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The formation of solution and solid complexes with heavy metals

will partially determine their mobility and plant availability in soil

systems. Experiments were initiated to determine the effect of pH,

adsorbent and initial metal concentrations, and the presence of water

soluble ligands on the adsorption of Cd and Cu by Na-montmorillonite.

Batch adsorption experiments over a pH range of 4 to 8.5 were

performed under humidified N
2
gas in a constant ionic strength medium of

0.01 M NaC10
4

at 25°C for 2 hrs. This equilibrium period was chosen in

accordance with results from kinetic studies at 50 pM CdT and CuT on

Na-montmorillonite (2 g liter 1) which revealed that equilibrium

occurred within 30 min. The amount of metal adsorbed was determind as

the difference between the total metal added (Me
T

) and the metal in

solution at equilibrium (MeTS).

Total soluble metal (Me
TS

) values were undersaturated with respect

to metal hydroxide solids and since CO
2
was excluded from the reaction

vessels metal carbonate precipitation was eliminated. The pH reversible

adsorption of 50 - 0.1 pM CdT and 50 - 0.5 pM CuT by Na-montmorillonite



(2 g liter-1) increased from 70 to 90% and 80 to 98%, respectively, over

a pH range of 4 to 8.5. Linear adsorption isotherms at constant pH

values of 4, 6, and 8 were developed utilizing data from the adsorption

experiments at six initial CdT and five initial CuT concentrations.

Adsorption of 2 pM CdT from solution decreased as the solid con-

centration was decreased from 2 g liter
-1

to 0.2 and 0.02 g liter
-1

.

However, adsorption in terms of mol Cd g clay
-1

increased with decreas-

ing adsorbent concentration (S
T
) indicating that fractional coverage on

clay sites increased as S
T

decreased. The adsorption pH dependence also

increased as S
T decreased and it appears that as the amount of Cd ad-

sorbed approaches saturation with respect to the calculated amount of

constant potential edge sites, the adsorption pH dependence approaches a

value near the expected pH dependence inferred from CEC measurements.

This provides partial support that adsorption of Cd and Cu at low sur-

face coverage was controlled by constant potential sites rather than

constant charge sites.

In the presence of a forest litter layer extract (1.8 mM CT), the

adsorption of 50 - 0.1 pM CdT and 50 - 0.5 pM CuT by Na-montmorillonite

(2 g liter-1) decreased from 75 to 65% and 60 to 25%, respectively, over

a pH range of 4 to 8.5. Activity measurements for Cd
2+

and Cu
2+

indi-

cated that more Cu was complexed by organic ligands than Cd explaining

the greater decrease observed for Cu adsorption in the presence of the

forest litter layer extract.

Adsorption of Cd and Cu at low metal concentrations by

Na-montmorillonite in the absence of organic ligands was probably

controlled by constant potential edge sites. Organic ligands present in

the forest litter layer extract formed more non-adsorbing complexes with



Cu than Cd which resulted in a more dramatic decrease in Cu adsorption

as pH increased. Organic ligands in soil solutions will therefore have

a greater effect on mobilizing. Cu and/or determining solution speciation

than they will on Cd.
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ADSORPTION OF Cu(II) AND Cd(II) BY Na-MONTMORILLONITE
AT LOW SURFACE COVERAGE IN THE PRESENCE AND ABSENCE OF

WATER SOLUBLE COMPLEXING ORGANIC LIGANDS

INTRODUCTION

Over the past decade an abundance of research in heavy metal pollu-

tion has evolved due to increased concern over the deposition of indus-

trial and municipal waste materials resulting in environmental accumula-

tion of heavy metals in terrestrial or aquatic ecosystems, and the

introduction of toxic metals into food chains. The unifying goal of

this research is to understand the fate, mobility and biological activ-

ity of heavy metals in natural ecosystems.

Cadmium is an important element used in electroplating, pigment and

battery production and as a stabilizer in polyvinyl chloride. However,

accumulation of Cd in humans can cause a variety of health problems

(hypertension, Schroeder, 1965; chronic bronchitis, Lewis et al., 1969).

In contrast, Cu is an essential element required in small amounts for

both plants and animals. In natural systems Cu deficiency is usually

more of a problem than Cu toxicity; however, on sites where mine tail-

ings or sewage sludge is applied high Cu levels can be encountered.

Levels of Cd and Cu in edible plant tissue, forage crops, aquatic

organisms and groundwater are important in determining the amounts

introduced into the food chain. Plant availability and groundwater

entry are governed by the chemical, physical and biological processes

that occur in the soil system. These processes are determined by vari-

ables such as the type of mineral surfaces, organic compounds, plant/

animal species, and inorganic chemical species.
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Accumulation of Cd in plants has been shown to be species dependent

(Mahler et al., 1980), decrease with lime application (Giordano et al.,

1979) and decrease with increased pH (Reddy and Patrick, 1977). It was

suggested that the influence of lime was actually a manifestation of

increased pH. Results such as these indicate the importance of under-

standing what chemical processes control the solubility and availability

of these metals.

Montmorillonite is a common soil component that can be one of many

solids likely to control the solubility of Cd or Cu in natural or pol-

luted systems. Although oxide surfaces and organic complexes will exist

as coatings on clay minerals (Jones and Uehara, 1973), phyllosilicates

serve as important substrates for mixed solids and will be important in

many environmental conditions.

Montmorillonite has a heterogeneous charge distribution resulting

from the presence of constant potential (edge) and constant charge

(isomorphic substitution) sites. The pH dependence of an adsorption

reaction can be helpful in elucidating the reaction mechanism. For

example, adsorption of Co by Na-montmorillonite was thought to be con-

trolled primarily by edge sites (Peigneur et al., 1975) while the

adsorption of Cd by Na-montmorillonite was thought to be a result of

both constant potential and constant charge sites (Egozy, 1980).

Adsorption of Cu by illite exhibited pH dependence very similar to oxide

minerals (O'Conner and Kester, 1975) which reflects the dominance of

constant potential sites on illite.

Organic ligands present in soil solutions also affect the specia-

tion and adsorption of heavy metals. Stability constants for metal-

organic complexes show that Cu is more strongly complexed than Cd
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(Stevenson, 1976; Sposito et al., 1976). The presence of complexing

ligands had little effect on the adsorption of Cd by montmorillonite

(Chubin and Street, 1981); however, in the presence of water soluble

organic ligands, adsorption of Cu by montmorillonite decreased as pH

increased in contrast to Cu adsorption in the absence of ligands (Baham,

1980). These studies reflect the difference in ability of organic

ligands to form complexes with Cd and Cu which then have an important

role in metal speciation.

The objectives of this study were to examine the pH dependence of

the adsorption of Cu and Cd by montmorillonite at low metal concentra-

tions corresponding to the range found in natural and polluted systems

and to develop concentration isotherms at constant pH values. The

influence of adsorbent concentration was examined to determine changes

in the magnitude and mechanism of Cd adsorption. Adsorption of both Cd

and Cu by Na-montmorillonite was also examined in the presence of water

soluble organic ligands from a forest litter layer extract to determine

the influence of the formation of solution metal complexes on metal

adsorption.
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ADSORPTION OF Cd (II) AND Cu (II) BY Na-MONTMORILLONITE

AT LOW SURFACE COVERAGE1

William P. Inskeep and John Baham
2

ABSTRACT

Montmorillonite has a heterogeneous charge distribution, and it is

important to determine whether constant potential edge sites or constant

charge sites control metal adsorption. The dependence of adsorption on

pH can give insight to the adsorption mechanism as well as being an

important variable that will determine the solubility of Cd or Cu in

soil systems. Adsorption of Cu and Cd by Na-montmorillonite (2g liter
-1

)

in 0.01 M NaC10
4
was measured over a pH range from 4 to 8.5 under

humidified N
2

gas. With the exception of experiments for Cu adsorption

greater than 10 pM Cu
T'

total soluble metal values were undersaturated

with respect to the metal hydroxide solids. Carbon dioxide (CO2(aq))

was excluded from the reaction vessels so that precipitation of metal

carbonates would not occur. Kinetics for adsorption of 50 pM Cd
T

and

Cu
T
were rapid, with equilibrium occurring within 30 minutes. Linear

adsorption isotherms were developed at three pH values using adsorption

data for initial metal concentrations ranging from 50 to 0.1 pM. These

1
Contribution from the Oregon Agric. Exp. Stn., Oregon State Univ.,

Corvallis, OR 97331. Technical Paper No.

