m-3 NaCl was added. The pH value of the NaCl
solution had been adjusted previously with HCI to result in a soil suspension pH
value near 5.5, in the absence of added organic-ligands, after 24 h equilibration.
Aliquots of 10 mol m~3 citric acid (2-hydroxypropane-1, 2, 3-tricarboxylic
acid) (Bakér, analyzed reagent-grade) in 20 mol m~3 NaCl, adjusted to pH 5.5,
were- added to produce’ initial concentrations 0, 10, 100, or 400 mmol m-3
citrate ligands. In one experiment, formic acid (methanoic acid) was added to

give an initial concentration of 200 mml m~3 formate ligands. The suspension
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density w; 2.00 + 0.05 g soil separate kg~1 for all samples, Duplicate samples
were prepared for each reaction time to be investigated. The reaction bottles
were shaken gently at 298 K for periods of 1 to 50 h, then each sample was
divided and added uniformly intp eight 40-mL polypropylene centrifuge ‘tubes.
Transfer to the 40-mL tubes"allowed the subsamples to be centrifuged at

19,745 RCF for a period of 5 min. The supernatant solutions of these

subsamples then were combined in a 250-mL Pyrex beaker. A subsample of the

remixed supernatant solution was removed for immediate pH measurement,

while thel remainder of the solution was passed through a 0.2-ym Nucleopore
polycarbgnat,e membrane filter and retained for chemical analysis. In all cases,
less than 2 min was required for sample filtration. The total elapsed time for
each experiment was considered to be the time period from organic acid
addition to 'énd including filtration of the supernatant solutions. In all cases,
the total elapsed time required for the separation of solid from the aqueous

phase was <10 min.

Chemical Analysis
Solution concentrations of o-phosphate were determined by a
molybdenum-blue colorimetric procedure (Olsen and Sommers, 1982). Soluble
Al, Ca, and Si were determined by inductively-coupled plasma emission
spectroscopy. Measurements of pH were made with a Beckman model 71 pH
meter equipped with an automatic temperature compensator and glass/calomel

electrode pair.

The concentration of citrate ligands in the extracted solutions was

inferred from a measurement of total dissolved organie carbon (TOC) with a

Dohrman-Xertex DC-80 total carbon analyzer. A correction was made for the
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TOC concentration in the supernatant solutions in the absence of added citrate.
Identical final citrate concentrations were measured in solutions extracted
from the soil suspension after reaction both in the presence and absence of
2 kg m~3 NaN3 (a microbicide). Thus tne calculation of citrate concentrations

from TOC values was not affected by microbial activity.

RESULTS

The time dependence of citrate sorption by the Altamont soil is shown in
Fig 1. (Sorption was calculated as the blank-corrected loss of organic C from
solutinn Cﬂivided by the molaf C content of citrate, divided by the mass of soil in
the suspension.) At an initial concentration of 10 mmol m~3, citrate sorption
exhibited a sigmoid time dependence during the first few hours, then attained a
plateau which persisted from 4 to 47 h. At higher initial citrate concentrations,
both the early plateaunear 5 h and a second plateau near 25 h are apparent in

the sorption time dependence. The amounts sorbed at each plateau were not

proportionate to the initial concentrations of citrate (e.g., 5 mmol kg~! at

10 mmol m-3 initial concentration versus 30 mmol kg~! at 400 mmol m-3 for
the early plateau) and the 25-hour plateaux appear to be superimposed on an
overall continuous increase of sorption with time.

The time dependence of soluble o-phosphate (PJT),lAI (AlT), Si (Sit), and
Ca (Car) are shown in Fig. 2 to 5. When citrate was not present, Py increased
by about 30% over a 25-hour period to a value consistent with the "equilibrium"
solubility reported by Traina et al. (1986a, Fig. 2). Under the same condition,
AlT hovered around a very low value (about 0.5 mmol m-3), Sit increased
gradually by about 20%, and Car fluctuated around 35-40 mmol m-3. The

solution data were used to speciate Al and P with the computer program
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GEOCHEM (Sposito, 1985) in order to calculate the log ion aétivity product
(IAP) for the poorly crystalline solid phase, AI(OH)9HgPO4. The results, log
IAP = 30.5 at 24, 30, and 40 h, were consistent with a trend toward equilibrium
with this solid phase, for which Jog Kgo lies between 27 and 31 (Sposito, 1981,
Chap. 2; Traina et al., 1986a).

In the' presence of citrate, Pr increased sharply for t < 7h, then
decreased to an "equilibrium" value consistent with the solubility data reported
by Traina et al. (1986a, Fig. 3) at t 25 h. In the presence of 200 mmol m-3
formate, Pr showed a small, short-time increase, then decreased gradually
(Fig. 2).‘J The value of PT at 25 h was consistent with the "equilibrium" value
reported by Traina et al. (1986a, Fig. 3).

In the presence of citrate, AlT showed a decrease with time at 10 and
100 mmol m-3 initial citrate cc-)ncentration, but increased with time at 400 mol

m-3 initial concentration (Fig. 3). The initial values of Aly increased as the

citrate concentration was increased. The value of Aly in the presence of. |

200 mmol m-3 formate (data not shown) was not significantly different from
that found in the absence of added organic acid. The time trend of Sit in the
presence of citrate was similar to that in the absence of organic ligand (Fig. 4),

but the absolute value of Sit was decreased below that in the absence of

organic ligand when the initial citrate concentration was 10 or 100 mmol m=-3,
At 400 mmol m-3 initial citrate concentration, SiT exceeded the values
observed in the citrate-free suspension. The time trend of Car also was similar
in both the presence and absence of citrate (Fig. 5), but 100 mol m-3 citrate
caused an overall decrease in Car whereas Car was increased at 10 and

400 mmol m-3 citrate.

.
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The time dependence of pH is shown in Fig. 6. In all cases pH increaséd
with time and the addition of organic ligands resulted in overall higher pH
values. The pH iincreased more at 100 mmol m~3 citrate and 200 mmol m-3
formate than at 400 mmol m~3 citrate. The data at 25 h are consistent with

the "equilibrium" pH values reported by Traina et al. (19864, Fig. 5).
q s

DISCUSS_ION
The kinetics data in'Fig. 1 to 6 represent the net effect of concurrent
reactions/ in a complex assembly of soil minerals, organic matter, and adsorbed
species. ‘“No rationalization of these data in terms of simple mechanistic models
can clairh to be either unique or complete, but a discussion of the data based on
the inferences made by Traina et al. (1986a,b) and general concepts of surface
reactions in soils (Sposito, 1984) should have heuristic value.

The solubility and pH data in the absence of organic ligands are consistent

with the relatively rapid adjustment of exchangeable H*, Ca?*, and Al (I)to |. ...

an acidie solution and the slower release of o-phosphate and silica from
solid-phase and/or adsorbed chemical forms. The pH increase observed would
be the net result of protonation of surfaces and/or soluble anions. As
mentioned above, the o-phosphate solubility data for t> 20 h are consistent
with the presence of AI(OH)oH9PO4.

"~ For t<1 h, it is evident from Fig. 2 to 6 that, at an initial citrate
concentration of 10 mmol m~3, a rapid loss of Al, Ca, and Q-—phosphate from
solid phases occurs after attack by the organic ligand. The cations are likely in
the form of organic complexes (confirmed by speciation ecalculations with

GEOCHEM and the sigmoid sorption curve in Fig.1). The o-phosphate may

have been solubilized by ligand exchange with citrate, which is a bivalent anion
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at pH <6 (Martell and Smith, 1977). The coﬁcentration of P solubilized at
t < 1h was 0.46 + 0.03 mmol m~3 greater than the concentration in the absence
of citrate, regardless of the initial citrate level. The concentration of Al
solubilized was much in excess of Pp, which suggests that weathering of
Al-bearing solid phases occurred. This weathering ‘would expose fresh surfaces
for the adsorbtion of solutes. Adsorption of silica by these surfaées could have
produced the reduction in Sip observed (Fig. 4) as the initial éitrate
concentration was increased from 0 to 10 mmol m-3. Silica, g-phosphéte,
citrate, and chloride ligands all would be in competition for surface sites
exposed ‘by Al dissolution. The net result of surface and soluble ecation

reactions with these ligands was an overall reduction in SiT, possibly because

the initial form of Si was aqueous and its ability to solubilize Al is minimal. .

Increases iﬁ the initial citra_te concentration above 10 mmol m=3 resulted in

increased Al and Sip, with a decrease in Cay (at 100 mmol m=3), and no

change in ‘Pp. - The effect on Sip at higher citrate concentrations can be | . . -

attributed to competition with citrate for exposed adsorption sites. The effect
on Car may be the net outcome of adsorption by sorbed citrate (Fig. 1) in
competition with soluble Ca-citrate compléxes, with the latter predominating
as the citrate concentration increases. |

For 1 <t < 8h, citrate is sorbed. Coprecipitation with Al and Ca is
consistent with the data in Fig. 3 and 5, and displacement of adsorbed Si is not
absolutely ruled out by the data in Fig. 4. The displacement of o-phosphate by
citrate also appears consistent with the data in Fig 2. However, the increase in
Pt for t>1h is most likely simple dissolution following the kineties in the
absence of organic ligand. The differential g-pHOSphate dissolution for

1 < t < 8 his shown in Fig. 7, where

i, Signs - =

ek b
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~ Pplnet) = Peit(t) - [Pejt(t=1) - Po(t=1] (t > 1) [

where Pait(t) is P in the presence Qf citrate at time t > 1 h and Pg(t) is PT in
the absence of citrate at time t> 1 h. The data in Fig. 7 indicate that, for
1 <t < 8 h, the o-phosphate dissolution rate was not affected by the presence
of citrate. Thus the sorption of citrate by the soil separate in this time period
was not on an o-phosphate-bearing surface, and had no additional net effect on
Pr. Conftinued sorption of citrate on other Al-bearing solids is both possible
and likelly, particularly with Al-hydroxy materials on montmorillonite in 1.the
Altamont soil,

 For 8<t<30 h, the precipitous decline in P and Alr observed in the
presence of ;'itrate at initial concentrafions of 10 and 100 mmol m-3 (Fig. 2 and
3) is consistent with the mechanism proposed by Traina et al. (1986a,b),
whereby citrate complexation of adsorbed Al renders it exchangeable to the
aqueous phase and heﬁce accessible to precipitation by o-phosphate. The
coprecipitat.ion of AL, P, émd citrate at high citrate concentrations could be the
cause of the second sorption plateau in Fig. 1 and the decline/flattening of the

