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The reaction of F, often a component of industrial

wastes and phosphatic fertilizers, with soil was studied

with regard to sorption reactions and resultant changes in

solution composition. Sodium fluoride solutions (0.0 to

2.5 mmol/L F) were equilibrated with ten soils for 24h.

The soil extract solutions were analyzed for total F, free

F, Al, Fe, Mn, Ca, Mg, K, Na, Cu, Zn, Ni, Cd, Cr, P, Si,

NO
3'

NH
3'

organic C, SO
4'

and pH. The computer

equilibrium program CHEMSPEC was used to calculate ion

speciation in solution.

Fluoride sorption was rapid in all soils, with 90% of

F sorption occuring within 24h. Increasing equilibration

time decreased the amount of F that could be desorbed from

the soil by NaC1O4 in 24h. Fluoride sorption conformed

to the Langmuir sorption isotherm for all soils over

limited concentrations (0.0 to 0.8 mmmol/L), while the

Freundlich sorption isotherm was applicable over the

entire initial F concentration range (0.0 to 2.5 mmol/L)

for all soils.



Simple and mutiple regression techniques allowed

various F sorption parameters to be predicted from

selected soil properties. Oxalate-extractable Fe and Al,

dithionite-extractable Al and soil pH correlated most

highly with both Langmuir b and Freundlich K values in a

simple rearession model. A multiple rearession equation

including oxalate-extractable Al, clay, amd oxalate-

extractable Fe predicted 90% of the variation in Lanamuir

b values.

Fluoride desorption could also be expressed by the

Freundlich sorption isotherm for all soils. Fluoride

desorption was hysteretic in 7 of 10 soils. The tendency

of desorption to be hysteretic could not be explained by

differences in measured soil properties.

Solution concentration of Al, Fe, oraanic C, OH, and

P increased, and Mn concentration decreased, with initial

F concentration. Aluminum existed in solution almost

entirely in complexes with F and organic C, while Fe was

comnlexed almost completely by OH and organic C.

Solution concentration of Ca and Mg remained

constant as a function of F concentration when Al was not

detected, but decreased when Al was present. Solutions

where Al was not detectable were supersaturated with

respect to CaF2, and precipitation would probably occur

at reaction times long enough for equilibrium to be

obtained. Complexation of Ca and Mg by F decreased, and

complexation by organic C increased, if Al was present.



Fluoride existed primarily as the uncomplexed ion in

the absence of Al. When Al was present it complexed an

average of 72% of the F in solution.
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Fluoride Sorption and Dissolution

Reactions in Soils

INTRODUCTION

Fluoride is a common component of industrial

emissions and phosphatic fertilizers. Fluoride compounds

are used in the finishina of stainless steel and aluminum,

the removal of impurities from sand used in glass making,

and in the manufacture of enamel, bricks, and various

chemicals (Coker and Davis, 1977). Airborne emissions and

sewage waste from these sources are ultimately deposited

on soils (Drury et al, 1980). Phosphate fertilizers

commonly contain 1 to 5 % F and, at application of 400

Kg/ha of superphosphate (150 Kg/ha P) can add up to 20

Kg/ha of F to agricultural soils each year (Oelshlager,

1971).

Fluoride, when absorbed in excessive amounts, is

toxic to plants, animals, and human beings (Weinstein,

1977 and Waldbott, 1978). The level of F in soil

determines, to a large extent, the level in the biological

cycle. The reactivity of F can also influence the

chemistry of other elements present in the soil. It is

important, therefore, to understand the behavior of F in

soil systems.

The objectives of this study were: (i) to quantify F

sorption on soil and identify the soil properties which

influence sorption behavior and (ii) to determine the

effect of F on other chemical components of the soil.
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Fluoride Sorption and Desorption in Soils

Daniel C. Peek and. V. V. Volk

ABSTRACT

Fluoride sorption and desorption reactions in 10

soils were investiaated. Fluoride sorption kinetics were

determined by equilibrating 1.0 mmol/L NaF solutions with

four soils for periods from lh to 77d. Fluoride sorption

reactions with respect to soil properties were examined by

equilibrating 0.0 to 2.5 mmol/L NaF solutions with ten

soils for 24h.

Fluoride sorption was rapid in all soils, with 90%

of the sorption occuring within 24h. Increasing sorption

equilibration time decreased the amount of F that could be

desorbed from the soil in 24h. Fluoride sorption conformed

to the Langmuir sorption isotherm for all soils over

limited concentration ranges. The Freundlich sorption

isotherm was applicable over the entire initial F

concentration range (0.0 to 2.5 mmol/L) for all soils.

Simple and mutiple regression techniques allowed

various F sorption parameters to be predicted from

selected soil properties. Oxalate-extractable Fe and Al,

dithionite-extractable Al and soil pH correlated most

highly with both Langmuir b and Freundlich K values in a

simple regression model. A multiple regression equation
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including oxalate-extractable Al, clay, and oxalate-

extractable Fe predicted 90% of the variation in Langmuir

b values.

Fluoride desorption could also be expressed by the

Freundlich isotherm for all soils. Fluoride desorption

was hysteretic in 7 of 10 soils, but hysteresis could not

be explained by differences in measured soil properties.
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INTRODUCTION

Fluoride is a potentially toxic element that can be

deposited on soil from such sources as phosphate

fertilizers (Oelshlager, 1971), sewage sludge (Coker and

Davis, 1981), and airborne emissions from: aluminum

smelters (Hocking et al., 1980), phosphate processing

plants (Severson and Gough, 1976), and enamel factories

(Debackere and Delbeke, 1981). Once dissolved in the soil

solution, F can be immoblized by the soil (Polomski et al.,

1982), be taken up by and cause toxicity in plants and soil

microorganisms (Porter, 1983; Davis and Barnes, 1973; and

Treshow, 1965), be taken up by tolerant plants to levels

toxic to animals ingesting the plant material (Coker and

Davis, 1981; Singh et al., 1979) or be leached through the

soil to groundwater (Oelschlager, 1971).