2Graduate Research Assistant, Assistant Professor of Soil Science,

respectively. Address for senior author now Department of Soil

Science, University of Minnesota, St. Paul, MN 55108.
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initial metal concentrations represent from 6 to .01 percent of the

total charge available for Me
2+

sites assuming an average of 0.8 mmol

charge g
-1

clay. The pH dependence associated with Cd and Cu adsorption

was reversible and much lower than observed on oxide minerals or for

precipitation reactions. Adsorption of 2 pM CdT at 0.2 and 0.02 g clay

liter
-1

showed that the fractional coverage of Cd on montmorillonite

increased when the solid concentration decreased. As the fractional

coverage approached saturation on the calculated amount of constant

potential edge sites, the pH dependence increased and approached

expected values of pH dependent charge on constant potential sites.

This suggests that constant potential edge sites may be responsible for

Cd and Cu adsorption at low adsorption densities.

Additional index words: trace metal solubility, constant charge

and potential surfaces, isotherms.
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INTRODUCTION

Adsorption of Cd and Cu by soils or suspended solids has been

positively correlated with the CEC (Navrot et al., 1978), Fe203 content

(Jarvis and Jones, 1980), total exchangeable bases (Harter, 1979),

organic particulates (Guy et al., 1975), clay content (Singh and Sekhon,

1977), Mn-oxide content (McLaren and Crawford, 1973) and precipitation

of phosphate or carbonate species (Street et al., 1977). Several stud-

ies suggest that oxide surfaces and organic complexes are the important

species controlling the solubility of heavy metals in the environment

(McLaren and Crawford, 1973; Jenne, 1977). However, phyllosilicate clay

minerals serve as important substrates for mixed solids and will still

be important in many soil systems.

Most studies on heavy metal adsorption have been conducted using

metal concentrations higher than would be found in polluted or natural

systems. At high metal concentrations the solubility product of metal

hydroxides or carbonates is often exceeded, hence it is difficult to

distinguish between adsorption and precipitation. Consequently, the

magnitude or amount of adsorption can be misleading if precipitation

controls the solubility. Excess adsorption above a pH value of 6 on

H-montmorillonite at relatively high Cu and Zn concentrations was attri-

butable to precipitation of Cu(OH)2 and Zn(OH)2 (Bingham et al., 1964).

Adsorption of 170 pM CdT and CuT on Na-montmorillonite as a function of

pH increased drastically at a pH value equal to 7 (Farrah and Pickering,

1977a, 1977b). At those metal concentrations the adsorption edge

corresponds well with the precipitation boundary for Cd and Cu hydrox-

ides or carbonates. Adsorption of 200 pM CdT on montmorillonite in-

creased dramatically through a pH range of 7-8 (Chubin and Street,
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1981). However, the CdCO3(s) precipitation boundary (assuming

CO = -3.52) is quite close to the adsorption boundary making it diffi-
2

cult to distinguish between the two mechanisms. To study adsorption

processes one must also consider the formation of solid precipitates

that may control the solubility of the metal in question.

Complete studies on heavy metal adsorption by oxide minerals con-

sistently show a strong pH dependent adsorption process (Benjamin, 1978;

Davis, 1977; Forbes et al., 1976; James and MacNaughton, 1977).3 Usu-

ally, the amount of metal adsorbed ranges from 0 percent at low pH

values (4-5) to 100 percent at pH values greater than 8. Published

literature for Cd and Cu adsorption by montmorillonite is not as com-

plete. Adsorption of Cd by montmorillonite at a constant pH of 6.5 was

shown to decrease as ionic strength increased, and as inorganic Cd

complexes of SO
4

2-
and Cl were formed in solution (Garcia-Miragaya and

Page, 1976). A slight pH dependence in the pH range of 3.5 to 6.5 was

found for the adsorption of 170 pM CdT and CuT by montmorillonite

(Farrah and Pickering, 1977a, 1977b). Adsorption of low level Cu and Co

by illite exhibited pH dependence similar to oxide surfaces (O'Conner

and Kester, 1975) thereby providing an interesting comparison with

montmorillonite which has a heterogeneous charge distribution. In fact,

3
M. M. Benjamin. 1978. Effects of competing metals and complexing

liquids on trace metal adsorption at the oxide/solution interface.

Ph.D. Dissertation. Stanford University, Palo Alto, CA.

J. A. Davis. 1977. Adsorption of trace metals and complexing liquids

at the oxide/water interface. Ph.D. Dissertation. Stanford Univer-

sity, Palo Alto, CA.
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Peigneur et al. (1975) suggested that for the adsorption of Co by mont-

morillonite the constant potential charges were controlling the solubil-

ity of Co. Based on charge density comparisons they concluded that the

edge sites were more specific for Co than the constant charge sites.

Egozy (1980) assumed that adsorption of Cd by Na-montmorillonite was due

to two classes of sites: one by constant charge sites and the other by

constant potential (oxide like edge sites) sites. If the adsorption of

metal by montmorillonite is completely pH independent one might conclude

that constant charge sites control the solubility of metal; however, if

the adsorption process is pH dependent, one might conclude any of the

following:

(i) constant potential sites are completely or partially control-

ling metal solubility;

the formation and subsequent adsorption of metal hydrolysis

species changes A Gads;

(iii) proton competition influences the amount of metal adsorbed;

(iv) lower pH values cause dissolution of clay minerals releasing

Al and/or Si which may poison surface sites.

The objectives of this study were to examine the pH dependence of

Cu and Cd adsorption on montmorillonite at low metal levels correspond-

ing to the range found in natural and polluted systems and to develop

isotherms at constant pH values. Carbonate and hydroxide precipitation

was eliminated so that adsorption on montmorillonite could be unequivo-

cally established. The influence of solid concentration on adsorption

of Cd was examined to determine changes in the magnitude and mechanism

of adsorption.
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MATERIALS AND METHODS

Adsorbent

Sodium saturated clay suspensions of Wyoming Bentonite (SWy-1,

Clay Minerals Society) were prepared by adding 10 g of clay to 1 liter

of 0.1 M NaC10
4

solution at a pH value equal to 4. After agitation to

ensure dispersion, the < 2 pm fraction was obtained using centrifugation

rates calculated according to Stokes Law. The clay fraction was then

washed four times with 0.01 M NaC10
4

(pH = 5.7). After the final wash-

ing, suspensions were brought to 1 liter with 0.01 M NaC104 and sus-

pended solids determined gravimetrically after drying four replicates of

10 ml aliquots at 105°C for 24 hours.