AlT curves in Fig. 3. Complicating the picture are the sorption of citrate that

does not result in exchangeable Al and the formation of soluble Al-citrate

complexes, apparent especially at the 400 mmol m-3 initial ecitrate

concentration. The indifference of the Car and SiT data to the developments
in Fig.' 1 to 3 supports the concept that the essential reaction is among Al,
citrate, and o-phosphate. A similar indifference was observed in kineties data
for Fer and Mnr (data not shown). Traina et al. (1986a) showed that formate

was much less effective than citrate at inducing o-phosphate precipitation,

Bl binles et e
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evidently because of its lesser ability to displace OH and render adsorbed
hydroxy-Al exchangeable. The data in Fig. 2 and 6 indicate that formate at
200 mol m-3 could not solubilize o-phosphate for t <1h, but was able to
reduce Pt gradually through attack on Al-hydroxy material. Its effectiveness
fell between those of citrate at 10 and 100 mmol m~3, The equality of Alr in
the samples r;acted with 200 mmol m-3 formate and those not treated with
organic acids indicates that the rate of Al-phosphate interactions must have

been equal to or exceeded the rate of OH displacement by formate.

i
i

CONCLUSIONS
The kinetics data developed in the present study can be interpreted in
respect to o-phosphate solubility with the following hypothetical sequence of
reactions: '
(1) For reaction times less than 1 h, citrate acts to solubilize édsofbed and
structural Al by complexation, thus exposing fresh mineral surfaces for solute
adsorption. Solubilization of adsorbed o-phosphate by citrate also occurs and

may be described by the reaction:

SH9POy(s) + HCit2-(aq) + HyO (&) =
SHyCit(s) + HoPO,(aq) + OH"(aq) [24]

where S represents lrﬁol of positive surface charge, and the surface and
solutioﬁ species of o-phosphate at pH 5 are as given by Goldberg and Sposito
(1984) and Lindsay (1979) respectively. Dissolution of an o-phosphate solid
would follow a similar reactic;n:

Al(OH)oH 9POy4(s) + HCit2"(aq) =

AlOHCit (aq) + Hzpo;(aq) + HoO(L) [2b]
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(2) For reaction times between 1 and 8 h, citrate is sorbed on mineral
surfaces, among which are those bearing Al-hydroxy material. A general

reaction scheme for the Al-hydroxy-citrate interaction via ligand exchange is:

Al(OH)gX3-4(s) + p HCit2"(aq) = AL(OH)g-2p(HCit)pX3-4(s)
+ 2p OH~(aq) 1 {3l

where q = 2.5-2.7 (Goh and Huang, 1984) and X refers to an amount of
adsorbent bearing 1 mol of negative surface charge. This reaction will
immobili‘ze citrate and increase pH. The proton in the citrate reactant could be
replaced by AIOH2* or Ca2* to give a reaction that would immobilize Al and
Ca also. Alternatively, these cations could be complexed'by sorbed citr;fe.

(3) For reaction times between 8 and 30 h, Al rendered exchang:eable by
complexation with citrate according to Eq. {3] is displaced and then precipitates
with o-phosphate. Data reported by Veith (1977) indicate that Al(OH)l(::q
adsorbed on montmorillonite becomes exchangeable if q < 2.5. Given that
stable interlayer Al-hydroxy polymers require 2.5 < q < 2.7 (Goh and Huang,
1984), it follows that citrgj:e sorption as in Eq. [3] would render the complexed

Al exchangeable. In a NaCl ionic background, the exchange reaction can be

expressed:

(3-q)NaX(s) + ANOH)g-gpHCit)p3- M (aqy [4e]
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where q-2p < 2.5. This reaction is followed by the precipitation of an

Al-phosphate:

Al(on)q-zp(HCit)p(3-q)+(aq) + (3-q)H2Po4'(aq)

where allowance for coprecipitation of citrate and o-phosphate has been made.
In the presence of excess citrate, both Al products in Eq. [4] will be found, but
the soluble Al-citrate complex will éome to dominate (with q=3p) as the
citrate ':concentration increases, thus inhibiting the precipitation reaction

(Traina et al., 1986a).

ALl e A et e el
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5.

LIST OF FIGURES
Time dependent sorption of citrate by a Na-Altamont soil separate in a

background of 20 mol m~3 NaCl.

Effect of reaction time and organic acid concentration (in mmol m-3) on

14

residual o-phosphate solubility for a Na-Altamont soil separate in a
background of 20 mol .m‘? NaCl. Veftica@ bars denote one standard

deviation.

’

/
Effect of reaction time and citrate concentration (in mmol m~3) on Al (III)

solubility for a Na-Altamont soil separate in a background of 20 mol m=-3

NaCl. Vertical bars denote one standard deviation.

Effect of reaction time and citrate concentration (in mmol m=3) on Si
solubility for a Na-Altamont soil separate in a background of 20 mol m-3

NaCl. Vertical bars denote one standard deviation.

Effect of reaction time and citrate concentration (in mmol m=-3) on Ca
solubility for a Na-Altamont soil separate in a background of 20 mol m~3

NaCl. Vertical bars denote one standard deviation.

Effect of reaction time and organié acid concentration (in mmol m~3) on
the final solution pH values for a Na-Altamont soil separate in a
background of 20 mol m~3 NaCl. Symbol size exceeds one standard

deviation for all samples.




10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

© 25

26
27

35

7.

Differential o-phosphate dissolution by citrate for a Na-Altamont soil
separate, calculated with Eq.[l], for 1 <t <7 h. Citrate concentrations

are in millimoles per cubic meter,
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1. Time dependent sorption of citrate by a Na-Altamont soil separate in a
background of 20 mol m-3 NaCl,
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2. Effect of reaction time and organic acid concentration (in mmol m=3) on
residual o-phosphate solubility for a Na-Altamont soil separate in a

background of 20 mol m=3 NaCl. Vertical bars denote one standard
" deviation, |
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3. Effect of reaction time and citrate concentration (in mmol m=3) on Al (III)
solubility for a Na-Altamont soil separate in a background of 20 mol m-3

NaCl. Vertical bars denote one standard deviation.
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4. Effect of reaction time and citrate concentration (in mmol m~3) on Si
solubility for a Na-Altamont soil separate in a background of 20 mol m-$

NaCl. Vertical bars denote one standard deviation.

e




CaT Cmol w-3)>

40

80
Ciked e
S e
70 o 10
g 100
A 4coe
60.
5.
40
agl
20 :
1
e ) 10 15 20 25 3@ 35 46 45 50

Elapsed Time C(hours)

5. Effect of reaction time and citrate concentration (in mmol m=3) on Ca

solubility for a Na-Altamont soil separate in a background of 20 mol m-3

NaCl, Vertical bars denote one standard deviation. .

et

o a——



41 (\ (:-%/ .’ij

) 10 15 20 25 30 35 40
Elapsed Time C(hours)

8. Effect of reaction time and organic acid concentration (in mmol m-3) on
the final solution pH values for a Na-Altamont soil separate in a

background of 20 mol m~3 NaCl. Symbol size exceeds one standard

deviation for all samples.

a5




4

~rsIw A

‘T\lle L4

C eate.

O e
Q@ 10
B 100
A 4qe0

OGo

c A

1 2 3 ) S é

Elapsed Time C(hours)

7. Differential o-phosphate dissolution by citrate for a Na-Altamont soil
separate, calculated with Eq. (1], for 1 <t <7 h, Citrate concentrations

are in millimoles per cubic meter.

ariim i TS v Ty o3

o ot o 8 ——— e



43

Competitive Adsorption of P by Ca-and K- Saturated
Kaclinite and Montmorillonite: I. Effect of Equilibration

Time, Ionic Strength, P Concentration and pH.1

B. Bar—Yosefz, u. Kafkafia, Rivka Rosenbergz, G.Sposito4

Abstract

The objective of this work was to study effects of total P
concentration, pH, ionic strength and equilibration +time on P
partitioning between solid and solution phases of Ca-and K-
kaolinite and montmorillonite suspensions as model systems of
soils containing these minerals.

Phosphorus concentration in the solution phase (Cp)
stabilised within 24 to 48 hours after intreoducing P +to the
system. Increased electrolyte concentration, which elevated the
EC from 0.2 %o 5.0 d8/m, decreased Cp. Further increase to about
40 4S/m had a negligble effect on Cp. It is postulated that since
reduced electrolyte concentration increases +the extent of the
diffuse double layer of clay platelets’ faces, the accessibilty
of P to adsorption sites on clays’ edges is reduced due +to
enhanced overlapping of edge and face electrical fields. This
mechanism is supported by data showing that P adsorption by Ca-
clay exceeded that by K- clay.

P solution concentration as a function of pH was minimal in
the studied clays around pH 6. In the investigated pH range (5 to
9), P partitioning was controlled by adsorption, which could be

described by a competitive modified Langmuir model. The model
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accounts for effects of Cp and pH on adsorption, and considers
retention of individual P species by the adsorbent.

Key Words: Specific adsorption, Langmuir
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Introduction

The mechanisms controlling P adsorption by metal oxides have
been intensively studied during the last two decédes. Models
describing gquantitatively P retention as a function of (i) P
solution concentration; (ii) pH and (iii) ionic strength (I) have
been developed ‘for such systems. The models include electrical
and chemical components, accounting for surface charging and
covalent ion-surface atoms bonding. The models assume either a
multi-capacitance (Bowden et al, 1980) or a single capacitance
(SC) configuretion (Goldberg and Sposito, 1984a). The S5C model,
which has more simplifying assumptions but fewer parameters, was
used to describe P adsorption by noncalcareous soils as well
(Goldberg and Sposito, 1984b).

Phosphate adsorption on clay minerals has been the subject
of intensive study too (Coleman et al, 1960; Muljadi et al, 1967;
Kafkafi et al, 1968B; Pissarides et al, 1968). However, no
gquantitative adsorption model accounting for effects of P
solution concentration, pH and I on P retention has been
suggested for them. The reason is that unlike the uniform‘metal—
oxide surface, clay minerals are characterized by a face surface
of constant negative charge, and an edge surface of variable
charge on which specific adsorption occurs (Muljadi et al, 1967).
The possible overlapping of +the face and edge electric fields
(Secor and Radke, 1985), and the edge-to-face card structure
characteristic of montmorillonite and kaolinite prohibitv
application of the above mentioned adsorption models to clay
systems. Simpler, semi-empirical approaches which were used to
describe P sorption by clay minerals were the Langmuir equation
(Muljadi et al, 1967; Pissarides et al, 1968), and the formation
of émorphous solid phase Al-phosphate (Coleman et al, 1960;



Traina et al, 1986). These models were limited to specific pH and
ionic strength values.