Stoichiometric release of OH from kaolinite by F has

been reported (Dickman and Bray, 1941; Romo, 1954). They

concluded that F replaced the lattice hydroxyls of the

kaolinite. Fluoride released Al and OH into solution from

various clay minerals (Sampson, 1952; Huang and Jackson,

1965), which suggested degradation of the clay lattice

structure. The formation of cryolite (Na3A1F6) after

treatment of clay minerals with F also supported the idea

that F did not simply replace OH in the lattice, but

actually decomposed it (Romo and Roy, 1954: Semmens and

Meggy, 1966). Treatment of amorphous aluminum hydroxy-

oxides with F also released OH and Al into solution
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(Perrott et al., 1976; Huang and Jackson, 1965; Sampson,

1952). Fluoride completely desorbed all P previously

sorbed on kaolinite (Dickman and Bray, 1941) and Al-OH gels

(Turner and Rice, 1952).

The sorption of F on soils has been described by the

Langmuir adsorption isotherm (Gupta et al., 1982; Chhabra

et al., 1980; Hani, 1978; Omuetti and Jones, 1977; Bower

and Hatcher, 1967) and the Freundlich adsorption isotherm

(Morshina, 1980; Omuetti and Jones, 1977).

Many soil properties influence F sorption on soils.

Fluoride sorption increased with clay (Omuetti and Jones,

1977), organic matter (Omuetti and Jones, 1977), and

amorphous aluminum (Omuetti and Jones, 1977; Bower and

Hatcher, 1967). Decreased soil pH increased F sorption

(Gupta et al., 1982; Omuetti and Jones, 1977d; Bower and

Hatcher, 1967). Increased F sorption as a result of

decreasing sodium adsorption ratio (SAR) has also been

reported (Chhabra et al., 1980; Gupta et al., 1982). The

latter concluded that the increase in F sorption was due

to precipitation of CaF2, since the amount of Ca in soil

solution increased as the SAR decreased.

An understanding of F desorption is important in the

characterization of F movement in soils, but information

is limited. Fluoride sorbed on goethite and gibbsite was

completely desorbed by NaC1 (Hingston et al., 1974).

Using water as a desorbina solution, F sorption was

reversible on an acid (pH 5.2) soil, but hysteretic on a
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calcareous soil (Fluhler et al., 1982). Increased F:soil

incubation time decreased the amount of F that could be

desorbed by CaC12 from a soil (Barrow and Shaw, 1977).

Desorption of F decreased as the concentration of desorbinq

salt increased or as the cation of the desorbinq salt was

changed from Na to K to Ca (Barrow and Shaw, 1982).

The objectives of this study were:

1. To quantify F sorption-desorption on western

soils.

2. To identify the soil properties which influence

F sorption.
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MATERIALS & METHODS

Samples from surface (A) horizons of ten soils,

eight from Oregon and one each from California and Hawaii,

were selected and characterized (Tables 1 and 2). Soil pH

was measured in a 1:1 soil/water suspension 30 min after

mixing. Clay content was determined by the hydrometer

method (Bouyoucos, 1962). Calcium and magnesium were

determined by atomic absorption following extraction from

soil with 1 mol/L NH
4
OAc (pH 7) (Lanyon and Heald,

1982). Iron and aluminum were determined by atomic

absorption after extraction from soil with 0.2 mol/L

ammonium oxalate (pH 3.5), and with sodium dithionite-

sodium citrate-sodium bicarbonate (Iyengar et al., 1981).

Organic carbon was determined by dry ashing with a Leco

WR-12 Automatic Carbon Analyzer.

For the kinetic study, duplicate 1.00 a samples of

Sagehill loamy sand, Ontko loam, Coker clay, and Jory clay

were mixed with 40 mL of 1.0 mmol/L NaF and 50.0 mmol/L

NaC10
4

in 50 mL polyethyene centrifuge tubes. The samples

were equilibrated from 1 h to 77 d on a reciprocating

shaker. After equilibration the samples were centrifuged

at 17,500 g and 25 mL of supernate was removed for F

analysis. Desorption was initiated by immediate addition

of 25 mL of 50.0 mmol/L NaC104 to the centrifuge tubes.

The samples were shaken for an additional 24 h and again

centrifuged, and an aliquot removed for F analysis.

For the sorption isotherm study, triplicate 1.00 q
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samples of the ten soils were mixed with 40 mL of NaF

(0.0, 0.2, 0.5, 0.8, 1.0, 1.5, 2.0, and 2.5 mmol/L F) and

50.0 mmol/L NaC1O4 in 50 mL centrifuge tubes and shaken

for 24 h. The samples were then centrifuged at 17,500 a

and 25 mL of supernate removed for F analysis. Desorption

was initiated by immediate addition of 25 mL of 50.0

mmol/L NaC1O4 to the centrifuge tubes. The samples were

shaken for an additional 24 h and again centrifuged, and

an aliquot removed for F analysis.

Fluoride concentration in the solutions was

determined by mixing 10 mL of supernate with 10 mL of

TISAB-IV buffer (Orion, Form IM94,96-09/2840) in a

polypropylene beaker. After 30 min the potential of the

solution was measured using a F specific-ion electrode

(Orion, model 96-09). Fluoride concentration was

calculated from a standard curve.

Fluoride sorbed by soil was calculated as the

difference between the initial F and equilibrium F

concentrations. Fluoride desorbed by soil was calculated

as the difference between the equilibrium F concentration

following desorption and the equilibrium F concentration

before desorption.

Fluoride sorption was described by the Langmuir

isotherm:

C/(x/m) = 1/b(C) + 1/K(b)

where C is the equilibrium F concentration (mmol/L), x/m is

the F sorbed (mmol/Kg soil), b is the sorption maximum
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(mmol F/Kg soil), and K is a constant related to bonding

energy (L/mmol F).

The data for sorption and desorption was described

by the Freundlich isotherm:

log(x/m) = 1/n log(C) + log(K),

where C is the equilibrium F concentration (mmol/L), x/m

is the F sorbed (mmol/Kg soil), K is a constant (mmol F /Kq

soil), and n is the degree of linearity.

Simple and multiple regression analysis were

performed to determine relationships between various soil

properties and calculated sorption parameters of the ten

soils. Analysis of covariance of the Freundlich sorption

and desorption isotherms was performed to determine the

reversibility of F sorption.
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RESULTS AND DISCUSSION

Sorption of fluoride was rapid for all soils, with

60% of F sorption occurina within 6 h, and 90% within 24 h

(Fig. 1). The percentage of sorbed F desorbed by 50.0

mmol/L NaC10
4
decreased with increased sorption

equilibration time (Fig. 2), which may indicate an

increase in the strength of the soil-F link with time.