Kinetics

Adsorption of 50 pM and CuT by Na-montmorillonite (2g liter
-1

)

was measured at pH values of 4, 5 and 7 at eight time values ranging

from 0 to 24 hrs. In addition, Cu adsorption kinetics were studied

using an Orion ion-selective electrode (Model 9429) in conjunction with

a double junction reference electrode (Model 90-02) at a pH value equal

to 5.5. Initially (t = 0), a 40 ml solution with 0.01 M NaC104 and 62.5

pM Cu(C10
4

)
2
was equilibrated with the electrode. Ten ml of the clay

suspension were quickly introduced yielding a CuT of 50 pM and a surface

concentration of 2 g liter
-1

after which millivolt readings were

recorded on a strip chart recorder over 24 hours. The relative change

in millivolt response between 0.01 M NaC104 and 0.01 M NaC104 plus 2 g

clay liter
-1

was determined to quantify the effect of the clay suspen-

sion on the millivolt response in the absence of Cu. After 24 hours,

the solution was centrifuged and CUTS was determined by atomic adsorp-

tion spectrophotometry (AAS).
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Cd and Cu Adsorption Isotherms

Solutions of Cd(C104)2 and Cu(C104)2 in 0.02 M NaC104 were prepared

by diluting stock metal solutions (pH = 2) and a stock NaC104 solution.

Ten ml of each metal solution were added volumetrically to sixteen 50 ml

polyethylene centrifuge tubes. Dilute NaOH or HC10
4
was added to obtain

a pH range from 4 to 8.5 and high quality H2O (18 megohmom1) was added

to bring the volume in each tube to 20 ml. Five ml of the 10 g liter
-1

clay suspension were then added volumetrically so that in each tube the

solid concentration was 2 g liter
1
and the ionic strength was 0.01 M

NaC10
4'

Six concentrations of Cd(C10
4
)2 and five concentrations of

Cu(C104)2 were used so that CdT ranged from 50 to 0.1 pM and CuT ranged

from 50 to 0.5 pM. The adsorption of 50 pM CdT onto polyethylene tubes

was also examined and results showed insignificant adsorption over the

pH range studied. Generally, it is assumed (even if some metal is

adsorbed by container walls) that container adsorption is negligible in

a system where a solid surface is added. This assumption is valid here

considering that the tube surface area is 1/500 of the clay surface area

added, providing tube sites do not have affinities much greater than

clay sites.

Humidified N2 gas was bubbled through the solutions with teflon

tubing to eliminate CO
2

and constantly mix the suspensions. Preliminary

experiments showed that significant evaporation (5%) occurred when N2

gas was not humidified; after humidification, evaporation was less than

0.1%. All experiments were performed at 25°C + 0.01°C for 2 hours

(equilibrium time based on kinetic experiments). After equilibration,

pH values were recorded after 2.5 min. employing a Beckman 39505 combina-

tion pH electrode calibrated by a 2 point buffer standardization. The
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solid phase was then separated by centrifugation at 27 kg for 25 min.

and total soluble metal concentrations in the clear supernatants were

determined by flame (AAS) or flameless (FAAS) atomic absorption spectro-

photometry utilizing a Perkin Elmer Model 4000 equipped with an

HGA-2100 controller and a Deuterium background corrector. Preliminary

experiments comparing centrifugation at 27 kg with filtration through a

prewashed 0.4 pm membrane filter indicated that centrifugation was a

more reproducible technique for phase separation (SD
filtration

30%,
filtration

= 3%). Higher amounts of Cd were adsorbed with filtra-SD
centrifugation

tion, suggesting that some metal was adsorbed onto the filter or the

fritted glass plate employed during filtration.

Before using the graphite furnace for metal analysis, a temperature

program was optimized with standards to ensure maximum, stable absor-

bance values. The method of standard additions was used to determine if

the slope for the standard curve was equivalent to the slope of a curve

for sample plus standards. For both Cd and Cu these slopes were essen-

tially equal so that samples could be injected independently and concen-

tration values obtained directly from the standard curve.

The amount of metal adsorbed was determined as the difference

between total metal (Me
T
) and total soluble metal (Me

TS
) concentrations.

At each metal concentration, linear regression was used to obtain linear

functions (y = 80 + 81X1) for -log[ME ADSORBED] vs. pH, then y estimates

(-log[ME ADSORBED] were obtained at pH values of 4, 6 and 8. Corres-

ponding values of -log [Metal Equilibrium (Meeq
)] were calculated and

adsorption isotherms plotted at 3 pH values.

After the 2 hour equilibration for adsorption experiments at 10 pM

CuT and 0.1 pM Cd
T

the suspensions were centrifuged, 60 pl were
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withdrawn and Me
TS

was immediately determined by FAAS. A new equili-

brium pH value was established by the addition of 20-50 pl of NaOH or

HC10
4

to reaction vessels; the clay plugs were resuspended then purged

with N2 gas for 2 hours to duplicate the equilibrium period. The pH

values were then recorded and Me
TS

was again determined by FAAS.

Variation of Surface Area

Adsorption of 2 0 Cd
T
was compared at surface concentrations of 2,

0.2, and 0.02 g clay liter
-1

. The amount of Cd adsorbed for each solid

concentration was determined as described in the development of Cd and

Cu adsorption isotherms.
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RESULTS AND DISCUSSION

Kinetics

Adsorption of Cd and Cu as a function of time for three different

pH values showed that apparent equilibrium was reached within 30 minutes

and was independent of the suspension pH values. Slopes of lines

(-log[ME ADSORBED (mol g-1)] vs. time) for both Cd and Cu (50 01 MeT)

at each pH value were not statistically different from 0 (oc = .01) after

the first time point at thirty minutes. Although time periods over 24

hours were not examined, kinetics of Cd or Cu adsorption on oxides

(Gadde and Laitinen, 1974; Forbes et al., 1976; Benjamin, 1976), soils

(Gardiner, 1974; Sidle and Kardos, 1977; Street et al., 1977), and

Na-montmorillonite (Garcia-Miragaya and Page, 1976) support a rapid

attainment of equilibrium. A two step kinetic process has been reported

for the adsorption of Cd by montmorillonite at higher ionic strength

(I = 0.3 M) whereby the author attributed the rapid step to constant

potential sites and the slower step to constant charge sites (Egozy,

1980). However, at ionic strengths lower than 0.1 M the kinetics were

rapid and single step.

The present data does not lend itself well to inferences about

mechanisms based on kinetic theory. Since the first point at 30 minutes

is essentially at equilibrium, the data could fit either of the empiri-

cal zero, first or second order rate equations. Even in the electrode

kinetic experiment where the activity of Cu
2+

was monitored continuously

from time zero the reaction was so rapid that a constant mV reading was

established with 2 minutes and remained constant for 24 hrs. Although

it seems feasible to study adsorption kinetics with ion selective elec-

trodes when metal complexes are negligible, this experiment merely
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confirmed results from batch studies and did not facilitate interpreta-

tion of the data with reaction rate theory. Based on the results of

batch and electrode kinetic experiments, 2 hrs was considered an ade-

quate equilibrium period for metal adsorption.

Solubility vs. Precipitation

If precipitation was a factor in the adsorption experiments it

would be most evident with higher concentrations of CdT or CuT. In

equilibrium with Na-montmorillonite, Cd
TS

values for the highest Cd
T

concentration used (Fig. 1) confirm that CdTS was undersaturated with

respect to Cd(OH)2(s), indicating that adsorption was controlling Cd

solubility. Formation of CdC0
3
(s) was not considered since CO

2
was

excluded from the reaction vessels.

Values of CUTS for the higher CuT concentrations cross the precipi-

tation boundary (Fig. 2), and become oversaturated with respect to

Cu(OH)2(s); however, the data points do not follow the slope of the

precipitation boundary. Several explanations can be offered to explain

this observation. First, the presence of trace amounts of complexing

ligands, such as organics, could prevent precipitation of Cu(OH)2(s) by

lowering the activity of Cu
2+

. In other experiments (W. P. Inskeep,

1982. M.S. Thesis. Oregon State University, Corvallis, OR), the concen-

tration of dissolved organic carbon in clay blanks over the pH range in

question was essentially zero, so the likelihood of this contribution is

low. Second, high speed centrifugation may not have removed micro-

crystalline or amorphous Cu(OH)2(s) from solution so that CUTS values

were higher than they should have been at pH values greater than 7-8.