The objectives of the present work wexre to (i) add
comprehensive information on P adsorption by montmorillonite and
kaolinite suspensions as determined by adsorbed cations, ionic
strength, reaction +time, pH and +total P concentration in the
system; and (ii) test the =suiteability of a pH-dependent
competitive adsorption model to describe P retention by the two
clays under a wide range of P solution concentrations and pH
values. Such a model successfully described B (Keren et al, 1981)
and Se (Bar-Yosef and Meek, 1987) adsorption by montmorillonite
and kaolinite, and 2n sorption by soils (Bar-Yosef, 1979). The
. further elucidation of P behaviour in +the presence of clay
minerals predominant in so0ils could help in improving P
management under field conditions, especially in the rhizosphere,
where pH and +total P are rapidly changing, and under saline

conditions.
Materials and Methods

Wyoming montmorillonite and Peerless kaolinite were brought
to monoinoic form by a procedure described by Keren and Shainberg
(1975). The clay suspensions were shaken at a temperature of
297°K, The clays were centrifuged and in the supernatant the
electrical conductivity (EC), pH and concentration of P, K and Ca
were determined. Each treatment was duplicated. Specific

experiments were:

a. The adsorption isotherm of P by Ca- and K—mcntmorillonite and

kaolinite at constant pH and ionic sterngth.
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To a 200 mL polypropylene bottle, 1.5 g of clay was
introduced and 95 mlL KCl qt the appropriate pH and ionic strength
were added. Microvolumes of HCl or KOH were added to adjust the
pH to 5 or B respectively. The suspensions were shaken for 24
hours, and the pH was corrected again. After additvional 24 hours,
50 mL of KH,po, in the appropriate electrolyte concentration and
pH were added +to the suspension. After the first 1 and 6 hours
the pH was corrected. The suspension was shaken horizontally for
a week and samples'were withdrawn for analysis after 5, 24, 48,
72 and 168 hours.

b. The effect of pH on P partitioning between solid and 1liquid
phases at constant ionic strength and quantity of P in the
system. i

The clays examined were K- or Ca-montmorillonite and
Ca-kaolinite. The clay:solution ratio was the same as in
experiment a. The pH values ranged between 4.5 and 3.5. The rest

of the procedures were identical to those in experiment a.

c. lonic strength effect on P concentration of the equilibrium
solution of clay suspensions at a constant amount of P.

The studied clays were Ca- and K-kaolinite and
montmorillonite. The 1ionic strength, I, was estimated by the
empirical equation I = 0.013 x EC (Griffim and Jurinak, 1973),
which was widely used in the literature (e.g. Lindsay, 1979). EC
is given in d5/m and I is in mM. The measurements ranged between
0.2 to 40 dS/m. P concentration was measured after 48 hours of
equilibration. The electrolyte was in all cases KCl1 to avoid P-

Ca precipitation.
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d. Computations.
The adsorption model (Bar-Yosef, 1979; Keren et al, 1981;

Bar-Yosef and Meek, 1987) is given in eq [1]:

= * .
A= Tx  Kyk My / [1+ Ky* M;] (13

Here A is total P adsorption (mol/g), K (indexed i or j) 1is
related +to the affinity of a given ionic species to the surface,
M is activity in solution, j is an index of the n P species which
are assumed to be adsorbed (HZPO4°, HPOQZ', P043-, CaPO4—) and 1
is an index of the n P species plus other than P competing ions
(in this case OH"; m=5). The parameter T is the maximum
adsorption sites (mol/g). Bar-Yosef and Meek (1987) introduced an
empirical correction factor T, to account for expected pH effects

on the surface charge:
T= Tok EXP[GX*(RPH/pH-1)] [z]

Here To is T at a reference pH (RPH) and G is a
dimensionless parameter specific to each adsorbent. When G=0, T
is independent of pH and sguals to To. To minimize the number of
parameters in the model, RPH was denoted a fixed value of 6. The
rationale for selecting this value was its agreement within 0.2

pH units with the pH at +the inflection point of both clays’

titration curve, obtained in a preliminary experiment,
Sensitivity analysis showed ‘that when RPH was varied by 3 pH
unit, the best fit values of G and To were changed by t 20 to

25%, and the performance of the model was still acceptable.
The activity of the adsorbing ions was calculated from the
measured total P and Ca concentrations (spectrophotometric and

atomic absorption, respectively), EC and pH. Routine equilibrium
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equations relating the above P species and CaHP040 (assumed to be
non- adsorbing) were used for the speciation. Reaction constants
were taken from Lindsay (1979).

P adsorption was corrected for anion exclusion according to

de Haan (19686). _
The procedure NLIN in the SAS library was used to estimate

the coefficients in eqs.{1] and [2] and +their standard errors
from experimental data. ‘

The presented adsorption isotherms are expressed in terms of
concentration rather than activity to enable comparison with

experimental data.

Results
Adsorption kinetics

The effect of +time on +the concentration of P left in
solution (Cp) in contact with montmorillonite and kaolinite clays
is presented in Fig.l1. Kaolinite shows a nearly linear reduction
in P concentration with time between 1 and 7 days of
equilibration. The change between 2 and 4 days is small,
indicating that the 48 hours of equilibration used in most of the
measurements of this work represents a relatively stable
condition.

With montmorillonite, the most stable concentration also was
found between 2 and 4 days of eqguilibration. The major changes in

the P concentration in solution occur within 1 day.

The effect of ionic strength on P adsorption
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Increasing the ionic strength (I) increased P retention by
the surface in all studied clays. The main effect occurred
between 0.2 and 5 4S/m. In kaolinite, 1increasing 1 was more
effective the higher the initial pH. Elevated I decreased the pH
of the kaolinite slurry. This could be the effect of exchanging
adsorbed protons by the added cation, or an increase in the
specific adsorption of OH™ by the surface. When the initial pH
was 5.1, increase of salt concentration did not have any effect
on pH or P adsorption by Ca- kaolinite. This pH is therefor the
point of zero salt effect of kaolinite (Sposito, 13984). It is not
too far from 4.7, which is the point of zero charge of kaolinite
(Parks, 1965; Sposito; 1984).

In Ca- montmorillonite (Fig.2), an abrupt decrease of Cp was
observed at relatively low I (Z dS5/m); the effect of I on K-

montmorillonite was more gradual.
Effect of clay type and adsorbed cation on P adsorption.

Phosphate adsorption on kaolinite as a function of Cp is
presented in Fig. 3. The ionic strength was kept coastant at
0.02M. In both mono- cationic clays the adsorption at pH 5.2 was
higher by about 50% or more than in the pH range of 8.0, in
agreement with Traina et al (1986) on soil seperates. The points
are the experimental results and the lines were drawn according
to eqs. [1) and [2) and the coefficients in Table 1. The apparent
good agreement between measured and calculated lines was obtained
despite the great standard errors of the best fitb coefficients
(Table 1) and the fact that most of them were not significantly
different +than zero (T- test, P=0.10). When runninig the model
under the assumption of G=0, the best fitted parameters were

different, but their standard errors and the standard error of
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the model estimate were considerably greater than in the current
case.

P adsorption by Ca and K-montmorillonite in the pH range of
5.5-5.9 and 8.2-8.3 are presented in Fig.4. As with kaolinite,
increase in pH decreased P adsorption. Ca-montmorillonite
adsorbed at a given P solution concenbvration and pH about 10%
more P than the K-clay.

The estimated maximum P adsorption by montmorillonite at the
RPH (To) was 7- 8 umol/g, and that on kaolinite about 6 umol/g;
The exchangeable cation had no effect on To, but strongly
affected G. In the case of Ca and K, G was about 1 and 3,
respectively, in both clays. No consistent trend was observed in

the numerical values of the K. j5 the studied clay systems (Table
1-)-

Effects of pH on P solution concentration.

Changes in Ca and P concentrations in the solution of K or
Ca-montmorillonite as a function of pH are presented in Fig. 5.
In the absence of clay, the expected total P concentration in the
solution would have been 38.7 uM. As can be seen in Fig. 5a, a
minimum of P concentration in the solution was found in the pH
range of 5.5 to 6.5 in both K and Ca clays. The simultaneous:
determination of Ca in the solution (Fig. 5b) revealed that above
pH 7 the Ca concentration in the solution decreased from 1.25 mM
at pH 6.5 to 0.75 mM at pH 9.2. The fact that Ca concentration
decreased and that of P increased suggests that precipitation of
Ca phosphate is unlikely. Indeed, except Z cases at pH>3, all the
data points of Fig.5a were undersaturated with respect tov
octacalcium phosphate. Similar dependency on pH was found in

systemé that contained lower total P per g clay, like 2.2 or 1.5
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umol/g, which for the sake of brevity were not included in this
report.

The solid lines in Fig. S5a were calculated based on egs. [1]
and [Z] and +the parameters given 1in Table 1. The agreement
between experimental and calculated reshlts is wunsatisfactory,
especially at the extreme pHs.

The effect of pH on Cp in Ca-kaolinite suspension (Fig. 6)
was similar to that in montmorillonite, with a minimun around pH
6. In this system the agreement between experimental and computed
results was better, and the simulated curve predicted the

observed minimum in concentration at the appropriate pH.

Discussion

The major effects of ionic strength.(I) and exchangeable
cation on P retention by the studied clays are in accord with
earlier reports (Pissarides et al, !968), namely, that elevated 1
and exchangeable Ca rathet than K decrease P concentration in- the
solution phase (Cp). From qualitative electrostatic
considerations (Bowden et al, 1980), increased I is expected +to
decrease Cp only at pH values below the zero point of charge
(ZPC) of the clay's edges, which is less than 5 (Park et al,
1965). Since in our case I increased Cp at pHs appreciably higher
than the ZPC, it is postuladed that the effect stems from the
influence of I on the extent of the diffuse double layer (DDL) of
élay faces. Increased I restricts the extent of +the DDL and
consequently reduces the masking of P adsorption sites on clay
edges by the negative electric field of clay faces. This
mechanism also explains the fact that higher P adsorption was

obtained under given conditions when Ca rather than K was the
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exchangeable cation. A similar effect of I and exchangeable
cation on anion adsorptioh by the same clays was obtained in the
case of B (Keren and Oconner, 1982). '

Negative adsorption may significantly affect Cp in
montmorillonite suspensions at an electrolyte concentration {3 mM
(EC* 0.2 dS5/m) (de Haan et al, 1968). The effects of I on Cp
shown in Fig.7 cannot be attributed therefor to anion exclusion.
The effect of I on activity coefficients should induce a
diminished adsorption with elevated I. This is contrary +to the
obtained results. The current adsorption model considers effects
of I on anion exclusion and activity coefficients, but it still
could not simulate the experimental results of Cp vs. I. This is
due to the fact that the effect of I on the accessibility of P to
adsorption sites on the clay edges was not taken into account.