The F may initially undergo a rapid exchanae reaction,

followed by a slower reaction such as precipitation of

CaF
2
or fluoroapatite. Extract solutions from the

reaction of F with soil were supersaturated with respect

to CaF
2
after 24h (Peek and Volk, 1984). At lonaer

equilibration times precipitation of CaF
2
may occur.

Fluoride sorption conformed to the Langmuir isotherm

at low (0.0 to 0.8 mmol/L) equilibrium F concentrations

for all soils (Fig. 3). At higher equilibrium F

concentrations, the F sorbed deviated from the Langmuir

equation, with a change in slope of the isotherm plot

occuring at equilibrium F concentrations ranging from 0.8

to 2.0 mmol/L. Two-phase Langmuir isotherms for F

sorption on various soils have been reported by other

investigators (Gupta et al., 1982; Chhabra et al., 1980;

Omuetti and Jones, 1977; Bower and Hatcher, 1967), with

changes in slope occuring at equilibrium F concentrations

between 0.6 to 1.0 mmol/L. This change in slope has been

attributed to the occurence of more than one set of

sorption sites (Omuetti and Jones, 1977), or to the
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precipitation of fluoroapatite at high F concentrations

(Chabbra et al, 1980). However, it has been shown that

while the Langmuir equation is useful for comparisons

between soils and as a predictive tool, it can not be used

to determine reaction mechanisms (Sposito, 1982). Since

soil solution F concentrations above 0.5 mmol/L would be

unlikely even in severely F-polluted areas (Polomski,

1982), the second region of F sorption was not

investigated further, and only the first region was used

to calculate the sorption constants (Table 3).

Fluoride sorption conformed to the Freundlich

isotherm over the entire initial F concentration range for

all soils (Fig. 4, table 4). Correlation coefficients for

goodness of fit for all Freundlich equations were greater

than 0.98. The Freundlich isotherm has been used to

describe F sorption up to an initial F concentration of

2.94 mmol/L for Illinois soils (Omuetti and Jones, 1977)

and over a range of 0.59 to 705.88 mmol/L F for

Sod-Podzolic and Gray Forest soils in the Soviet Union

(Morshina, 1980).

Both Langmuir b value and Freundlich K values

correlated positively (0.05 level or greater) with

oxalate-extractable Fe and Al and dithionite-extractable

Al (Table 5). A significant (0.05 level or greater)

negative correlation was found between native soil pH and

both Langmuir b and Freundlich K. Positive significant

correlations also occured between Langmuir b and organic
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carbon, and between Freundlich K and dithionite-

extractable Fe. No significant correlations occurred

between any of the selected soil properties and either

Langmuir K or Freundlich n.

Multiple regression equations for the best three

predictor variables for Langmuir b and Freundlich K were:

Langmuir b = -8.46 + 3.85 oAl + 0.53 clay + 1.83 oFe
(mmol/Kg) (cmol/Kg) (%) (cmol/Ka)

(R
2 = 0.90, F = 17.1, significant at 0.005 level)

Freundlich K = -9.71 + 1.18 oAl + 1.30 clay - 4.13 Mg
(mmol /Kq) (cmol/Kg) (%) (cmol/Kg)

(R
2 = 0.80, F = 8.0, significant at 0.025 level)

In both cases, oxalate-extractable Al was the sinale most

important predictor variable, contributing 83% to the

Langmuir b regression and 65% to the Freundlich K

regression. No other predictor variable contributed more

than 7% to either rearession. In neutral to alkaline

soils that are low in amorphous Al, F could readily move

through the soil to groundwater. The importance of

amorphous Al to F sorption was also noted by Bower and

Hatcher (1967), who found the maximum F sorption capacity

of freshly precipitated aluminum hydroxide to be 240 times

that of gibbsite.

Desorption of F by 50.0 mmol/L NaC1O4 conformed to

the Freundlich isotherm for all ten soils (Table 4).

Correlation coefficients for goodness of fit for all

Freundlich desorption equations were greater than 0.91. In

comparing Freundlich isotherms for sorption and
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desorption, two types of F desorption were observed. The

F sorption and desorption on Coker, Jory, and Woodburn

soils could be described by a single line, which suggests

F sorption is reversible (Fig. 5-a). For the other soils,

the data points for F desorption did not fall on the line

plotted for F sorption (Fia. 5-b), indicating hysteresis.

Analysis of covariance showed significant (0.05 level)

differences between Freundlich sorption and desorption

isotherms for all soils studied except Coker, Jory, and

Woodburn. No relationship between reversiblity, as

determined by analysis of covariance, and any soil

properties measured in this study could be found.

Fluoride sorption has previously been found to be

reversible with an acid soil, but hysteretic with a

calcareous soil (Fluher et al., 1982). The hysteretic

behavior of the calcareous soil was attributed to

precipitation of CaF2. The Coker soil, which had the

highest amounts of NH
4
OAc-extractable Ca and Mg of the

ten soils studied, did not exhibit hysteresis.

Reversiblity of F sorption on goethite and gibbsite has

been explained by the fact that F forms only monodentate

bonds with an adsorbent (Hingston et al., 1974). It

follows that F sorption should also be reversible on

amorphous aluminum hydroxy-oxides, which are apparently

the major site of F sorption in soils. The irreversi-

bility of F sorption on soils high in amorphous aluminum

materials suggests that the mechanism of F sorption on
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soils is more complex than a simple monodentate ligand

exchange reaction.
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SUMMARY

The majority of F sorption on soils occured within

24h. Increased equilibration times decreased the amount

of F desorbed by NaC1O4 from the soil, indicating an

increase in the strength of the F-soil link with time.

Fluoride sorption conformed to the Freundlich

isotherm over an initial F concentration range of 0.0 to

2.5 mmol/L. Fluoride sorption conformed to the Langmuir

isotherm at equilibrium F concentrations up to 0.8 mmol/L.