However, since supernatants did not scatter a Tyndall beam it was
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assumed that no colloidal phase was present. Finally, the kinetics of

precipitation for Cu(OH)
2
(s) may be such that in these experiments Cu

TS

was never in equilibrium with the solid phase used in the development of

*K
so

. Instead, high Cu,, values may have been supported by a metastable

amorphous precipitate with a different apparent
*Ks°.

It was suggested

2+
that Cu

n
(OH)

2n-2 complexes were important in the increase of 170 uM Cu
T

adsorption by montmorillonite at a pH of 7 (Farrah and Pickering, 1977a).

However, the concentration of CuTs in the present study was lower than

Cu concentrations used to develop the stability constants of polynuclear

hydrolysis products other than Cu
2
(OH)

2+
(Perrin, 1960). Comparison of

data lines for CuT concentrations of 1 and 0.5 pM which are below the

precipitation boundary show that they retained the same general shape

and slope as those at higher concentrations. This suggests that crystal-

line Cu(OH)2(s) is not controlling Cu solubility in the adsorption

experiments.

pH Dependence

Despite the small influence of proton competition on amount of

metal adsorbed, reversibility of adsorption studies (Fig. 3) showed that

adsorption edges at 0.1 pM CdT and 10 pM CuT as a function of pH could

be reproduced upon readjustment of the pH value with small amounts of

acid or base. First, if a well defined crystalline precipitate was

forming at higher pH values, one would not expect a pH adjustment to

reverse the process with the same kinetics. Together with the solu-

bility diagrams, this observation supports the contention that adsorp-

tion was controlling the solubility of Cd and Cu. Second, adsorption at

every metal concentration as a function of pH revealed that protons do
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not compete strongly for adsorption sites. Linear regression was used

to fit data lines of -log [METAL ADSORBED (mol g-1)] vs. pH with the

model y = So .+ Sixi. Values for Si range from 0.010-0.017 and are

significantly different from 0 at cc = 0.01 (Table 1). Adsorption of Cu

and Cd by montmorillonite was quite significant even at low pH values.

In contrast, adsorption of Cd and Cu on oxide surfaces is very pH

dependent (Forbes et al., 1976; Gadde and Laitiman, 1974; James and

MacNaughton, 1977) and approximately 1-2 mol of 114- per mol metal are

released upon adsorption. Dugger et al. (1964) developed an ion ex-

change model and James and Healy (1972) developed a metal hydrolysis

model, both accounting for the release of 2 moles of H
+

per mol of

divalent metal adsorbed. Proton competition for oxide sites is a mani-

festation of the source of negative charge, namely, association or

dissociation of protons.

Unlike oxides, phyllosilicate clay minerals have heterogeneous

charge contributions from constant charge sites and constant potential

sites. Peigneur et al. (1975) point out that if 50 m
2
g
-1

is taken as an

estimate for the surface area edge contribution on montmorillonite then

the change in charge as a function of pH corresponds to 8 pC cm
2

pH
-1

unit which is quite close to values reported for silica surfaces

(Lyklema, 1971). However, it seems more reasonable to use 8 m
2
g
-1

as

the estimate for edge surface area contribution considering that 1% of

the total surface area (800 m
2 1
g ) is due to edge sites (Dyal and

Hendricks, 1950). When 8 m
2
g
-1

is used one obtains 97 pC cm
-2

pH
-1

unit for the change in charge on edge sites as a function of pH. Assum-

ing that edge sites behave independently of constant charge sites and

that coulombic forces are important in the adsorption process one would



Table 1. Slopes, y-intercepts, r2 values and range in percent of metal adsorbed for data lines of
-log[ME ADSORBED (mol g-)] vs. pH.

CdT(1111) Slope y-intercept r
2

% adsorbed CuT(uM) Slope y-intercept r
2

% adsorbed

50 0.013 4.764 0.94 69 -'83 50 0.016 4.755 0.88 82 - 96

10 0.016 5.482 0.97 73 - 90 10 0.012 5.494 0.96 86 - 98

5 0.011 5.718 0.88 72 - 82 5 0.013 5.731 0.98 84 - 97

1 0.015 6.423 0.89 76 - 90 1 0.010 6.388 0.91 87 - 98

0.5 0.017 6.797 0.97 77 92 0.5 0.011 6.690 0.87 88 98

0.1 0.019 7.608 0.84 70 - 93

NJO
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actually expect more pH dependence on edge sites than on silica surfaces.

Nevertheless, the charge on edge sites of 2:1 layer clays such as illite

or montmorillonite should respond to pH changes similar to metal oxide

sites.

Adsorption of Cu and Co by Fithian illite in artificial sea water

media, exhibited pH dependence very similar to results on oxide minerals

where the authors suggested a one to one reaction for Cu
2+

and H
+

in

the adsorption process (O'Connor and Kester, 1975). Illite has no

measurable internal surface area due to the strong bonding of K
+

in the

interlayers (Greenland and Mott, 1978). Such a structure implies that

constant potential charges dominate the available sites for metal adsorp-

tion conceivably explaining the pH dependent Cu adsorption by Fithian

illite.

Surface area measurements for Wyoming montmorillonite (Dyal and

Hendricks, 1950; Knudson and McAtee, 1974; Greenland and Mott, 1978)

show that only 1% of the total surface area results from "oxide like"

edge sites. This does not imply that either constant potential sites or

constant charge sites are more specific for heavy metal adsorption;

however, it does reveal the magnitude of contribution from the two types

of sites. Using mmol charge g
-1

= 0.0805 (pH) + 0.428 as the pH depen-

dent relationship for the CEC (Peigneur et al., 1975), at a pH value of

2 the charge density on montmorillonite is 7.2 pC cm 2. If one assumes

that at a pH value of 2 there is no net charge on the constant potential

sites (Stul and Mortier, 1974), then the calculated charge density

refers only to the constant charge sites and would be independent of pH.

Conversely, at pH values greater than 2 the contribution of the total

charge which is attributable to constant potential sites is obtained by
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subtracting the charge at pH equal 2. Corresponding charge densities

for constant potential sites can then be determined at any pH value.

For example, at pH values of 4.26 and 6.0, the charge densities for the

constant potential sites are 220 and 387 pC cm 2, respectively. So,

even at a pH value of 4 the charge density for constant potential sites

is 30 times greater than the charge density for constant charge sites.

If AG
ads

= AG
chem

+ AG
coul

+ AG
solv

(James and Healy, 1972), then

AGads would be lowered by a significant decrease in AG
coul

(the change

in electrostatic free energy as adsorbing ion moves from bulk solution

to equilibrium position in the interface); therefore, adsorption by edge

sites would provide a more favorable AG
ads

. As long as the amount of

metal adsorbed does not exceed the total charge available from edge

sites these constant potential sites could be responsible for the

majority of metal adsorbed from solution. One way to validate this

hypothesis is to compare the pH dependence of the adsorption process at

low surface coverage with the change in charge on the edge sites as

determined by CEC measurements. Slopes for the amount of metal adsorbed

(mol g
-1

) versus pH increase as Me
T

is increased and start to converge

on the slope value for available sites (mol g
-1

pH
-1

). It appears that

as the Me T: solid concentration ratio (g clay liter
-1

) approaches values

that would saturate the constant potential sites, the adsorption pH

dependence approaches expected values based on the pH dependence of

constant potential sites. If this can be shown then there is a strong

case that at low adsorption densities the constant potential sites are

controlling metal solubility.
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Constant pH Isotherms

Cadmium and Cu isotherms at three pH values fit a constant parti-

tion model (linear) as well as a Freundlich model; however, due to the

range in metal concentrations used it.was not feasible to plot this data

linearly (Fig. 4-5). Analysis of covariance was used to test whether

the slopes and intercepts at each pH were significantly different by

treating -log[Me
eq

(mol liter
-1
)] as the covariate and pH values of 4, 6

and 8 as three different treatments (Table 2).