The ionic strength could not be maintained constant in all
experimental points because of pH adjustments and differnt levels
of P added. The range in EC in the various adsorption experiments
reported herein is given by the parallel doted lines in Fig.2 (2
to 5 d8/m). Variation in I within this range could induce
considerable variability in Cp which is not taken into account by
the adsorption model. This may partly explain the poor agreement,
in some cases, between experimental and computed results,
especially where the studied variable was pH.

The effect of pH on P adsorption reported herein agrees with
earlier reports by de Haan (1966), Muljadi et al (1966) and
Murrman and Peech (1969). The <role of pH stems from (i) it’s
effect on the relative fraction of the various P species, which
differ in their affinity to the adsorbent; (ii) the variations in
clay edges charge density with pH; (iii) the competition between
OH™ and P on common adsorption sites. Those factors are included
in eqs} (1] and [2]. When factor (il) was disregarded, the



predictabilty of the model was appreciably reduced. The fact that
in all studied cases the adsorption coefficient of OH was not
significantly different +than 0, while G, which describes the
change in surface charge due to pH gave more significant results
(Table 1), indicates that mechanism (ii) is more important in
determining P adsorption than mechanism (iii). The effect of pH
on edge-to-face flocculation, which may affect P accessibility to
adsorption sites is not taken into account in the reported
model. v

The paraméter G was greater in K-clays than in Ca-calys
(Table 1). This may be related to the effect of exchangeéble
cation on the extent of the diffuse double layer.

The performance of the adsorption model is not satisfactory.
It can be judged from the fact that most of it’s parameters did
not pass a T-test at the 0.10 probabilty level (Table 1), énd the
inconsistency between the Ki values of the various clays.
However, a better adsorption model +to predict P retention by
montmorillonite and kaolinite under varying pH conditions has not
been published vyet. The model should be considered as an
empirical one with the advantage of being differentiable with
respect to both P solution concentration and pH, which make it
applicable to P transport equations in complex media 1like the

rhizosphere.
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Table 4. Regression parameters for the P-adsorption model (eq.

(13, [2]). (RPH=6.0 in all cases).

| To I G| log K (1/mole) | SEEHt
jumole/gl |H2P04—' HP042'| P043_l CaP04_| OH {umol/g

| | | | | | | |
Ca-montmorillonite

Parameter| 7.0 1(1.00] O | 7.02 | o 9.07 |9.88] 0.26
SE ! 1.8 11.01] | 6.59 | i 8.68 1| |
Signif.¥ | xx | | I T | | |

K-montmorillonite
Parameter| 8.0 13.80| 2.75 | 5.63 | 9.83 | 9.72 |8.63| 0.40

sgt | 4.9 12.10] | S.61 | | [ |

Signif. | | | | | | | |
Ca—kaolinite

Parameter| 6.0 10.85] 4.97 | 7.36 | 0 | 9.06 18.26|

SE | 0.3 10.32] S.54 | 7.59 | | 18.461

Signif. | *% | | | | i | |
K-kaolinite

Parameter| 5.7 12.501 S.00 1 O | 9.04 | 8.70 | O | 1.20

SE [ 1.0 10.911 6.41 | | | 10.0 | |

#Significance by T-test. *%p<0.05; *p<0.10. Where significance
is not given, the estimate is not statistically different than 0
at p=0.10.

+sg is standard error. When not provided, it was too big to be
provided by the NLIN program.

++5EE is the standard error of the model estlmate.
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Figure Legends

Fig. 1. P concentration in the solution of
ACa—montmorillonite {(Ca-Mt) suspension as a function of time at 3
pH values and of Ca-kaolinite  (Ca-Kl) ab pH 7.5. Suspension
density 1%. Electrical conductivity 2.0 45/m. Numbers near data

points are pHs.

Fig. 2. Effect of increasing KCl concentration (expressed as
electrical conductivity) on the concentratvion of P 1left in
solution at a constant amount of P in the clay systems. Numbers

in bracketts are "equilibrium" pH. Parallel lines on abcissa are

explained in text.

Fig. 3. Adsorption isotherms of P at two pH levels by K and
Ca kaolinite at 0.0Z M KCl. Suspension density 1%. The lines were
calculted according to egqs. [1] and [Z)] using the parameters in

Tablel.

Fig. 4. Adsorption isotherm of P at two pH levels by K- and
Ca-montmorillonite at 0.03 M KCl. Suspension density 1l%.

Fig. 5. Experimental and computed solution P concentration
in K and Ca montmorillonite (Mont.) suspensions, and experimental
Ca concentration in the solution of Ca- montmorillonite as a
function of pH. Calculation according to eqs [1] and (2] and
parameters in Table 1. The total P quantity in the system (Qp)
was 3.87 umole/g. Electrolyte concentration 0.01 M KCl.

Suspension density 1%.
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Fig. 6. Experimental solution P and Ca concentrations in Ca
kaolinite suspensions as a function of pH. Solid 1line was
calculated according to Eqs. {1] and [2] and parameters in Table

1. Electrolyte concentration 0.025 M KCl. Suspension density 1%,
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Competitive Adsorption of P by Ca- and K- Saturated Kaolinite and

Montmorillonite: II. Organic Anion Cempetition1

u. Kafkafiz, B. Bar—chefB, Rivka Rosenberg3 and G. Sposit94

Abstract

Phosphate adscrption and desorption from clay surfaceS has been
studied extensively. In +the =o0il, 1living roots excreate various
organic compounds. The present work was aimed to study the competition
between organic aniens and the phosphate anion on kaolintie and
montmorillonite sorption. sites. The organic anions studied were:
bicarbonate, citrate, acetate, phenylalanine and -aminc isobutyric
acid, =211 of them are being excreated by plant roots. Organic agents
concentration and pH were varied at a constant amount of P in the
clav—solution system.

Citrate and EBicarborate reduced and the amino acids increased P
adsorpticn te the clays. The unifying principle that explains these
findings is +that F adsorpticn on a clay depends on the extent of the
depression of th2 negative potential of the clay platelets. Sodium
bicarbonate and citrate anions at. pH >3 are competing with P and
reduce itz adscrption to active Al sites on the clay. The increased P
adsorption in the presence of amino acids is suggested tc stem from
the fact that H-bonding of +the amine groups cause a decrease in
inter-lamellar spacing, and produces gJquasi-crystals. The quasi-
" grystals reduces the spillover of negative charge from the surface to
the -edges and allowed closer approach of the phosphate ion to the Al

site.

Additional Index Words: Citrate, Bicarbonate, oxalate, amino

isobutyric acid, pH.
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Introduction

In the first article of the present work (Bar Yosef et al., 1986)
the competition of OH™ with P in a pure mineral surrounding was
studied. The present work was devoted to study the effect of different
organic acids, reported to be excreted from roots, on +the adsorption
and desorption of F from K and Ca saturated clays.

Roots excreticn of carbouylic and organic acids were reported
(Riviere, 1960; Smith, 19€%9; Hale and Moore, 1979). The 1idea that
citric acid is excreted from roots led Dayer (1894) to suggest citric
acid to estimate plant available P in the scil, and the phosphate
industry still uses the citrate soluble phosphate %o identify soluble

P in their products.
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A detailed review of +the physico- chemical reactions of P in
so0ils was published (Olsen & Khasawneh, 1980).

Olsen et al. (1954) suggested to use NaHCO, ap4 Morgan (1941) has
used sodium acetate to estimate available P in the so0il. In these
compounds the carboxylic group is;the active one in desorbing P from
the soil. The degree of dissociation of this group depends on whether
the acid or the salt are used. There is one carboxyl group in NaHCO3
and 3 in citric acid. The ability of the citrate ion to form complexes
with iron and aluminum and by +that prevents phosphate from the
adsorption site (Struthers & Sieling, 1950) is known for a long time.
Recently it was shown (Inoue and Huang, 1983) that complexing Al Dby
citrate prevented +the crystal growth (précipitation reaction) of
aluminum silicate.

Since the amino acids phenylalanine and butyric acid were also
reported to be excreted by roots (Riviere, 1960), they were alsoc
included in the present study. These compounds contain in addition +to
the carboxyl negatively charged group a positively charged amino group
in alfa-position. Behaving as a zwiterion, the amine compounds are
long known to be strongly adsorbed to clay surfaces (Grim, 1933).

The purpose of this work was to study the effect of these
carboxylic compounds on the competition with phosphate on the
adsorption sites of montmorillonite and kaolinite. Understanding the
mechanism of the competition could lead to better understanding of P

extraction by roots from soil surfaées.

Materials ahd Methods

Phosphate adsorption in absence and presence of organic compounds
a) Simultaneous additions of P and organic compound. Oxalic acid (0X),
Phenylalanine (PA) and -amino-2-methyl propanoic acid ( —-amino

isobutyric acid) (BA) were added simulvaneously with 4 levels of



KH2P04 (22, 45, 90, 180 uM) to the clay suspensions at a molar ratio
of 1:1.
After 72 h of equilibration the phosphate concentration was

determined and compared to that found at the same time with KC1
suspensions. The pH and ionic strength were kept constant.

b) Desortion of previously adsorbed P by organic compound. This
procedure was taken with +the intention +to simulate +the possible
extraction of P by potential root exudates.

A constant amount of P was added to a clay slurry atv a 1:100 clay
+o solution ratio and after 48 hours the competing organic anion was
added for an additional 48 h and the phospahte concentration was
determined in the clear supernatant sclution. The organic compounds

used were: citric acid, sodium bicarbonate, ammonium acetate, PA and

BAI

Results and Discussion

Phosphate adsorption in the presence of organic anions.
The organic compound selected to simulate potential Yoot
excretion and +the pK values of their acids and log K of potential

ligand complexes that may occur in solution are specified in Table 1.

Oxalic acid (0OA), phenylanine (PA), and -amino iso bubtyric acid
(BA) were each mixed in solution with phosphate at egqual molar
concentrations. After 72 hours +the clay was separated and the
concentration of P in the solution was determined. The ratic between P
concentration in the solution with OA to that of P in the presence of
Cl” is presented in Table Z. |

In Ca-montmorillonite the oxalate masked some of the sites
(9-19%) available for phosphate adsorption, thus leaving more P in the
solution as compared to that found in the presence of Cl at pH of
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5,.7-5.8. When the pH was increased to 7.9-8.0, where the CzOQZ— ion of
the oxalic acid is predominent (pK2 4.3) no competing effect could be
found except in +the very 1low P concentration. In the case of
Ca-kaolinite the masking effect of the oxalate.ion is observed at the
pH range of 5.3 - 5.5, whéxe.subsbantial fraction of the oxalate is
present as CZOBOH—, and much less at the higher pH range. Increasing
the phosphate concentration decreased the blocking effect of the
oxalate on phosphate adsorption. These observations suggest that the
binding to the site needs_nob only the negative charge but also the
presence of OH on the adsorbing molecule.