A strong positive correlation was found between

amorphous (oxalate extractable) Al and F sorption capacity

(Langmuir b value). Fluoride sorption capacity also

increased with oxalate extractable Fe, dithionite

extractable Al and Fe, and organic matter, and decreased

with increased pH. Thus in non-acid soils low in

amorphous materials F can easily move downward through

soil.

Fluoride desorption conformed to the Freundlich

isotherm. Fluoride desorption was hysteretic on many

soils, but hysteresis could not be predicted from the soil

properties measured.
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Table 1-- Classification of the ten soils studied.

Soil name Classification

Coker c
Elmore 1
Hembre 1
Jory c
Molokai cl
Nyssa sil
Ontko 1
Panoche sici
Sagehill is
Woodburn sici

Very-fine, montmorillonitic, mesic Chromic Pelloxerert
Fine-loamy, mixed, mesic Pachic Ultic Argixeroll
Fine-loamy, mixed, mesic Typic Haplumbrept
Clayey, mixed, mesic Xeric Haplohumult
Clayey, kaolonitic, isohyperthermic Typic Torrox
Coarse-silty, mixed, mesic Xerollic Durorthid
Medial over loamy, mixed, nonacid Andic Cryaquept
Fine-loamy, mixed, (calcareous), thermic Typic Torriothent
Coarse-loamy, mixed, mesic Xerollic Camborthid
Fine-silty, mixed, mesic Aquultic Argixeroll



Table 2--Selected properties of the ten soils studied.

Soil pH Clay O.C. Ca Mg oAlt oFei dAl# dFell

mmol/Kg
Coker c 6.7 51.9 2.0 15.1 10.7 2.5 1.7 3.7 13.0
Elmore 1 7.6 15.6 2.4 5.8 3.7 1.3 1.0 2.0 10.3
Hembre 1 4.6 22.8 8.5 1.3 1.1 18.2 10.4 41.6 84.4
Jory c 5.4 48.9 3.9 3.5 2.8 10.8 8.0 36.6 153.4
Molokai cl 6.8 33.8 1.7 3.9 2.8 3.1 1.4 22.1 175.2
Nyssa sl 8.1 9.8 1.0 14.1 0.8 1.3 0.7 1.4 8.3
Ontko 1 6.5 16.9 2.0 8.2 4.1 0.9 1.8 1.7 12.0
Panoche sicl 8.1 28.2 0.5 7.2 3.6 0.8 0.8 2.0 15.2
Sagehill is 7.5 5.8 0.5 4.9 0.7 0.8 0.8 0.8 7.1
Woodburn sicl 5.6 34.8 1.9 3.9 0.9 8.8 12.3 9.8 36.5

toAl, oFe = oxalate-extractable aluminum and iron.
#dAl, dFe = dithionite-extractable aluminum and iron.
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Table 3-- Langmuir sorption isotherm
parameters and linear equilibrium F

concentrations of ten soils.

Soil name K b
Linear
range

L/mM mM/Kg mM/L
Coker c 3.38 18.41 0.0-0.8
Elmore 1 7.83 12.50 0.0-0.8
Hembre 1 1.98 82.47 0.0-1.1
Jory c 3.33 100.00 0.0-0.7
Molokai cl 4.70 21.28 0.0-0.9
Nyssa sil 3.00 2.20 0.0-1.0
Ontko 1 1.42 14.09 0.0-0.9
Panoche sicl 1.07 2.45 0.0-2.1
Saqehill is 0.84 2.85 0.0-1.4
Woodburn sicl 2.11 58.82 0.0-1.4



Table 4--Freundlich sorption and desorption isotherm parameters and analysis
of covariance of sorption/desorption isotherms of ten soils.

Soil name

Coker c
Elmore 1
Hembre 1
Jory c
Molokai cl
Nyssa sil
Ontko 1
Panoche sicl
Sagehill is
Woodburn sicl

Sorption Desorption

K n K n Slopes Elevations

mM/L mM/L
3.43 2.86 12.82 3.39 1.18 0.02
2.75 2.73 15.61 2.37 2.05 13.00**
60.59 1.53 82.28 1.58 0.19 35.68***

105.93 1.52 119.93 1.45 0.86 2.55
19.23 2.40 16.44 4.00 15.89** 0.02
1.70 2.29 2.35 1.50 22.14** 5.54*
9.27 1.49 15.61 2.37 2.05 13.00**
1.14 1.62 1.46 1.89 0.10 5.97*
1.29 1.46 0.87 2.53 9.20** 4.93*

41.74 1.68 35.85 1.79 0.34 3.10

*, **, *** significant at 0.05, 0.01, 0.001 levels, respectively.
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Table 5--Simple correlation coefficients relating
soil properties to isotherm parameters of ten soils

Independent
variables

Dependent variables

Langmuir Freundlich

K b K n

Clay
O.C.
pH
Ca
Mg
oFet
oAlt
d Fe#

dAlit

0.102
0.037
0.138
0.016
0.218

-0.185
-0.120
0.199
0.018

0.511
0.749*

- 0.903 * **

- 0.573
- 0.187
0.868**
0.908***
0.610
0.881***

0.546
0.646

-0.805**
-0.529
-0.152
0.754*
0.804**
0.664*
0.856***

0.204
-0.212
0.372
0.204
0.584
0.432

-0.375
0.087

- 0.300

toFe, oAl = oxalate-extractable iron and aluminum.
dAl = dithionite-extractable iron and aluminum.

*, **, *** significant at 0.05, 0.01, and 0.001
levels, respectively.
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Composition of Soil Extract Solutions

After Treatment with Fluoride

Daniel C. Peek and V. V. Volk

ABSTRACT

The effects of F on the chemical components of soils

were examined by equilibrating 0.0 to 2.5 mmol/L NaF

solutions with ten soils for 24h. The solutions were then

analyzed for total F, free F, Al, Fe, Mn, Ca, Mg, K, Na,

Cu, Zn, Ni, Cd, Cr, P, Si, NO3, NH3, organic C, SO d,

and pH. The computer equilibrium program CHEMSPEC was

used to calculate ion speciation in solution.

Solution concentration of Al, Fe, organic C, OH, and

P increased, and Mn concentration decreased, with initial

F concentration. Aluminum existed in solution almost

entirely in complexes with F and organic C, while Fe was

complexed almost completely by OH and organic C.