Analysis of the Cd and Cu adsorption data with the Freundlich model

at a pH value of 8 shows that isotherm slopes are significantly differ-

ent ex = 0.05) from those obtained at pH values equal to 4 or 6, while

the isotherm slopes at pH values of 4 and 6 are not significantly dif-

ferent. Since all y-intercepts are essentially equal, isotherms for pH

values at 4 and 6 are the same line. The lowest equilibrium point on

the Cu isotherm at a pH value of 8 (Fig. 5) is possibly spurious because

of the detection limit for Cu on FAAS. Without that point the isotherm

slope is 0.84, and is not significantly different from isotherm slopes

at pH values of 4 and 6.

Slopes of Freundlich isotherms represent 1/n (log r= 1/n log C +

log K), where n is qualitatively related to the distribution of bond

strengths. When n = 1 all surface sites are equivalent, however, if

n # 1 then the distribution of bond strengths vary with adsorption

density. All isotherm slopes presented here show that n > 1 which

indicates that the surface activity coefficient increases with adsorp-

tion density. This could be caused by unfavorable adsorbate-adsorbate

interactions or a distribution of surface site types. At low surface

coverages, it is not likely that unfavorable adsorbate-adsorbate
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Table 2. Freundlich and constant partition isotherm slopds,
and r-values at constant pH values.

y-intercepts

Freundlich Constant partition
Metal pH Slope y-intercept r Slope y-intercept r

Cd 4 0.959a
t

0.104a 0.999 1.157a 1.96E-07a 0.999

6 0.930a 0.159a 0.999 1.437b 2.76E-07a 0.999

8 0.877b 0.328a 0.998 1.856c 4.05E-07a 0.997

Cu 4 0.861a 0.368a 0.999 2.107a 4.63E-07a 0.999

6 0.838a 0.312a 0.999 3.484b 4.71E-07a 0.999

8 0.634b 1.27a 0.975 8.437c 5.44E-07a 0.999
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interactions play an important role, and due to the heterogeneous charge

distribution on montmorillonite, the distribution of surface site types

is a more plausible explanation.

At a pH value of 8 the isotherm slope for Cd decreases (n in-

creases) suggesting that there are more adsorbate-adsorbate interactions

or that the distribution of site types has changed compared to isotherms

at pH values of 4 and 6. Whether or not these changes occur due to the

formation of Me0H
+

is not certain; however, the importance of the Me0H
+

species does not seem to be as important as is suggested by the "metal

hydrolysis model" (James and Healy, 1972) for metal adsorption onto

oxide minerals. It is suggested that in the present study changes in

isotherm slope are related to changes in surface site distribution

(i.e., increased constant potential sites) and not to the formation of

hydrolyzed metal species.

Surface Area

The percent of 2 pM Cd
T

adsorbed as a function of pH decreased as

the solid concentration decreased. The range in percent adsorbed was

79-89, 42-67, and 8-36 for 2, 0.2, and 0.02 g clay liter
-1

, respec-

tively. However, less Cd was adsorbed per gram of clay as the clay

concentration increased (Fig. 6). Adsorption of Pb on different amounts

of Ca-montmorillonite, reveal that the quantity of Pb adsorbed (mg g
-1

)

decreased as the clay concentration increased (Griffin and Au, 1977).

The percent of 0.052 pM Cd
T
adsorbed on river mud solids increased as

the concentration of suspended solids increased (Gardiner, 1974) and by

calculation it can be shown that the amount of Cd adsorbed per gram of

solid was actually less at 200 mg solid liter
-1

than at 50 mg solid
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liter
-1

. Evidently, although the total sites decrease with lower solid

concentrations, the fraction of sites occupied by metal increases.

Slopes of data lines for each solid concentration (Fig. 6) are

significantly different (cc = .05) implying that pH influenced Cd adsorp-

tion differently depending on the MeT:solid concentration (ST) ratio.

As the Me
T
:S
T
ratio was increased, the pH dependence also increased,

approaching the pH dependence expected on constant potential sites.

Slopes for each surface concentration are as follows: 2 g liter
-1

= 0.011; 0.2 g liter
-1

= 0.029; 0.02 g liter
-1

= 0.12. Between pH

values of 3.5 to 6.5 the amount of Cd adsorbed versus pH in a 0.2 g

liter
-1

montmorillonite suspension had a slope of 0.07 (Farrah and

Pickering, 1977a). Although this slope is a little greater than our

value at 0.2 g liter
-1

it is still less than the value at 0.02 g liter
-1

indicating that the two studies are in close agreement. The major

difference probably lies with the initial CdT concentration used.

Assuming 0.5 mmol charge g clay
1

is available for divalent cations,

1
then at 0.02, 0.2 and 2 g liter there would be 0.01, 0.1 and 1 mmol of

charge per liter, respectively. In the present study, 2 pM CdT was used

which approaches the maximum charge available at 0.02 g clay liter
-1

.

However, 170 pM Cd
T

exceeds the maximum charge available at 0.2 g clay

liter 1, the metal and clay concentration used in Farrah and Pickering

(1977a). Clearly, if the amount of trace metal added exceeds the avail-

able charge assumed via exchange capacity then not only would proton

competition be more likely (i.e., fewer sites) but also the percent

adsorbed from solution would be lower. Before conclusions can be made

about metal adsorption capacity and pH dependence the magnitude and
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relationship of metal concentration and surface concentration should be

evaluated.
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CONCLUSIONS

The kinetics of Cu and Cd adsorption by Na-montmorillonite were

rapid which supports other studies on soils, clays and oxides and indi-

cates that heavy metals in natural environments will likely be adsorbed

rather quickly. Although no attempt is made to ascribe a reaction

mechanism based on the kinetic data, if constant charge sites are

responsible for part of the adsorption it appears that the metals are

reacting with those sites as quickly as the constant potential sites.

Adsorption of Cd and Cu on Na-montmorillonite was not very pH

dependent, at least when compared to oxide surfaces or clays where

interlayer surface area is negligible. The reversible pH dependence

seems to correspond with the amount of constant potential edge sites and

it is possible that most of the metal adsorbed was on these constant

potential sites. Slopes of lines for metal adsorbed versus pH at low

adsorption densities were smaller than the pH dependent slopes asso-

ciated with constant potential sites as determined from CEC measurements.

However, as the amount of metal adsorbed (mol g
-1

) increased (approach-

ing surface coverage which corresponds to saturation of the edge sites)

the adsorption-pH slopes also increased suggesting that when edge site

saturation is reached, adsorption-pH slopes may correspond to the pH

dependence of the constant potential sites.

Constant pH isotherms (4, 6, and 8) developed for Cd and Cu fit

both Freundlich and constant partition models. Using the Freundlich

model, analysis of covariance revealed that isotherm intercepts were

equal and isotherm slopes were different only at a pH value equal to 8.

This implies that, for both Cd and Cu, the isotherms at pH values equal

to 4 and 6 are essentially the same. Changes in isotherm slopes at a pH
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value of 8 probably reflect a change in the distribution of bond

strengths considering the increased importance of constant potential

sites at that pH. Unfavorable adsorbate-adsorbate interactions would

also result in decreased isotherm slopes, however, at low adsorption

densities this possibility is not as likely. If Me0H
+

species were

important, it was not to the extent suggested by the hydrolysis model

for oxide minerals (James and Healy, 1972).