The effect of increasing organic agent concentration at a
constant quantity of P in a Ca-kaolinite suspension is presented in
Fig. 1. In +this case P and the oxrganic agent were added
simultaneously. Citric acid and NaHCO; yeduce the adsorption of
phosphate with the same effect up to about 35 mmol m~3 and further
increase in agent concentration did not produce further change in the
amount of phosphate in the solution. Ammonium acetate and phenylalanin
increased the amount of adsorbed P.

In Fig. Z the organic acid was added after P had reacted with the
surface. The relative effect of the organic compounds remained the
same as in Fig. 1. The effect could not be explained by ionic strength
since at 5 mM initial concentration almost the same ionic strength was
obsexrved and the affinity of P %to the surface increases in the
presence of —-amino isobutyric acid, phenylalanine and ammonium
acetate but decreases with NaHCO3 and citric acid. Increasing the
phosphate 10 times more than that in Fig. 1 resulted (Fig. 3) 1im the
same order of the effect of the organic compounds on the decrease or
increase of phosphate adsorption to the surface. The same effect of
organic agent is also found in montmorillonite (Fig. 4). The unifying
principle that could be traced in this work and in the previous paper
(Bar-Yosef et al, 1987) 1is that the increase in P adsorption is



obtained when the electrical field forces of +the clay faces are
depressed.

Neutralization of the edge surface charge is achieved by specific
adsorption. —amino isobutyric acid and phenylalanine have both amino

and carboxylic groups:

NHZ NH,
! |
CH;—c-COOH ~CH,~C-COOH CHy~CO0 NH,*
| I
CH3 H
—amino '
isobutyric acid phenylalanine ammonium acetate
pK 7.68 pK 2.4; 9.5 pK 4.8

The amine group is known to develop strong hydrogen bonding.
Huheey (1987) suggested +the following bond of the amine group
with water:

H-O-H
|
H H
| |
RNH, 4 4H,0—> oH  + R-N-H......0
| |
H H
N
H-0-H

If the amine is entering between two adjacent clay platelets,
quasi crystals may be formed with the amine adsorbing to the face
surface through hydrogen bonding to the oxygens of +the silica layer
(Grim, 1953). According to Jordan (19439) the small amino isobutyric
acid molecule with only Z carbons on the amine chain would have caused
the claj to collapse to 1.36 nm basal spacing between the plates. The
carbon skeleton of the amines is situated parallel to the clay plane;
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bherefote, the phenylalanine molecule with the attached methyl and 6
carbon ring to the side will also cause the clay to collapse to the
same spacing. Besides neutralizing the charge the main effect of the
adsorbed amines is to produce large quasi crystals.

There is little doubt that Al is the only species in pure clay
that can bind the o-phosphate (Coleman et al., 1960) especially in a
K-saturated élay. The effectiveness of added Ca2t on reducing
o—-phosphate concentrations in equilibrium solutions with -
montmorillonite was noted by Coleman et al.(1960), Wild (1953) and by
Ravikovitch (1934), and recently by Traina et al. (1986). Early
studies of Ravikovitch (1934) assumed a Ca-phosphate bond. This
explanation might hold at very high pH values where the solubility of
Ca-phosphate is very low (Lindsay, 1979). At pH values below 7,
Ca-phosphate precipitation is ruled out, and the only agent left to
react with phosphate is the Al (III) on the clay. The position of that
Al (III) on the clay is still an open question. Traina et al. (1986b)
have suggested the mechanism by which adding cation to an acidic
montmorillonite induced displacement of exchangeable Al (III) that
leads to the formation of additional solid'phase basic Al-phosphate.
This mechanism cannot explain why the montmorillonite clay at pH 6 or
7 will adsorb more P +than a <¢lay at pH 4 +that has much more
exchangeable Al (Traina et al., 1986; Bar—Yosef et al., 1987()., It is
possible that the common phenomena observed of increased P adsorption
by increasing ionic strength, Ca%t and pH of maximum adsorption
between 6-7, all leads to +the direction of reducing the electric
charge on the clay surface. It is suggested here that as a result of
nullifying the surface charge, stacking of tactoid platelets create a
much larger area of edges in which the Al (III) can react with the
negative phosphate ion. In other words, the negative electric force
lines around a single platelet can prevent the approach of the H2P04-
ion in the suspension (Secor & Radke, 1985). Increasing +the platelet

stacking and reducing the charge, as is the case in increasing ionic
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strength and around pH the P2C, specific adsorption into the IHP, as
was shown in +the case of adsorbing amino carboxylic acids (Fig.
1-4), more edge Al becomes available ¢to Al-P interaction. This
condition 1is similar to the case of kaolinite edge surfaces as was
shown by Muljadi et al. (1964) and Kafkafi et al. (1967). The effect
of platelet stacking on phosphate adsorption was also suggested by
Fissarides et al. (1968).

If this theory is correct, clay particles condensation due to
decreasing solution-to-clay ratio should have a similar effect on P
adsorption. To test this hypothesis, equal amounts of P (6.45 umol/g)
and c¢lay were shaken in different volumes of solution. Concentrating
the slurry from 1000 mL/g clay to 100 mL/g clay increased the solution
P simply by the dilution factor (Fig. 5). Further concentration of the
slurry to 10 ml/g deviate from the expected concentration and a sharp
reduction in solution P is observed. This reduction has not occurred
in Ca concentration in the solution phase (Fig.5).

Condensing the slurry to 10 ml/g had much greater effect on P
adsorption than either ionic strength or pH in the range of the PZC.
Further condensation to 1.5 ml/g of clay posed severe problems of
solution separates. It ié suggested here +that stacking of
montmorillonite platelets reduces the negative electrostatic repulsion

lines from the edges and by that allowing phosphate approach and

interact with Alt(OH) or Alo(HZO)’ groups located in the platelets
edges (Hingston et al. 1968). ;

The findings in the work suggest that in the field, phosphate is
bound more strongly than could be envisaged from dilute extractioans.
The early works of Burd and Martin (1923) that displaced the soil
solution and d4id not dilute 1it, should be reconsidered when <the

reactions of hydroxy anions in soils are studied.
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Table 1: Organic compounds used in the current study, their 1log
- stability constant with Ca and pK values of their acids at

0.01 M ionic strengtht,

-anino L-Phenyl- Oxalic Ammonium Citric Sodium
isobutyric* alanine acid acetate acid carbonate
C4H9N02 CgHy1NO, CzH,0,4 CHBCOQNHA C6H807 NaHCO, Ligand
——————————————————————————————— log K —————=remmer e e

Z2.64 4.25 3.15 CaL
8.71 1.0 CaHL
3.15 7.73 CaL2
———————————————————————————————— PK —mm e e
7.69%t 2.4;9.5 1.3;4.3 4.8 3.1;4.8 6.4;10.3 H-L
6.4

*+ Data taken from Martel and Calvin (1953) and from Lindsay (1979)
# amiono 2 methyl prupanoic acid
1 =01 M



- 73 -

Table 2: The phosphate concentration in the presence of oxalate

(Pox) divided by that in the presence of chloride (Pp;)
in Ca-montmorillonite and Ca-kaolinite at two pH ranges.
Phosphate and oxalate were added simultaneously at equal
molar ratvios. Ionie stxrength was 0.026 mmol/L and

equilibration time 72 h.

Pox/Pca
Cp initial Ca Mont. ' Ca Kaol.
pH pH
(um) 5.7-5.8 7.9-8.0 5.3-5.5 7.0-7.9
22 1.16 1.93 - -
45 1.19 0.97 2.0 1.33
=10} 1.089 1.02 1.83 1.08

180 1.10 1.09 1.22 1.10




Fiqure Legends
Fig. 1: Effect of increasing concentration of organic compounds

simulating root excretvions on the concentration of P in
the solution at constant total P gquantity (QP=4-2 umol/g).
pH values are presented near the points. The EC (dS/m) is
given in parenthesis. The P and organic agent were added
together. _

Fig. 2: Effect of organic agent concentration on desorption of
previously adsorbed phosphate on Ca kaolinite clay.
(Comments see Fig. 1). QP= 3.83 umol/g. ,

Fig. 3: Effect of organic agent concentration on desorption of
previously adsorbed P (comments see Fig. l{. QP= 41.1
umol/g).

Fig. 4: Effect of organic agent concentration on desorption of
previously adsorbed phosphate on Ca-montmorillonite.

Fig. 5: Effect of clay slurry density on P and Ca concentrtions

in the equilibrium solution of Ca montmorillonite.

Numebers above arrows give QP'
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Measurements of the chemical composition of an aqueous
solution phase are interpreted commonly to provide
experimental evidence for either adsorption or surface
precipitation mechanisms in sorption processes. The
conceptual aspects of these measurements vis-d-vis
their usefulness in distinguishing adsorption from
precipitation phenomena are reviewed critically. It
is concluded that the inherently macroscopic, indirect
nature of the data produced by such measurements limit
their applicability to determine sorption mechanisms in
a fundamental way. Surface spectroscopy (optical or
magnetic resonance), although not a fully developed
experimental technique for aqueous colloidal systems,
appears to offer the best hope for a truly molecular-
level probe of the interfacial region that can
discriminate among the structures that arise there
from diverse chemical conditions.

The loss of a chemical species from an aqueous solution phase to a
contiguous solid phase may be termed a sorption process. Among the
mechanisms by which sorption processes occur, the three principal
ones are: precipitation, the growth of a solid phase exhibiting a
primitive molecular unit (a complex) that repeats itself in three
dimensions; adsorption, an accumulation of matter at the interface
between an aqueous solution phase and a solid adsorbent without the
development of a three-dimensional molecular arrangement ; and ab- '
sorption, the diffusion of an aqueous chemical species into a solid
phase Z 2) A precipitation mechanism may be initiated by either
homogeneous or heterogeneous nucleation, may involve the formation
of a solid mixture either by inclusion or by coprecipitation, or may
take place on the surface of a pre-existent solid phase (surface pre-
cipitation). Regardless of these variations, the essential charac-
teristic of precipitation is the development of a solid phase whose
molecular ordering is intrimsically three-dimensional (2) An ad-
sorption [strictly speaking, positive adsorption (1] mechanism, on
the other hand, involves only two-dimensional molecular arrangements




on a surface. This latter restriction does not preclude mixed
adsorbates ["two-dimensional solid solutions" (2)], but it does
eliminate solid phases whose structure is inherently three-dimen-
sional, even if they form on surfaces and are hindered in their
growth for stereochemical reasons [e.g., interlayer metal hydroxides
on 2:1 layer type aluminosilicates (1)]. From this point of view,
multilayer adsorption" must refer to a succession of adsorbate
layers, each of whose molecular ordering can be influenced only by
the layer on which it forms and not by any other previously adsorbed
layers. In the same vein, '"absorption' must refer to the penetration
of a chemical species into a solid phase beyond the nanometer depth
from its periphery that operationally defines the interfacial region.
A central problem in the chemistry of natural water systems is
the establishment of experimental methods with which to distinguish
adsorption from surface precipitation (1-3). Corey (2) has written
a comprehensive review of this problem which should be read as an
introduction to the present essay, particularly for his set of six
conclusions that set out general conditions likely to result in
adsorption or precipitation. The discussion to follow is not a com-
prehensive review, but instead focuses on three popular approaches
to the adsorption/surface precipitation dichotomy. The emphasis here
is on the conceptual relationship of each approach to the defining
statements made above: To what extent is an approach capable of
distinguishing adsorption from surface precipitation?