Solution concentration of Ca and Mg remained

constant as a function of F concentration when Al was not

detected, but decreased when Al was present. Solutions

where Al was not detectable were supersaturated with

respect to CaF2, and precipitation would probably occur

at reaction times long enough for equilibrium to be

obtained. Complexation of Ca and Mg by F decreased, and

complexation by organic C increased, if Al was present.

Fluoride existed primarily as the uncomplexed ion in
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the absence of Al. When Al was present it complexed an

average of 72% of the F in solution.
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INTRODUCTION

Fluoride, often a component of industrial wastes and

phosphatic fertilizers, may be introduced into soils with

these materials. The sorption of F on soils has been

described by the Langmuir sorption isotherm (Peek and

Volk, 1984; Chhabra et al., 1980; Hani, 1978; Omuetti and

Jones, 1977; and Bower and Hatcher, 1967) and the

Freundlich isotherm (Peek and Volk, 1984; Morshina, 1980;

and Omuetti and Jones, 1977). Fluoride sorption increased

with clay, organic C, and amorphous Al (Peek and Volk,

1984 and Omuetti and Jones, 1977). Fluoride sorption

decreased with increased pH (Peek and Volk, 1984; Gupta et

al., 1982; Omuetti and Jones, 1977; and Bower and Hatcher,

1967) and sodium adsorption ratio (SAR) (Chhabra et al.,

1980 and Gupta et al., 1982).

In addition to sorption reactions, F also affects

other soil chemical components. Reaction of 0.85 mol/L

NaF with clays, Al gels, and soils increased solution pH

(Perrott et al., 1976). Soil columns leached with a NaF

-olution lost more Al, Fe, and organic C, but less Ca and

Mg, than those leached with a NaC1 solution of equal

concentration (Polomski et al., 1982). Fluoride

completely desorbed all P previously sorbed on Al-OH gel

(Turner and Rice, 1952). In an adsorption study, 30% of

the total organic C was released from soil and solution Ca

and Mg concentration decreased as F concentration

increased from 0.0 to 0.7 mol/L (Morshina, 1980).
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Addition of NaF to soil decreased the amount of Ca

and Mg taken up by rice plants grown in pot culture (Singh

et al., 1979), possibly because of precipitation of CaF2

and MgF2. Uptake of Al and Fe increased, and plant

growth decreased, in corn grown in NaF treated soil (Hani,

1978). Although NH4F has been widely used as an

extractant for plant available P (Olsen and Sommers, 1982)

and F has been shown to release sorbed P from Al-hydroxide

gels (Turner and Rice, 1952), NaF additions to rice plants

grown in pot culture decreased P uptake (Sinah et al.,

1979).

The objectives of this study were:

1. To investiaate the effect of F treatment of soil

on the concentration of Al, Fe, Ca, Ma, Mn, K,

Na, OH, P, NH3, NO3, Si, and organic C in

solution.

2. To determine the soeciation of these ions in the

F treated soil systems.
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MATERIALS AND METHODS

Samples from surface (A) horizons of ten soils,

eight from Oregon and one each from California and Hawaii,

were selected and characterized (Tables 6 and 7). Soil pH

was measured in a 1:1 soil/water suspension 30 min after

mixing. Clay content was determined by the hydrometer

method (Bouyoucos, 1962). Calcium and magnesium were

determined by atomic absorption following extraction from

soil with 1 mol/L NH
4
OAc (pH 7) (Lanyon and Heald,

1982). Iron and aluminum were determined by atomic

absorption after extraction from soil with 0.2 mol/L

ammonium oxalate (pH 3.5), and with sodium dithionite-

sodium citrate-sodium bicarbonate (Iyengar et al., 1981).

Organic C was determined by dry ashing with a Leco WR-12

Automatic Carbon Analyzer.

Triplicate 1.00g samples of each soil were mixed

with 40 mL of NaF (0.0, 0.5, 1.0, 1.5, 2.0, 2.5 mmol/L F)

and 50 mmol/L NaC1O4 in 50 mL centrifuge tubes and

shaken for 24h. The samples were then centrifuged and the

supernate removed for analysis.

Total F concentration of the supernate was

determined potentiometrically using a F specific-ion

electrode (Orion, model 96-09) after mixing 10mL of sample

with 10 mL of TISAB-IV buffer (Orion form IM94,

96-09/2840). Free F activity was determined using the F

specific-ion electrode directly in the undiluted sample.

Sulfate was determined by a BaSO4 turbidimetric method
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(Tabatabai and Bremner, 1970). Phosphate was determined

by colorimetric analysis (Watanabe and Olsen, 1965).

Ammonium-N and nitrate-N were determined colorimetrically

on a Scientific Instruments CFA-200 autoanalyzer.

Chloride was determined using a halide specific-ion

electrode (Orion 94-17) after mixing 5mL of sample with

0.1mL of ISA buffer (Orion form 94H/776). Silicon was

determined by colorimetric analysis (Weaver et al., 1968).

Soluble organic C was determined by wet combustion on a

Oceanography International Model 303 LIRA C analyzer. The

PH was determined with a combination glass-calomel

electrode. Sodium, K, Ca, Mg, Mn, Cu, Zn, Ni, Cd, Cr, Fe,

and Al were determined by atomic absorption spectro-

photometry.

Chemical speciation in the supernatant solutions was

determined with the chemical equilibrium program CHEMSPEC

(Hickey et al., 1984), using a Radio Shack TRS-80 Model II

micro-computer. Stability constants for the thermodynamic

data file used in the program were taken from GEODATA

(Sposito and Mattigod, 1980). Metal complexation by

soluble organic matter was approximated by using the

metal-oxalic acid stability constants from GEODATA, which

in preliminary work had given similar results to that of

more complicated soluble organic matter models (Morel et

al., 1975 and Mattigod and Sposito, 1979). A ratio of 10

moles of organic C to one mole of organic functional group

was assumed (Mattigod and Sposito, 1979).
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RESULTS AND DISCUSSION

Solution pH increased with increased initial F

concentration for all soils (Figure 6). Fluoride has been

shown previously to exchange with surface OH groups of

crystalline clays and amorphous materials (Perrott et al.,

1976). The OH concentration increase was greatest for

soils with low amorphous (oxalate extractable) Al content

and pH values above 6.5 (Sagehill and Elmore). This is in

contrast with earlier work in which a strong positive

relationship between amorphous Al content and OH release

was observed (Perrott et al., 1976). The smaller OH

concentration increase found with soils with a high

amorphous Al content (Jory and Hembre) could be due to the

lower native pH (4-6) of these soils. A larger amount of

released OH groups could be neutralized by the greater

number of protons associated with these soils, and pH

would not increase as much as with soils of higher pH.