Adsorption of Cd from solution decreased as solid concentration

decreased, but the amount of Cd adsorbed in mol g
-1

increased when solid

concentration decreased due to the increased fractional coverage of the

surface sites available. In addition, the adsorption-pH slopes

increased as the solid concentration decreased indicating that

Me
T.
.surface concentration ratios are important in determining the pH

dependence of the adsorption reaction. Without quantifying these para-

meters it is premature to make conclusions about the magnitude or mech-

anism of adsorption. The lower solid concentrations (0.02 and 0.2 g

liter 1) could very well represent aquatic systems where surface sites

in suspension may often be a limiting factor for heavy metal adsorption.

However, in soil or sediment systems it is more appropriate to use

higher solid concentrations where an abundance of surface sites and low

adsorption densities will be most probable.
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Adsorption of Cu(II) and Cd(II) by Na-montmorillonite in the Presence

of Water Soluble Organic Ligands 1

William P. Inskeep and John Baham
2

ABSTRACT

Water soluble extracts obtained from a coniferous forest litter

layer (FLLE), dried Chicago sludge (CSE) and an agricultural peat soil

(PE) were used as a source of organic ligands to study the influence of

metal complexation on the adsorption of Cd and Cu by Na-montmorillonite.

Adsorption of 50-0.1 pM CdT and CuT by Na-montmorillonite (2 g liter -1)

was measured in the presence of the FLLE (1.8 mM C
T
) over a pH range of

4 to 8.5 after a 2 hr equilibrium period under humidifed N2 gas. Equi-

librium activity measurements for Cd
2+

and Cu
2+

were made with ion

selective electrodes for experiments at 50 and 10 pM MeT. After ac-

counting for inorganic complexation, the amount of Cd complexed with

organic ligands in the FLLE was much lower than that for Cu. Multiple

regression equations where -log(Me adsorbed) is a function of pH

and -log(Me equilibrium) showed that for the range of metal concentra-

tion used, Cu adsorption decreased with increased pH values, in contrast

to adsorption in the absence of FLLE. Conversely, the adsorption of Cd

was only slightly affected. Adsorption of 10 pM CuT in the presence of

1
Contribution from the Oregon Agric. Exp. Stn., Oregon State Univ.,

2

Corvallis, OR 97331. Technical Paper No.

Graduate Research Assistant, Assistant Professor of Soil Science,

respectively. Address for senior author now Department of Soil

Science, University of Minnesota, St. Paul, MN 55108.
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CSE and PE showed similar effects on adsorption as did the FLLE, reveal-

ing the importance of water soluble complexing ligands in controlling Cu

speciation.

Additional index words: complexation, multiple regression, soil

solution leachate, trace metal speciation.
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INTRODUCTION

Metal complexation by organic ligands plays an important role in

controlling metal solubility (Reuter and Purdue, 1977). Usually, the

stability of metal ligand complexes decreases as pH values decrease

indicating the importance of proton competition and reflecting the role

of C00, NH, and OH functional groups in metal complexation (Schnitzer,

1969; Stevenson, 1977). Metal ligand stability is also influenced by

the charge, ionic radius, degree of hydration and orbital geometry of

the metal ion involved. Stability sequences for metal organic complexes

show that Cu is complexed more strongly than Cd (Stevenson, 1976;

Sposito et al., 1976; Guy and Chakrabarti, 1976). If the total metal

(Me
T
):soluble carbon (C

TS
) ratio is greater than the complexation capac-

ity for a given organic ligand then all the metal will not be complexed.

Chloride forms strong complexes with Cd even in the presence of organic

ligands (Baham et al., 1978), suggesting that the presence of inorganic

ligands (including hydroxyl) and their complex stability will also

influence the degree of organic complexation. Cations such as Ca and Mg

compete with heavy metals for complexing sites, so the concentration of

background electrolytes also influences metal complexation.

Metal complexation by solution ligands can either enhance, inhibit,

or have no affect on the adsorption of metals depending on the type and

amount of complexes formed, and the solid surface present. Anionic

Cu-ligand complexes have been shown not to adsorb on Na-montmorillonite

(Farrah and Pickering, 1976) probably because both species are nega-

tively charged. They also showed that if Cu
T
:C
TS

ratios exceeded the

complexation capacity, complexation had a lesser influence on Cu adsorp-

tion.
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Adsorption of Cu by iron oxide increased in the presence of 0.11 mM.

glutamic and 20 pM 2,3-pyrazinedicarboxylic acids showing that the

presence of organic ligands on solid surfaces can enhance metal adsorp-

tion (Davis and Leckie, 1978). Water soluble extracts of sewage sludge

had little effect on Cd adsorption by montmorillonite (Chubin and Street,

1981), but Cu adsorption has been shown to dramatically decrease with

increased pH (Baham, 1980
3
). Adsorption of Cu decreased much more than

Cd adsorption after organic matter was removed from soils (Petruzzelli

et al., 1978). Results of these studies are consistent with measured

stability constants that suggest Cu is more strongly complexed by organ-

ic ligands than Cd (Stevenson, 1976; Sposito et al., 1976).

Much of the research on Cu and Cd complexation has been performed

with humic and fulvic acids which are obtained with strong alkali

extractions. Water soluble extracts may be more representative of soil

solution carbon; however, general trends in the complexing behavior

should be similar. Objectives of the present study were to evaluate the

influence of water soluble organic ligands on the adsorption of low

concentrations of Cd and Cu by Na-montmorillonite in the range of pH

values from 4 to 8.5.

3
Baham, J. 1980. Adsorption of sewage sludge organic ligands and

trace metals by montmorillonite and kaolinite. Ph.D. Dissertation.

University of California, Riverside. Riverside, CA.
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Organic Ligands
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Air dried coniferous (Douglas fir) litter layer (Honeygrove series),

Chicago sludge and the surface horizon of a highly organic agricultural

peat soil (Labish series) were extracted with deionized 112 0 using a 1:10

solid to solution ratio by shaking for 16 hrs in a polyethylene bottle.

Each slurry was decanted into 250 ml centrifuge tubes and centrifuged at

8 kg for 10 min, after which the supernatants were filtered through

quantitative fast filter paper to remove floating particulates. The

yellow supernatants were transferred to 50 ml centrifuge tubes and

centrifuged at 27 k for 20 min to remove suspended colloids, trans-

ferred to polyethylene bottles, and frozen for storage. As required for

experimentation, samples were thawed, centrifuged at 27 kg for 20 min,

and passed through pre-washed 0.4 and 0.2 pm membrane filters.

Adsorbent

Na-saturated clay suspensions of Wyoming bentonite (SWy-1, Clay

Minerals Society) were prepared by adding 10 g of clay to 1 L of 0.1 M

NaC10
4

solution at a pH value equal to 4. After agitation to ensure

dispersion, the suspensions were centrifuged to obtain the < 2 pm

fraction. The clay fraction was then washed four times with 0.01 M

NaC10
4

(pH = 5.7). After the final washing, suspensions were diluted to

1 L with 0.01 M NaC104 the clay suspension concentration was deter-04

mined gravimetrically by drying 10 ml aliquots at 105°C for 24 hrs.
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Extract Characterization

Total dissolved organic carbon (C
TS
) was determined with a Beckman

carbon analyzer (Model IR315) against potassium biphthalate standards.

Values of C
TS

for a range of diluted forest litter layer extracts were

correlated with absorbance at 254 nm at a pH value of 3 using a Beckman

Model DU-2 spectrophotometer equipped with a micro flow through cell.

UV-visible spectrum for the FLLE in 0.01 M NaC10
4
was obtained with a

Cary 118 spectrophotometer. Although the spectrum was generally fea-

tureless, as has also been shown for other organic extracts (Baham,

1980
3

; Davis, 1980; Sposito et al., 1976), it did provide justification

for choosing 254 nm as one of many possible wavelengths for measuring

absorbance. The molar absorptivity of the FLLE in 0.01 M NaC10
4
was

shown to be a function of pH, consequently, absorbance at 254 nm was

always measured at a pH value of 3.