Solubility Methods

Adsorption isotherms. The quantity of a chemical species i adsorbed
per unit mass of a solid material contacting an aqueous solution
phase is calculated with the equation (1):

L R (1)
where nj is the total number of moles of species 1 in the suspension
per kilogram of solid, M, is the mass of water per unit mass of solid,
and mj is the molallty of the adsorptlve 1 in the aqueous solution
phase. In batch experlments M,, is the inverse of the suspension
density, whereas in column experiments M, is the grav1metr1c water
content. Equation 1 represents the surface excess of species i
assigned to an interface where there is no net accumulation of water
(1); hence, the superscript w oum the left side of the equatlon.

Adsorptlon phenomena frequently are studied by measuring solely
the change in concentration of a species i in the aqueous solution
phase. Simple mass-balance considerations (1) show that Equation 1
can be rewritten in a form compat ible with this methodology.

(w) _ _
L Am1MTw (2)

where Amj = mg - mj and m1 is the molality of specxes i in'Mpy
kilograms of water in the aqueous solution phase prior "to its being
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brought into contact with % kg of solid material. Equation 2 provides
a basis for calculating q; W) as a loss of mass from aqueous solution.
The critical assumption underlying its equivalence to Equation 1 is
that the species i_(e.g., HoP0,™ or cd2+) preserves its chemical
identity after it accumulates on the adsorbent. This assumpt ion
seldom is checked experimentally by chemical species analysis of the
solid material after reaction. Often even the aqueous solution phase
is not speciated and i refers, for example, to Cd(1I) instead of
Cd2+(aq), with a concomitant lack of specificity in what is actually
being adsorbed. When q;'¥) and m; refer to total concentrations in-
stead of species concentrations, the task of distinguishing adsorption
from surface precipitation becomes correspondingly more difficult.

A graph of qj w) against mj, or an equivalent concentration
variable, at fixed temperature and pressure is an adsorption isotherm.
Data of this kind typically have been fitted numerically to special
cases of the equation (3):

B B
n P KM .M
_ ): m m 1 (3)
@=l [1 + B com]'m
m 1

where c; is the concentration of an adsorptive i in the aqueous
solution phase (e.g., the molality) and b, Ky, By, B, Sys and Yo
(m =1,...,n) are adjustable parameters. Equation 3 represents an ad-
sorption isotherm equation. Popular special cases of this expression
include (3,4) the Langmuir equation (B =8y =yy =1, By = Kp; n =1
or 2), the van Bemmelen-Freundlich equation (B, =0, 0 <By <1;
n = 1), and the Toth equation (B, =1, By = KgP, Yp = 1/8,3 n = 1).
In general, the larger is the number of adjustable parameters in an
adsorption isotherm equation, the better its fit to experimental data
is likely to be.

The provenance of expressions like that in Equation 3 has never
been shown to be uniquely an adsorption mechanism. On the contrary,
it is possible to derive special cases of Equation 3, such as the

classical Langmuir equation

(w) _ _flji:ii_ : %)
93 1 +Kec;

‘on the basis of sorption mechanisms for cations and anions involving
only precipitation reactions (1,5). The situation for the "two- '
surface" Langmuir equation, a four-parameter versiom of Equation 3,

(w) ] b1 K1 ¢ . b2 K2 c;
13 1 + K. ¢. 1 +K, c.
i1 2 "1

(5)

is yet more ambiguous. On strictly mathematical grounds (6), it has
been shown that Equation 5 can be fit to any set of sorption data for
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which a plot of ql(W)/c' (the distribution coefficient) against qj  (w)
is convex toward the x-axis and has finite (extrapolated) y- and x-
intercepts. This result is independent of the mechanism of the sorp-
tion process. Unfortunately, many sorption data — indeed, most —
meet the mathematical criteria required in order to apply Equation 5.
These kinds of difficulties make evident the point that adsorption
isotherm equations should be regarded simply as curve~fitting devices
without a priori chemical significance, but with predictive capability
under limited conditions. The mechanistic implication of this con-
clusion can be formalized in the following rule (L):

F

The adherence of experimental sorption data to an ad-
sorption isotherm equation provides no evidence as to
the actual mechanism of a sorption process.

The scope of this general rule extends to adsorption isotherms
which turn convex to the concentration axis at higher adsorptive
concentrations (7) and to adsorption "edges'" or "envelopes" observed
in plots of qj wr against pH at fixed total adsorptlve i concentra-
tion (1). Adsorption isotherms that show a "momolayer knee" at lower
concentrations followed by an upward turn at higher concentrations of
adsorptive can be modeled by retaining two or more terms in Equation 3
and choosing the adjustable parameters judiciously (e.g., a Langmuir
first term and a van Bemmelen-Freundlich second term (7)). This
possibility does not imply that adsorption alone governs the process
described by isotherms that grow continually with the adsorptive con-
centration, any more than fitting the data by an adsorption-surface
precipitation model (7) would imply that surface precipitation was
indeed the controlling process at higher concentratlons. The same
conclusion applies to the modeling of adsorption "edges" or "enve-
lopes". That an adsorption "edge" for a metal reacting with a hydrous
oxide exhibits its sharp rise at lower pH values than it does when the
adsorbent is absent can mean either that an adsorption process has
occurred or that surface precipitation of the metal as a hydrous oxide
has been induced by the presence of the adsorbent. No direct evidence
favoring one interpretation or the other can be provided by these data
alone. Similarly, the enhancement of metal sorption sometimes ob-
served when a strongly sorbing anion has been reacted previously with
a hydrous oxide adsorbent may be modeled either as a metal-anion sur-
face precipitate effect (8) or a metal-anion surface complex effect
(9). Sorption data themselves do not provide for a choice of model,
unless the ion-activity product for a proposed surface precipitate
exceeds the corresponding solubility product constant.

Ion-Activity Products. As in the determination of the amount sorbed
through Equation 2, the characterization of surface precipitates often
utilizes measurements made solely on the aqueous solution phase.
Solubility studies limited in this way run a risk of being ambiguous
as to mechanism because of the lack of direct information about the
solid phase (10). In respect to the aqueous solution phase, ambiguity
can be minimized if equilibrium is approached both from supersatura—
tion and from undersaturation; if the equilibration time is varied
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systematically; if the aqueous solution phase is monitored through two
or more concentration (or activity) variables susceptible to quantita-
tion with high precision, and if the stoichiometry of the assumed
precipitation-dissolution reaction is verified experimentally (10)

Once the composition of the aqueous solution phase has been
determined, the activity of an electrolyte having the same chemical
formula as the assumed precipitate can be calculated (11,12). This
calculation may utilize either mean ionic activity coefficients and
total concentrations of the ions in the electrolyte, or single-ion
activity coefficients and free-species concentrations of the ions in
the electrolyte (11). If the latter approach is used, the comput ed
electrolyte activity is termed an ion-activity product (12). Regard-
less of which approach is adopted, the calculated electrolyte activity
is compared to the solubility product constant of the assumed pre-
cipitate as a test for the existence of the solid phase. If the
calculated ion-activity product is smaller than the candidate solu-
bility product constant, the corresponding solid phase is concluded
not to have formed in the time period of the solubility measurements,
This judgment must be tempered, of course, in light of the precision
with which both electrolyte activities and solubility product
constants can be determined (12),

The difficulty here is that the ion-activity product includes not
only the Gibbs energy change in a solid dissolution process but also
the activity of the solid itself. Consider, as a simple example, the
dissolution of CdCO43(s), for which the ion-activity product (IAP) is
(12):

= [ea®*1[037] = x__[cdco,(s)] (6)

where Kg, = 10711 ar 298 K (10) and [ ] represents a thermodynamic
activity. If Cd(II) has coprecipitated with another metal (e.g.
Ca(II)) to form a solid solution, then [CdCO3] < 1 and IAP < Kso'
Thus a homogeneous, mixed surface precipitate typically can be ex-
pected to produce low IAP values and, if the chemical element of
interest is in the mixture only in trace amounts, the discrepancy
between IAP and K;, easily can be an order of magnitude (1,10). A
low IAP value of this kind then might be interpreted to mean that
surface precipitation had not occurred, and that adsorption had
occurred, because undersaturation existed in the aqueous solution
phase. The error of such a conclusion, in the absence of a direct
examinat ion of the solid phase, is apparent from Equation 6: Only
precipitates whose activity equals or exceeds 1.0 have been elimi-
nated. The inference to be drawn from this discussion can be
formalized conservatively in the rule (1):

The experimental observation that am ion-activity pro-
duct is smaller than a corresponding solubility product
constant by an order of magnitude or less provides no
evidence as to the general méchanism of a sorption
process.
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In systems where surface precipitation has been verified on the
basis of a direct examination of the solid phase, it sometimes is true
that, because of epitaxial or other stereochemical constraints, the
activity of even an aged precipitate is larger thamn 1.0, relative to
a standard state in which the solid phase is macrocrystalline and free
of inclusions (12). The larger solid-phase activity leads to an IAP
larger than Ksa—zhf. Equation 6). A typical example of this effect
is in the precipitation of aluminum hydrous oxides oato the interlayer
siloxane surfaces of 2:1 layer type aluminosilicates during weathering.
When an aluminum hydroxy-solid.precipitates onto the interlayer surface
of smectite or vermiculite, IAP = [a13+][o8"]3 & 10732, vhereas for
macrocrystalline gibbsite, Kgo = 1034 (13). The fact that IAP > Kgq
implies a lower degree of crystallinity or crystalline size exists in
the surface precipitate.

Kinetics Methods

Electrokinetic behavior. A shearing stress applied to or induced in
an aqueous solution phase contacting a charged adsorbent produces a
response at the solid-liquid interface known as an electrokinetic
phenomenon (1,14). The principal electrokinetic phenomena of rele-
vance to sorption experiments are: electrophoresis, the response of a
charged adsorbent to an applied, constant electric field; electro-
osmosis, the response of an electrolyte solution near a statiomary,
charged adsorbent to an applied electric field, and the streaming
potential, the response of an electrolyte solution near a stationary,
charged adsorbent to an applied, uniform pressure gradient. For all
three phenomena, experimental data can be summarized in calculations
of the zeta potential {, the inner electrostatic potential near the
adsorbent surface at the plane of shear induced by an applied electric
field or produced by an applied pressure gradient (1,14).