Solution Al concentration increased with initial F

concentration for Hembre, Jory, and Woodburn soils (Figure

7), the soils with the highest oxalate extractable

(amorphous) Al content (Table 7). The solution Al concen-

trations for the other soils were below the limit of

detection (0.04 mmol/L). The Hembre and Jory soils also

have a high dithionite extractable (amorphous +

crystalline) Al content. Molokai soil, which has a higher

dithionite extractable Al content (22.1 cmol/Kg) than

Woodburn soil (9.8 cmol/Kg), did not release detectable Al
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into solution. This suggests that F reacts primarily with

the amorphous Al component of the soil. This is supported

by the work of Sampson (1952), who found that F released

more Al from alumina than from kaolinite or montmor-

illonite.

The Al in solution existed almost entirely in

comolexed forms (Table 8). Over 60% of the Al complexed

by F existed as A1F3°, A1F4, A1F52 , and A1F63. These

species, along with negatively charged Al-organic

complexes, could be readily leached through the soil.

Increased levels of Al in solution could also result in Al

toxicity to plants. Fluoride application to soil has been

reported to decrease the arowth of corn (Hani, 1978), but

since both Al and F levels in the plant tissue increased

with increased F application rate, it could not be

determined which element caused the decrease in growth.

Solution Fe concentration increased with increased

initial F concentration for Woodburn and Hembre soils

(Figure 8). Iron concentrations were below the limit of

detection (1.8 umol/L) for the other soils. Hembre and

Woodburn soils had the higher oxalate extractable Fe

values (Table 7). Fluoride did not react with amorphous

Fe-OH gel (Turner and Rice, 1952) and does not form any

substantial complexes with Fe (Table 8), so Fe released

into solution was probably not the result of a direct

reaction between F and solid phase Fe. The Fe in solution

existed almost entirely in complexes with OH and organic
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ligands (Table 8). The percentage of total Fe complexed by

organic ligands increased with increased initial F

concentration. Perhaps Fe associated with solid phase

Al-OH-organic matter mixtures is solubilized as the total

complex dissolved. In soils where a large amount of Fe is

found in the organic fraction, the dissolution of Fe by F

could be important to plant nutrition.

Solution Ca and Mg concentrations decreased with

increased initial F concentration on Jory, Woodburn, and

Hembre soils (Figures 9 and 10). The decrease was

possibly due to the removal of polymeric Al coatinas from

clay surfaces by F, as indicated by the increase in the

concentration of Al observed with these soils (Figure 7).

This could expose additional adsorption sites on the clay

and increase adsorption of Ca and Mg.

The formation of CaF
2

has also been cited as a

possible reason for decreased solution Ca levels found in

F treated soils (Polomski et al., 1982; Morshina, 1980).

In the present study, the three soils in which a decrease

in solution Ca were observed were all were undersaturated

with respect to CaF2 (Figure 11).

Solution concentrations of Ca and Mg for the other

soils were not changed by F treatment(Figures 9 and 10).

These soils were supersaturated with respect to CaF2 at

higher F concentrations (Figure 11), and precipitation

would probably occur at a reaction time sufficient for the

system to come to true equilibrium. In a 42d incubation
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study, CaF2 was found to control F activity in soils

with a pH above 7.5 (Street and Elwadi, 1983). But under

field conditions, given a flow rate of 0.001 to 1.0 cm/h

(Hillel, 1980), the residence time of a F- containing

liquid phase with any given layer of soil, as it moves

through a soil profile, may not be sufficient for

preciptation of CaF2 to occur. The kinetics of CaF
2

formation under field conditions deserves further

investigation.

All soils were undersaturated with respect to MgF2

(data not shown), so the decrease in Mg concentration is

not due to MgF2 precipitation. Although the long term

effects of F on solution Ca and Mg levels in soils is not

clear, application of F decreased uptake of Ca and Mg by

rice (Singh et al., 1979), and thus continued reaction of

F with soil could lead to Ca and Mg deficiencies.

The amounts of Ca and Mg present as free,

uncomplexed ions decreased with F treatment (Table 8).

This was due, in large part, to an increase in the

concentration of organic C, which complexed Ca and Mg,

with F treatment (Figure 12). Although the percentages of

Ca and Mg complexed by F decreased sharply when Al was

present (Table 8), the total amount of free Ca and Mg

decreased because of the areater increase in organic C

with increased F found in these soils. The decrease in

the amount of free, uncomplexed Ca and Mg in solution

could increase the mobility of these ions in the soil.
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The soluble organic C concentration increased with

initial F concentration for all soils (Figure 12). The

increase was areatest for Jory, Woodburn, and Hembre

soils, which are the soils in which detectable Al was

found (Figure 7). Much of the increase in organic C

concentration in these soils is probably due to the

dissolution of solid phase Al-OH-organic material from the

soil. Although F increased soluble organic C concen-

trations for all soils in the present study and has been

found to cause leaching losses of organic C from soil

columns (Polomski et al., 1982), the lona term effect of F

on soil may be to increase the overall amount of oraanic

matter in the soil due to decreased microbial activity

following F application (Rao and Pal, 1978).

Solution Mn concentration decreased with increased

initial F concentration for Molokai and Hembre soils

(Figure 13). Manganese concentrations were below the

limit of detection (0.004 mmol/L) for the other soils.

The decrease in Mn concentration found with Molokai and

Hembre soil is probably due to the increase in solution

pH, since Mn solubility decreased rapidly with pH increase

(Lindsay, 1979). Manganese does not form strong complexes

with ligands commonly found in soils, and the distribution

of Mn species changed little with increased F

concentration (Table 8).