Fifty mg of freeze dried FLLE was ground with KBr in an agate

mortar, then transferred into a mini-press and compressed into a trans-

lucent plate. An infrared spectrum (4000-400 cm 1) was then obtained

with a Perkin-Elmer Model 727B infrared spectrophotometer calibrated

with polystyrene.

Inorganic phosphate, NO
3

and NH
4

+
in the organic extracts was

determined colorimetrically on an autoanalyzer. Inorganic sulphate was

determined with a modified BaSO4 turbidimetric method utilizing gelatin

as a stabilizing agent (Tabatabai and Bremner, 1970).

Aliquots (25 ml) of each extract were pipetted into HNO3 washed

Taylor tubes and evaporated to dryness in a sand bath at 100°C according

to a digestion procedure outlined by Ganje and Page (1974). Total Ca,

Mg, K, Na, Fe, Cd and Cu in the digested extracts were determined by



39

atomic absorption spectrophotometry (AAS). Phosphate was also deter-

mined in the digested extracts and it is assumed that this represents

total P so that the difference between predigested phosphate and post

digested phosphate represents organic P. Initially, our goal was to

remove cations and anions from the water soluble extracts; however, when

the three extracts were passed through a H- saturated exchange resin a

significant amount of carbon was also removed (38-50%). Consequently,

this purification step seemed unsatisfactory if a representative organic

fraction was to be obtained for use in the adsorption experiments.

Carbon Adsorption

Before all adsorption experiments, the pH value of the extracts was

adjusted to 9 with dilute NaOH and humidified N
2
gas was used to purge

the extracts for 2 hrs to remove NH
4

+
Five ml aliquots of the FLLE

were volumetrically transferred to 50 ml polyethylene centrifuge tubes

after which a small amount of dilute NaOH or HC10
4
was added to give a

final pH range of 4 to 8.5. Five mls of the 10 g liter
-1

clay suspen-

sion were then added to give a final volume of 25 ml, a solid concentra-

tiontion equal to 2 g liter and an ionic strength of 0.01 M NaC104. All

adsorption experiments were performed at 25°C + 0.01° C for 2 hrs under

humidified N
2

gas. After the 2 hr equilibrium period pH values were

determined with a Beckman 39505 combination pH electrode calibrated by

a 2 point buffer standardization. The solid phase was then separated

via centrifugation at 27 k& for 25 min and total soluble carbon (C
TS

or

DOC) was determined by absorbance at 254 nm using the Beckman DU-2. It

is possible that adsorption, hence, selective removal of C, changes the

molar absorptivity of the C fraction left in solution. If this is
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significant then it is not valid to correlate absorbance of post ad-

sorbed carbon with DOC values of pre-adsorbed carbon. To ensure that

adsorption of C did not change the absorbance characteristics at 254 nm,

an adsorption experiment was performed to compare CTs,values obtained

with absorbance at 254 nm and those obtained by the infrared C analyzer.

The kinetics of 1.8 mM C adsorption by Na-montmorillonite were

determined at pH values of 4.8, 7.4, and 8.7 at eight different times

ranging from 0 to 24 hrs.

Adsorption of Cd and Cu in the Presence of Organic Ligands

Solutions of Cd(C104)2 and Cu(C104)2 in a 0.02 M NaC104 matrix

(pH = 3) were added to sixteen 50 ml polyethylene tubes containing 5 ml

FLLE (1.8 mM C
T
) and small amounts of dilute NaOH or HC10

4.
Five ml of

the 10 g liter
-1

clay suspension were added to bring the final volume to

25 ml giving a solid concentration of 2 g liter
1
and an ionic strength

of 0.01 M NaC10
4'

Six concentrations of Cd(C10
4
)
2
and five concentra-

tions of Cu(C104)2 were used so that CdT ranged from 50 - 0.1 pM and

Cu
T

from 50 to 0.5 pM. After a 2 hr equilibrium period under humidified

N
2
gas, pH values were determined as already described and each tube was

centrifuged at 27 k& for 25 min. Activities for Cu
2+

and Cd
2+

were

determined in the supernatants of the adsorption experiments performed

at 50 and 10' pM Me
T

using Orion ion selective electrodes (Cd-944800,

Cu-942900) combined with a double junction reference electrode (900200).

Standard curves were obtained by titrating a Cd or Cu perchlorate solu-

tion into 100 ml of 0.01 M NaC10
4

at a pH value equal to 3. Cu
TS

and

Cd
TS

values were determined with AAS or flameless atomic adsorption

spectrophotometry (FAAS) utilizing a Perkin Elmer Model 4000 equipped
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with an HGA-2100 controller and a Deuterium background corrector. The

amount of Cd or Cu adsorbed by Na-montmorillonite in the presence of the

FLLE was then calculated as the difference between MeT and Me
TS.

Adsorption of 10 uM CuT by Na-montmorillonite was measured in the

presence of a Chicago sludge extract (CSE) and a peat extract (PE). The

amount of Cu adsorbed over the pH range of 4 to 8.5 was determined as

described previously.

Development of Isotherms

Multiple regression equations were obtained by allowing -log[Me

Adsorbed (mol g
-1
)] to be the dependent variable, Z, while pH and -log

(Me
eq

(mol liter
-1

)] were the independent variables, X and Y. Three

dimensional graphs in an XYZ coordinate system then represent Freundlich

isotherms in the ZY plane as a function of pH in the X dimension.

Adsorption surfaces in the absence (Inskeep and Baham, submitted for

publication) and presence of FLLE were superimposed on the same graph.
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RESULTS AND DISCUSSION

Adsorption of Carbon

Equilibrium of 1.8 mM CT adsorption by Na-montmorillonite at pH

values of 4.8, 7.4 and 8.7 occurred within 30 min, consistent with

kinetic studies for the adsorption of both singular organic compounds

and heterogeneous organic extracts. Larger molecules such as proteins

which have been shown to intercalate with 2:1 silicate minerals reach

adsorption equilibrium rapidly (Armstrong and Chesters, 1964; McLaren et

al., 1958). Adsorption of a sediment organic fraction (0.71 mM CT) by

y-Al
2
0
3
reached equilibrium within 1 hr (Davis, 1980) supporting that

even in heterogeneous extracts adsorption is rapid. The adsorption of C

from water soluble sludge extracts by montmorillonite increased after

50 hrs under nonsterile conditions while under sterile conditions adsorp-

tion was constant after 1 hr (Baham, 1980 3
). It is clear that microbial

competition for C can occur and should be accounted for if adsorption

equilibrium periods exceed 24 hrs. In the present study, an equilibrium

time of 2 hrs was chosen based on kinetic experiments and should ensure

no change in CTS as a result of microbial growth.

Adsorption of 1.8 mM CT was highest at pH values of 4 (25% of C

adsorbed) and decreased to almost zero at pH values > 6 (Fig. 1). A

decrease in C adsorption as pH increases is consistent with the adsorp-

tion of alanine by montmorillonite (McLaren et al., 1958), sediment

organics by y-A1203 (Davis, 1980), fulvic acid by Na-montmorillonite

(Schnitzer, 1969) and polygalacturonic acid by Na-montmorillonite

(Parfitt and Greenland, 1970). Adsorption of organic acids by iron

oxide also decreases as pH increases; however, the percent adsorbed is

much greater at low pH values (Davis and Leckie, 1978) than was observed
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in the present study. This could partially be due to the higher C con-

centration used in the present study since Davis and Leckie also found

that the percent of C adsorbed decreased as the initial C concentration

increased. Also, since oxide surfaces usually have ZPC values near 7,

at pH values below 7 the surface will likely be positively charged,

hence, have a greater attraction for C00 groups than negatively charged

montmorillonite (pKa for C00 groups range from 2-4). This explanation

has been used to account for the greater adsorption of phenolic acids by

Fe and Al-hydroxy compounds compared to silicate clays (Huang et al.,

1977).