The significance of ¢ for distinguishing adsorption from surface
precipitation has been brought into clear focus by James and Healy
(15). They pointed out that { often decreases to a minimum value,
followed by a rise to a maximum value then decline toward negative
values, as the pH is increased in an aqueous suspension containing a
hydrous oxide adsorbent and a hydrolyzable metal cation adsorptive.
This behavior can be interpreted as the result of a gradual accumu-
lation of hydrolytic species of the metal on the surface of the
adsorbent (producing a net increase in surface charge and an in-
crease in { with increasing pH) which culminates in the formation of
a hydroxy-polymer coating of the metal on the adsorbent (producing
ultimately a net decrease in both I and the surface charge, which
gradually reflects that of the coating, not the adsorbent). This
interpretation applies to any bivalent, trivalent, or tetravalent
metal cation that hydrolyzes to some extent above pH 6 in aqueous
solution (16). The magnitude of the concentration of hydrolytic A
metal species in solution is not relevant, even if the concentration
is very small, since aqueous solutions are effectively open systems
with respect to these species. If an adsorbent exhibits a high
enough affinity for a hydrolytic species, it can be adsorbed at once
and be replaced in the aqueous solution phase through hydrolysis of a
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solvated species until the availability of the latter has been ex-
hausted. The concentration of the hydrolytic species may remain quite
small, but its adsorption is determined by the affinity of the ad-
sorbent for it and the total metal concentration in aqueous solution.

If a surface precipitate of metal hydroxy-polymer has formed on
an adsorbent, the f-pH relationship for the coated adsorbent should
resemble closely that observed for particles consisting purely of the
hydroxy-polymer or the hydrous oxide of the metal (15). This kind of
evidence for Co(II), La(III), and Th(IV) precipitation on silica
colloids was cited by James and Healy (15). It should be noted,
however, that the increase in r toward a a maximum value often occurs at
pH values well below that required thermodynamically to induce bulk-
solution homogeneous precipitation of a metal hydrous oxide (15,16).
If surface precipitation is in the incipient stage under these con-
ditions, it must be a nucleation phenomenon. James and Healy (15)
argue that the microscopic electric field at the surface of a charged
adsorbent is sufficiently strong to lower the vicinal water activity
and induce precipitation at pH values below that required for bulk-
solution precipitation of a metal hydrous oxide.

Both Schindler (17) and Fuerstenau et al. (18) have called
attention to the point t that the surface prec1p1tat10n concept need not
be invoked to explain the r-pH relationship described above. 1If only
solvated metal cations adsorb in inner-sphere surface complexes, their
adsorption will be enhanced by decreasing the adsorbent charge through
increasing the pH and they will concomitantly increase & by bringing
positive charge to the solid-liquid interface. At high pH values, the
metal cations will begin to hydrolyze significantly in aqueous solu-
tion and these hydrolytic species can form at the expense of adsorbed
species, with the result that [ decreases as the metal cations desorb
to hydrolyze. The qualitative form of the g-pH relationship produced
by this mechanism resembles experimental observations for the bivalent
metal cation-silica system closely (17). The implication of this fact
is that an observed I-pH relat10nsh1p does not provide an unambiguous
method of distinguishing adsorption from surface precipitation.

Reaction kinetics. The time-development of sorption processes often
has been studied in connection with models of adsorption despite the
well-known injunction that kinetics data, like thermodynamic data, can-
not be used to infer molecular mechanisms (19). Experience with both
cationic and anionic adsorptives has shown that sorption reactions
typically are rapid initially, operating on time scales of minutes or
hours, then diminish in rate gradually, on time scales of days or
weeks (16,20-25). This decline in rate usually is not interpreted to
be homogeneous: The rapid stage of sorption kinetics is described by
one rate law (e.g., the Elovich equation), whereas the slow stage is
described by another (e.g., an expression of first order in the ad-
sorptive concentration). There is, however, no profound significance
to be attached to this observation, since a consensus does not exist
as to which rate laws should be used to model either fast or slow
sorption processes (16,21,22,24). If a sorption process is initiated
from a state of supersaturatlon with respect to one or more poss1b1e
solid phases involving an adsorptive, or if the adsorbents present are




either poorly crystallized or well hydrated, it is likely that
multiple sorption mechanisms will operate right from the beginning
(1,2). The time-development of the sorption process then should
reflect this multiplicity and defy any simple interpretation in terms
of an adsorption mechanism.

When the kinetics of a sorption process do appear to separate ac~
cording to very small and very large time scales, the almost universal
inference made is that pure adsorption is reflected by the rapid
kinetics (16,21,22,26). The slow kinetics are interpreted either in
terms of surface prec1p1tat10n (20) or diffusion of the adsorbate lnto
the adsorbent (16 24) With respect to metal cation sorption, "rapid
kinetics" refers to time scales of minutes (16 26), whereas for anion
sorption it refers to time scales up to hours (1 21). The interpreta-
tioa of these time scales as characteristic of Ehgs}ption rests almost
entirely on the premise that surface phenomena involve little in the
way of molecular rearrangement and steric hindrance effects (16 21)

An illustration of the reaction kinetiecs approach to dlstlngulsh-
ing adsorption from surface precipitation is provided by the sorption
of o-phosphate by calcite (27-30). The loss of o-phosphate from
aqueous solution in the presence of calcite is pronounced on a time
scale of tens of minutes and is enhanced by increasing temperature or
pH (27-29). Thereafter, on a time scale of hours or days, the o-
phosphate solubility decreases gradually, then drops sharply again
(27, 28). This behavior is interpreted mechanistically as adsorption
of o-phosphate at selective sites on calcite followed by the nucle-
ation of a calcium phosphate solid on the surface (27,29,30). The
gradual decline in o-phosphate solubility, which pers1sts longer the
smaller is the initial o-phosphate concentration (28), represents the
period of rearrangement of adsorbed o-phosphate clusters into calcium
phosphate nuclei (27,29). Epitaxial, three-dimensional growth of
calcium phosphate E;}stals then follows. Scanning electron micro-
graphs of calcite taken during the rearrangement period (22) show
hemispherical growths of o-phosphate (identified by microprobe
analysis) at edge sites and dislocations on the crystal surface,
Griffin and Jurinak (29) found the adsorption kinetics to be second-

order, whereas the rearrangement kinetics were first-order. Similar
results for the slower kinetics of o-phosphate sorption by metal
hydrous oxides and soils have been reported (20,21), but no consensus
exists (23,25,31). The principal criterion, however, is not homo-
geneity of the rate law, but a clear separation of the kinetics
according to time scale (1).

Surface Spectroscopy

Solubility and kinetics methods for distinguishing adsorption from
surface precipitation have the common features of being essentially
macroscopic in nature and of not utilizing a direct examination of
sorbed material. The essential difference between an adsorbate and
a surface precipitate lies with molecular structure, however, and

it is inevitable that methodologies not equipped to explore that
structure directly will produce ambiguous results requiring ad hoc
assumptions in order to interpret them. The principal technique for
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investigating molecular structure is spectroscopy (32 33) Surface
spectroscopy, both optical and magnetic, offers the best opportunity
at present to elucidate the structures of chemical species at the
solid-liquid interface.

Surface spectroscopic techniques must be separated carefully into
those which require dehydration for sample presentation and those
which do not. Among the former are electron microscopy and microprobe
analysis, X-ray photoelectron spectroscopy, and infrared spectroscopy.
These methods have been applied fruitfully to show the existence of
either 1nner-sphere surface complexes or surface precipitates on
minerals found in soils and sediments (13b,30,31-37), but the applica-
bility of the results to natural systems is noE—;TEhout some ambiguity
because of the dessication pretreatment involved. If independent
experimental evidence for inner-sphere complexation or surface precipi-
tation exists, these methods provide a powerful means of corroboration.

X-ray diffraction, Raman spectroscopy, and magnetic resonance
spectroscopy (nuclear and electromn), on the other hand, do not require
dehydration of the sample. X-ray diffraction is a method of long
standing for the detection of surface precipitates that is usually ~
but need not be — applied to dried materials (30,38-41). Raman spec-
troscopy (42)and nuclear magnetic resonance spectroscopy (32,33) have
not often been used to distinguish surface species in aqueous systems
comprising natural colloids, but their potential for this kind of
investigation remains 31gn1f1cant (33 37) Perhaps the most useful
technique has been electron spin resonance spectroscopy (32 43) par-
ticularly the applications of it made by McBride and his coworkers
(44-48). Although limited intrinsically (32) to only three metals of
major interest in natural colloidal systems — Fe(III), Mn(II), and
Cu(II) — this method has been uniquely successful in providing a
general understanding of the conditions under which adsorption or
surface precipitation is likely to occur.

A prototypical example of electron spin resonance (ESR) spectro-
scopy applied to surface speciation on a layer silicate is Cu(II)
sorption by hectorite (44b). The ESR spectrum of a Cu-hectorite
suspension shows a gradual decrease in the 1ntens1ty of the line
characteristic of the Cu(H20)6 species as pH increases, consistent
with the gradual appearance of hydrolytic species of Cu(II) which do
not produce an ESR signal. At pH < 5.2, the fraction of Cu(II) in
hydrolytic species on the hectorite surface is much larger than in
aqueous solution, indicating a high affinity of the surface for these
species. Air-dried Cu-hectorite presents ESR spectra assignable to
Cu(II) bound in inner-sphere surface complexes in the hectorite
interlayers, by contrast with the diffuse-ion swarm or outer-sphere
surface complex Cu(II) inferred from the suspension spectra. As pH
increases, this adsorbed Cu(II) converts gradually to hydrolytic
species. Kinetics data taken with the ESR spectra in suspension were
consistent with the formation of surface precipitates at pH > 6. A
similar study of Cu(II) sorption by microcrystalline gibbsite (47)
produced spectral evidence for inner-sphere surface complexes of
Cu2* predominating below pH 5 and Cu-hydroxy species — eventually
Cu(OH) 7(s) —-predom1nat1ng above pH 5. For both hectorite and
glbbsxte, the IAP = [Cu?*][0H™]2 for the surface hydroxy species was



smaller than the solubility product constant of macrocrystalline
Cu(0H) 2(s).