Solution P concentration increased with initial F

concentration with Woodburn, Coker, and Elmore soils
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(Figure 14). Phosphorus concentrations for the other

soils were below the limit of detection (0.0003 mmol/L).

Fluoride has been used, at high concentration, as an

extractant for plant available P soil tests (Olsen and

Sommers, 1982). Phosphorus is released from the soil by

dissolution of Al-phosphates and complexation of Al by F,

and by dissolution of low molecular weight oraanic matter

and the P associated with it. It would appear that long

term additions of F to soil could release significant

quantities of P into soil solution and make it available

for plant uptake. In a pot culture experiment the

addition of NaF to soil decreased P uptake by rice plants

(Singh et al., 1979).

Increased initial F concentration did not chanae

solution concentrations of Si, K, Na, NH3, or NO
3

(data not shown). Silicon does not form complexes with F

and exists in soil solutions almost entirely as H4SiO4

(Lindsay, 1979). Potassium and Na existed virtually 100%

as free, uncomplexed ions in solution, both with and

without F treatment (Table 8). Ammonia is not complexed

by the metals found in solution (except H4-) to any

extent and only small amounts of NO
3
complexes occur

(Table 9). Reactions of F with solid phase K, Na, NH3,

or NO
3
in soils have not been previously reported. In a

long term incubation study, application of F decreased

NH
4
-N from soil (Gaponyuk, 1982). This decrease was

attributed to the decrease in microbial activity also
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observed in the experiment.

Solution concentrations of S (as SO
4

2
), Cl, Cu,

Zn, Ni, Cd, and Cr were below the limits of detection for

each of the respective elements. Fluoride does form

complexes with Cu, Zn, Ni, Cd, and Cr (Sposito and

Mattiaod, 1980), and in situations where high amounts of

the soluble forms of these elements exist F could

influence the sorption and movement of these ions.

Fluoride exists primarily as the free, uncomplexed

ion in the absence of Al (Table 9). When Al was present

in solution it complexed an average of 72% of the total F.

The amount of F complexed by Ca, Mg, or other cations is

minor.

As a check on the accuracy of the ion speciation

predicted by the computer model CHEMSPEC, F activites

calculated by the model were compared with F activites

measured with a F specific ion electrode (Table 10). The

calculated and measured activities agree quite closely. A

simple correlation of calculated activity vs. measured

activity yielded a R2 of 0.998. The small differences

between the measured and calculated values is undoubtedly

the result of the approximation of the metal-organic

complexes using metal-oxalic acid stablity constants.
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SUMMARY

Fluoride released Al, and to a lesser extent Fe,

from soils with a high content of amorphous materials. The

Al and Fe released existed almost completely in complexed

forms that are more likely than the free cation to stay in

solution and thus move through the soil or be taken up by

plants.

Solution Ca and Mg concentrations decreased with F

concentration for soils where Al was detected, possibly

the result of an increase in the number of adsorption

sites as Al-polymers are removed from clay surfaces.

These soils were undersaturated with respect to CaF2 and

MgF2, so precipitation of Ca or Mg by F is not the

reason for the decreased Ca and Mg concentrations.

Solution Ca and Mg concentrations were not affectd by F

concentration for soils where Al was not detected. These

soils were supersaturated with respect to CaF2 and

precipitation would be likely to occur if solution and

soil were allowed to come to equilibrium.

Solution concentration of P, OH, and, oraanic C

increased with F concentration, while Mn concentration

decreased. Solution concentration of Si, K, Na, NH3,

and NO
3
were not affected by F concentration.

Fluoride was largely uncomplexed in the abscence of

Al. When Al was present, a majority of the total F in

solution existed as Al-F complexes.
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Table 6--Classification of the ten soils studied.

Soil name Classification

Coker c
Elmore 1
Hembre 1
Jory c
Molokai cl
Nyssa sil
Ontko 1
Panoche sicl
Sagehill is
Woodburn sicl

Very-fine, montmorillonitic, mesic Chromic Pelloxerert
Fine-loamy, mixed, mesic Pachic Ultic Argixeroll
Fine-loamy, mixed, mesic Typic Haplumbrept
Clayey, mixed, mesic Xeric Haplohumult
Clayey, kaolonitic, isohyperthermic Typic Torrox
Coarse-silty, mixed, mesic Xerollic Durorthid
Medial over loamy, mixed, nonacid Andic Cryaquept
Fine-loamy, mixed, (calcareous), thermic Typic Torriothent
Coarse-loamy, mixed, mesic Xerollic Camborthid
Fine-silty, mixed, mesic Aquultic Arcrixeroll



Table 7--Selected properties of the ten soils studied.

Soil pH Clay O.C. Ca Mg oAlt oFet dAl# dFe#

g/q mol/Kg mmol /Kq
Coker c 6.7 0.52 1.7 15.1 10.7 2.5 1.7 3.7 13.0
Elmore 1 7.6 0.16 2.0 5.8 3.7 1.3 1.0 2.0 10.3
Hembre 1 4.6 0.23 7.1 1.3 1.1 18.2 10.4 41.6 84.4
Jory c 5.4 0.49 3.3 3.5 2.8 10.8 8.0 36.6 153.4
Molokai cl 6.8 0.34 1.4 3.9 2.8 3.1 1.4 22.1 175.2
Nyssa sl 8.1 0.10 0.8 14.1 0.8 1.3 0.7 1.4 8.3
Ontko 1 6.5 0.17 1.7 8.2 4.1 0.9 1.8 1.7 12.0
Panoche sicl 8.1 0.28 0.4 7.2 3.6 0.8 0.8 2.0 15.2
Sagehill is 7.5 0.06 0.4 4.9 0.7 0.8 0.8 0.8 7.1
Woodburn sicl 5.6 0.35 1.6 3.9 0.9 8.8 12.3 9.8 36.5

toAl, oFe = oxalate-extractable aluminum and iron.
#dAl, dFe = dithionite-extractable aluminum and iron.
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Table 8--Metal speciation in
extract solutions of ten soils.

Licrand
Metal

Ca Mg Na K Fe Mn Al

NH
NO

3

PO
3

OH
4

Organict
Free

<0.1 <0.1
<0.1 <0.1
<0.1 <0.1
<0.1 <0.1
10.8 2.7
89.2 97.3

With 2.5 mmol/L

% of M
total

Without NaF treatment#

<0.1 <0.1 <0.1 0.3
<0.1 <0.1 0.2 <0.1
<0.1 <0.1 <0.1 <0.1
<0.1 <0.1 44.3 <0.1
<0.1 <0.1 55.5 17.3
99.9 99.9 <0.1 82.8

NaF treatment, Al not detected §

NH <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
NO3 <0.1 <0.1 <0.1 <0.1 0.2 <0.1
PO

3
<0.1 <0.1 <0.1 <0.1 <0.1 <0.1

OH
4 <0.1 <0.1 <0.1 <0.1 28.1 <0.1

Organict 22.4 4.7 <0.1 <0.1 71.8 12.5
F 1.6 11.5 <0.1 <0.1 <0.1 <0.1
Free 76.1 83.8 99.9 99.9 <0.1 87.5

With 2.5 mmcl /L NaF treament, Al detectedll

NH <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
NO

3
<0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

PO
3 <0.1 0.2 <0.1 <0.1 <0.1 <0.1 <0.1

OH
4 <0.1 <0.1 <0.1 <0.1 32.4 <0.1 0.7

Organict 30.5 8.0 <0.1 <0.1 67.6 13.6 25.4
F 0.1 1.0 <0.1 <0.1 <0.1 <0.1 73.9
Free 69.3 90.8 99.9 99.9 <0.1 84.6 <0.1

tCalculated as 10 moles organic C = 1 mole organic ligand.
#Averages of ten soils.
§Averages of seven soils.
¶Averages of three soils.
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Table 9--Ligand sbeciation in
extract solutions of ten soils.

Metal Ligand

NH
3

NO
3

Organic 7 PO
4

F

Ca
Mg
Na
K
Fe
Mn
Free + H

% of L
total

Without F treatment#

<0.1 0.3 64.5
<0.1 <0.1 7.4
<0.1 1.0 <0.1
<0.1 <0.1 <0.1
<0.1 <0.1 0.1
<0.1 <0.1 0.3
99.9 98.7 27.7

8.7
4.0

21.4
<0.1
<0.1
<0.1
65.7

With 2.5 mmol/L NaF treatment, Al not detected §

Ca <0.1 0.3 61.8 19.6 0.7
Mg <0.1 <0.1 8.7 28.4 2.4
Na <0.1 1.2 <0.1 32.0 0.1
K <0.1 <0.1 <0.1 0.2 <0.1
Fe <0.1 <0.1 0.5 <0.1 <0.1
Mn <0.1 <0.1 0.2 <0.1 <0.1
Free + H 99.9 98.5 28.8 20.3 96.8

With 2.5 mmol/L NaF treament, Al detected ¶

Ca <0.1 0.7 16.2 25.1 <0.1
Mg <0.1 <0.1 3.2 36.2 0.1
Na <0.1 1.1 <0.1 28.7 0.1
K <0.1 <0.1 <0.1 <0.1 <0.1
Fe <0.1 <0.1 1.0 <0.1 <0.1
Mn <0.1 <0.1 0.7 <0.1 <0.1
Al <0.1 <0.1 46.7 <0.1 72.4
Free + H 99.9 98.2 32.2 10.0 27.4

tCalculated as 10 moles organic C = 1 mole organic
ligand.

#Averages of ten soils.
§Averages of seven soils.
¶Averages of three soils.
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Table 10--Comparison between calculated
and measured F activity in extract
solutions of soils treated with

2.5 mmol/L NaF.

Soil Calc. Meas.

Coker c 1.94
F, mmol/L

1.90
Elmore 1 2.01 2.08
Hembre 1 0.23 0.24
Jory c 0.08 0.09
Molokai cl 1.83 1.81
Nyssa sil 2.38 2.41
Ontko 1 2.04 2.02
Panoche sicl 2.37 2.35
Saqehill is 2.41 2.42
Woodburn sicl 0.68 0.77
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CONCLUSIONS

Fluoride sorption was rapid on soils, however, the

amount of F desorbed by NaC1O4 decreased with increased

equilibration time. This indicates an increase in the

strength of the F-soil link with time, possibly due to

precipitation of CaF2.

Fluoride sorption conformed to the Freundlich

isotherm over an initial F concentration ranee of 0.0 to

2.5 mmol/L and to the Langmuir isotherm at equilibrium F

concentrations up to 0.8 mmol/L.

A strong positive correlation was found between

amorphous (oxalate extractable) Al and F sorption capacity

(Langmuir b value). Fluoride sorption capacity also

increased with oxalate extractable Fe, dithionite

extractable Al and Fe, and organic matter, and decreased

with increased pH. Thus in non-acid soils low in

amorphous materials F can easily move downward through

soil.

Fluoride desorption conformed to the Freundlich

isotherm. Fluoride desorption was hysteretic on many

soils, but hysteresis could not be predicted from the soil

properties measured. Identification of the soil

properties that influence F desorption should be a topic

of future research.

Fluoride released Al, and to a lesser extent Fe,

from soils with a high content of amorphous materials. The

Al and Fe released existed almost completely in complexed
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forms that are more likely than the free cation to stay in

solution and thus move through the soil or be taken up by

plants.

Solution Ca and Mg concentrations decreased with F

concentration for soils where Al was detected, possibly

the result of an increase in the number of adsorption

sites as Al-polymers are removed from clay surfaces.

These soils were undersaturated with respect to CaF
2

and

MgF2, so precipitation of Ca or Mg by F is not the

reason for the decreased Ca and Ma concentrations.

Solution Ca and Mg concentrations were not affectd by F

concentration for soils where Al was not detected. These

soils were supersaturated with respect to CaF2 and

precipitation would be likely to occur if solution and

soil were allowed to come to equilibrium.

Solution concentration of P, OH, and, organic C

increased with F concentration, while Mn concentration

decreased. Solution concentration of Si, K, Na, NH
3'

and NO
3
were not affected by F concentration.

Fluoride was largely uncomplexed in the abscence of

Al. When Al was present, a majority of the total F in

solution existed as Al-F complexes.

The reaction of F with soil affects the composition

and speciation of the soluble phase of the soil system.

More work is needed to fully understand the effect of F on

soil, and thus on plants, animals, and man.
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