Concluding Remarks

Solubility and kinetics methods for distinguishing adsorption from
surface precipitation suffer from the fundamental weakness of being
macroscopic approaches that do not involve a direct examination of

the solid phase. Information about the composition of an aqueous
solution phase is not sufficient to permit a clear inference of a
sorption mechanism because the aqueous solution phase does not de-
termine uniquely the nature of its contiguous solid phases, even at
equilibrium (49). ‘Perhaps more important is the fact that adsorption
and surface precipitation are essentially molecular concepts om which
strictly macroscopic approaches can provide no unambiguous data (12,
Zl). Molecular concepts can be studied only by molecular methods.

It is for this reason that spectroscopy offers the only experimental
method for characterizing the interfacial region that is not automati-
cally destined to run into basic conceptual difficulties. This is not
to say that difficulties of a technical nature will not arise (40-48),
nor that the conceptual difficulty of differing time scales among spec-—
troscopic techniques will cause no problems (50). Nonetheless, it is
to be hoped that future investigations of sorption reactions will focus
more on probing the molecular structure of the mineral/water interface
than on attempting simply to divine what the structure may be.

Acknowledgments

Gratitude is expressed to Drs. M. E. Essington, C. T. Johnston, and
R. L. Mikkelson for helpful written discussions of sorption mechan-
isms. The undertaking of this review was supported in part by Grant
No. I1461-82 from BARD — The United States-Israel Binational Agri-~
cultural Research and Development Fund.

Literature Cited

1. Sposito, G. "The Surface Chemistry of Soils"; Oxford Univ. Press:
New York, 1984; Chap. 4.

2. Corey, R. B. In "Adsorption of Inorganics at Solid-Liquid
Interfaces"; Anderson, M. A.; Rubin, A. J., Eds.; Ann Arbor
Science: Ann Arbor, 1981; Chap. 4.

3. Sposito, G. Crit. Rev. Environ. Control 1985, 15, 1-24.

4. Kinniburgh, D. G.; Barker, J. A.; Whitfield, J. J. Colloid

" Interface Sci. 1983, 95, 370-384. . :

5. Veith, J. A.; Sposito, G. Soil Sci. Soc. Am. J. 1977, 41, 697~
702,

6. Sposito, G. Soil Sci. Soc. Am. J. 1982, 46, 1147-1152.

7. Farley, K. J.; Dzombak, D. A.; Morel, F.M.M. J. Colloid Inter-
face Sci. 1985, 106, 226-242.

8. Benjamin, M. M.; Bloom, N. S. 1In "Adsorption from Aqueous
Solutions"; Tewari, P. H., Ed.; Plenum Publ. Corp.: New York,
1981; pp. 41-60.




10.

11.
12.

13.
14.
15.

16.

17.

18.

19.
20.
21.

22,

23.
24,
25.
26.
27.
28.
29.

30.
31.

32.

33.

Bolland, M.D.A.; Posner, A. M.; Quirk, J. P. Aust. J. Soil Res.

1977, 15, 279-86.

Sposito, G. In "Applied Environmental Geochemistry"; Thornton,
I., Ed.; Academic Press: London, 1983; Chap. 5.

Sposito, G. Soil Sci., Soc. Am. J. 1984, 48, 531-536.

Sposito, G. T"The Thermodynamics of Soil Solutions"; Clarendon
Press: Oxford, 1981; Chap. 1-3.

(a) Kittrick, J. A. Clays & Clay Minerals 1983, 31, 317-318.
(b) Harsh, J. B.; Doner, H. E. Geoderma 1985, 36, 45-56.
Hunter, R. J. '"Zeta Potential in Colloid Science"; Academic
Press: London, 1981; Chap. 1-3.

James, R. O.; Healy, T. W. J. Colloid Interface Sci. 1972, 40,
53~-64.

Kinniburgh, D. G.; Jackson, M. L. In "Adsorption of Inorganics
at Solid-Liquid Interfaces"; Anderson, M. A.; Rubin, A. J., Eds.;
Ann Arbor Science: Ann Arbor, 1981; Chap. 3.

Schindler, P. W. In "Adsorption of Inorganics at Solid-Liquid
Interfaces'"; Anderson, M. A.; Rubin, A. J., Eds.; Ann Arbor
Science: Ann Arbor, 1981; Chap. 1.

Fuerstenau, D. W.; Manmohan, D.; Raghavan, S. In "Adsorption
from Aqueous Solutions"; Tewari, P. H., Ed.; Plenum Publ. Corp.:
New York, 1981; pp. 93-117.

Denbigh, K. "The Principles of Chemical Equilibrium"; Cambrldge
Univ. Press: Cambridge, 1981; Chap. 15.

Chen, Y.-S.R.; Butler, J. N.; Stumm, W. Environ. Sci. Technol.
1973, 7, 327-332.

Berkheiser, V. E.; Street, J. J.; Rao, P.S.C.; Yuan, T. L. Crit.

Rev. Environ. Control 1980, 10, 179-224.

Hingston, F. J. In "Adsorption of Inorganics at Solid-Liquid
Interfaces"; Anderson, M. A.; Rubln, A. J., Eds.; Ann Arbor
Science: Ann Arbor, 1981 Chap. 2.

van Riemsdijk, W. H.; de Haan, F.A.M. Soil Sci. Soc. Am. J,
1981, 45, 261-266.

Bolan, N. S.; Barrow, N. J.; Posner, A. M. J. Soil Sci. 1985,
36, 187-197.

van Riemsdijk, W. H.; Lyklema, J. Colloids & Surfaces 1980, 1,
33-44, .

Sparks, D. L. Advan. Agronomy 1985, 38, 231-266.

Leckie, J.; Stumm, W. In "Water Quality Improvement by Physical
and Chemical Processes"; Gloyna, E. F.; Eckenfelder, W. W., Eds.;
Univ. of Texas Press: Austin, 1970; pp. 237-249.

Griffin, R.'A.; Jurlnak J. J. Soil Sci. Soc. Am. J. 1973, 37,

847- 850.

" Griffin, R. A.; Jurinak, J. J. Soil Sci. Soc. Am. J. 1974, 38,

75-79.

Freeman, J. S.; Rowell, D. L. J. Soil Sci. 1981, 32, 75-84.
van Riemsdijk, W. H.; Lyklema, J. J. Colloid Interface Sci.
1980, 76, 55-66.

Stucki, J. W.; Banwart, W. L. "Advanced Chemical Methods for
Soil and Clay Minerals Research'; D. Reidel: Boston, 1980.
Fripiat, J. J. '"Advanced Techniques for Clay Mineral Analysis”;
Elsevier: Amsterdam, 1982,




34.
35.

36.

37.

38.
39.

40.
41,
42,

43,
44,

45.
46.
47.
48,
49,

50.

96

Loeppert, R. H.; Hossner, L. R. Clays & Clay Minerals 1984, 32,
213-222.

Clarke, E. T.; Loeppert, R. H.; Ehrman, J. M. Clays & Clay
Minerals 1985, 33, 152-158.

Dillard, J. G.; Koppelman, M. H.; Crowther, D. L.; Murray, J. W.;
Balistrieri, L. In "Adsorption from Aqueous Solutions"; Tewari,
P. H., Ed.; Plenum Publ. Corp.: New York, 198l; pp. 227-240.
Goldberg, S.; Sposito, G. Commun. Soil Plant Anal. 1985, 16,
801-821. T

Rengasamy, P.; Oades, J. M. Aust. J. Soil Res., 1978, 16, 53-66.
Harsh, J. B.; Doner, H. E. Soil Sci. Soc. Am. J. 1984, 48, 1034-
1039.

Carr, R. M. Clays & Clay Minerals 1985, 33, 357-36l.

Brindley, G. W.; Brown, G. 'Crystal Structures of Clay Minerals
and Their X-ray Identification"; Mineralogical Society: London,
1980; Chap. 3. ‘ ' :
Johnston, C. T. Ph.D. Thesis, University of California, River-
side, 1983.

Motschi, H., Colloids and Surfaces 1984, 9, 333-347,

(a) McBride, M. B. Clays & Clay Minerals 1982, 30, 21-28.

(b) McBride, M. B. ‘Clays & Clay Minerals 1982, 30, 200-206.
McBride, M. B.; Bouldin, D. R. Soil Sci. Soc. Am. J. 1984, 48,
56-59.

Harsh, J. B.; Doner, H. E.; McBride, M. B, Clays & Clay Minerals
1984, 32, 407-413.

McBride, M. B.; Fraser, A. R.; McHardy, W. J. Clays & Clay
Minerals 1984, 32, 12-13.

Bleam, W. F.; McBride, M. B. J. Colloid Interface Sci. 1985,

103, 124-132.

Stumm, W.; Morgan, J. J. "Aquatic Chemistry'"; John Wiley: New
York, 1981; Chap. 9. )

Sposito, 'G.; Prost, R. Chem. Rev, 1982, 82, 553-573.



[

[\

3)

during the pericd of a sabkatical leavg of the prineipsasl investig-
aror in U.Q; Riverzide, Careful placrning and sharing of efforis
were decided. The Israeli group concentrated on pure clayes.

The Amerizan group concentrated on reastions on clay separatves from
scil.

Exchange «f ideas and reviewing each other’'s results during the

cations, that

)

actusl pericd of work, which resulted in ZJoint pulbl
was strengthened by a meeving at Ouford in summer 1984 of the two
leadsrs of %his groject.

Final interpre%s<izn of the resuvits of the two groupe was
deone during the summer of 1386, during the visit

prigocipal investigator in Riverside. The unifying priaciples

of phosphate adscrptiocn on clavs were formulated in this meeting.
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Evaluation of the research achievements.

The work followed exactlyv the outlines specifiea in the proiect.

Studies of P adsorption at constant pH values, ionic strength and
constant amount of P in the syvstem led us to define the PZCe of
Kaolinite at 5.1 and Montmorillonite at 6.9.

The wuse of carboxvlate with and without amino groups at various
supporting electrolyte ionic strengh has clarified the adsorption
model of phosphate on montmorillonitic clays and confined it to the
edges of the quasi-crvstals of the montmorillonite. It was. postulated
that increasing the size of the quasi crystal in the c-axis due tb
increase in the ionic strenath or hydrogen bonding of amino groups
eposes more active Al3+ ions on the clay edges by reducing the
spillover of the permanent negative force lines. Phosphate can come in
contact with these active Al3+ ions since it is not repelled from the
gquasi crystal side, while it is repelled from a sinqlé plate of clayv
in dilute salt solution.

Chemical compounds that can contribute OH to the surface,
increase the pH above the pK of the surface or complex Al3+ ions, are
capable of releasing P from its binding sites on the clay.

It is concluded that root excretions of carbonate or citrate ions
can desorb P from clav surfaces while excretion of ,imino acids will
increase the phosphate binding to montmorillionitic clavs. The
phosphate desorb from swelling clays at low ionic strength and at high
solution to <clay ratios. The measurements of water soluble P in the
soil shouid be measured at actual columns of soils at the same density

as found in the field.
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