Since one of the main objectives was to determine the influence of

metal complexation on metal adsorption it was important to determine if

the adsorption of C as a function of pH would significantly alter the

Me
T
:C
TS

ratio which would then influence the amount of metal complexed

in solution. At 50 pM MeT, MeT:CTS ratios change from 0.04 at low pH to

0.03 at high pH. As long as the complexation capacity of the C present

is greater than 0.04 mol Me/mol C (3 mmol Me /g. C) then there would be

sufficient C
TS

to theoretically complex all the Me
T

at pH values of 4.

Complexation capacities of peat extracts and humic acids range from

1-4 mmol Cu/gC (Bloomfield and Sanders, 1977; Stevenson, 1976). It

appears that at 50 pM Me
T

the complexation capacity may be exceeded;

however, at MeT levels < 10 pM the complexation capacity would need only

be < 0.06 mmol Me/gC to theoretically complex all the MeT at pH values

of 4.

The presence of Cd or Cu did not affect the adsorption in C

(Fig. 1). Although only two Me
T

concentrations are shown, this observa-

tion was consistent for Me
T

ranging from 50 to 0.1 pM. Polyvalent
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metals can increase C adsorption by forming clay-metal-organic complexes

(Greenland, 1971), and if metals are present in high concentrations this

effect may be analagous to the effect of different clay saturating

cations. Carbon adsorption usually- increases when clays are saturated

with cations that form more stable organic complexes (Baham, 1980; 3

Theng, 1976). It appears, however, that no clay-metal-organic "bridges"

formed as a result of metal addition and if metal complexes were formed

in solution they were not significantly adsorbed.

Metal Activity and Total Soluble Values After Adsorption

Values for Cd
TS

in equilibrium with Na-montmorillonite and 1.8 mM

C
T

(FLLE) increased as the pH increased (Fig. 2) contrasting the de-

crease in Cd
TS

observed in the absence of FLLE (Inskeep and Baham,

submitted for publication). Measured activities for Cd(a
Cd

2+) decrease

with pH for both 50 and 10 11M Cd
T
and the difference between Cd

TS
and

[Cd2 +] represents the sum of both inorganic and organic Cd complexes.

Calculated activities were obtained by considering all inorganic ligands

measured in the FLLE (Table 1) using ClogK values from Lindsay (1979)

and Baes and Mesmer (1976). The distribution coefficient for the Cd
2+

species, oc
Cd

2+, was calculated as a function of [14
+
]. Analytically

determined Cd
TS

values at the corresponding pH values were then used to

obtain the concentration of Cd
2+

(CdTSaCd2+ = Cd
2+

). Activity values

for Cd
2+

were then determined using y
Cd

2+ calculated via the Davies (II)

equation. Calculated a
Cd
2+ values fall between Cd

TS
and measured a 2+

Cd

indicating that calculated inorganic complexation did not account for

the total quantity of metal complexed. The actual amount of metal

complexed by organic ligands cannot be ascertained simply from the
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Table 1. Analytical data for water soluble extracts of a forest litter layer (FLLE), Chicago sludge, (CSE), and an
agricultural peat soil (PE).

Extract
+
t

2-
Organic

Mg Ca Na Fe Cd Cu NH
4

SO
4

Cl- NO
3

mmol liter
1

mmol/mol organic Ct.-

FLLE 10.9 23.4 38.5 5.1 1.4 < 0.01 0 0 18.7 22.2 13.3 < 0.3 2.4 0.6

CSE 26.5 50.2 127 2.2 3.3 < 0.01 0.04 1.7 720 248 < 0.1 0.6 1.8

PE 5.7 30.4 111 4.6 2.3 0.44 0 0.2 16.9 46.7 ---- 66.7 45.8 0

t +NH
4

values after purging with N
2
gas at pH = 9.00 averaged 3.0 mmol/mol org. C.

To obtain levels of inorganic species in adsorption experiments, multiply by 1.8 x 10-3 M C.



48

difference between the calculated inorganic and measured activities

since it is not certain that the calculated activity remains constant in

the presence of organic ligands. However, these data suggest that some

Cd
TS was complexed with organic ligands conceivably explaining the

difference between adsorption with and without FLLE.

Adsorption of 50 and 10 pM CuT with 1.8 mM CT (FLLE) show that CUTS

increases more dramatically than did CdTS (Fig. 3). At 50 pM CuT, CuTs

reaches a maximum at a pH value of 7.1 and decreases above that pH.

This same maximum for 10 pM CuT was observed at a pH value of 7.5;

however, the decreasing slope above that pH was not as great compared

with 50 pM CuT. At CuT levels < 10 pM this "parabolic" nature in CuTs

vs. pH disappears. Evidently, at 50 and 10 pM Cu
T

the Me
T
:C
TS

ratios

were high enough to allow significant hydroxyl ligand or surface site

competition for Cu at pH values > 7. Free Cu (Cu
2+

) or CuOH was then

adsorbed or Cu(OH)
2
(S) precipitated to cause Cu

TS
to decrease. At

Cu
T

< 10 pM, Me
T
:C
TS

ratios were low enough so that competition for Cu

between OH or surface sites and organic ligands was not as significant.

The measured a
Cu

2+ decreased as pH increased more than was observed

for measured a
Cd

2+ (Fig. 3). Differences between measured a
Cu

2+ and

calculated acu2+ for'50 pM CuT up to a pH value of 7.4 indicate that

part of the complexed Cu
TS

was due to organic ligands present in the

FLLE. Although measured acu2+ converges with calculated acu2+ above

that pH, it does not mean that all of the measured acu2+ can be attri-

buted to inorganic complexation. There is no assurance that the amount

of calculated inorganically complexed Cu remains the same in the

presence of organic ligands; the total Cu complexed reflects contribu-

tions from both ligand types and ligand competition for Me is implicit
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in this measurement. The fact that the lines converge at higher pH does

suggest, however, that hydroxyl ligands make a larger contribution to

the total Cu complexed than at lower pH values. Differences between

measured a
Cu

2+ and calculated a
Cu

2+ for 10 pM Cu
T
were greater through-

out the pH range than differences for 50 pM CuT suggesting that the

lower Me
T
:C
TS

ratio allows a greater portion of total complexed Cu to be

due to organic complexation. This explains why the "parabolic" nature

in Cu vs. pH disappears as Me
T
:C
TS

ratios decrease.

Analysis of the IR spectrum for the FLLE showed major absorption

bands at 3400, 1600, 1400 and 1050 cm
1.

Qualitative band assignments

indicate the presence of carboxyl, hydroxyl, amine, and carbonyl func-

tional groups (Silverstein et al., 1974). These organic moieties are

most likely responsible for the metal complexation observed in the

presence of FLLE. IR spectra for other organic fractions from soils are

very similar (Stevenson and Goh, 1971; Tan, 1977; MacCarthy and

O'Cinneide, 1974).

Adsorption Isotherms for Cd and Cu

The three dimensional surfaces labeled "Cd Organic" and "Cd Inor-

ganic "4 are planes that show Freundlich isotherms in the ZY plane and

the effect of pH on those isotherms in the X dimension (Fig. 4). Since

both surfaces are planes, isotherm slopes (coefficients of -log Me
eq

) do

not change as a function of pH. In the multiple regression equations,

the magnitude of the pH coefficient indicates the relative influence of

4
Data obtained in the absence of FLLE (Inskeep and Baham, submitted

for publication.
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pH on the adsorption isotherms. In the presence of FLLE (Cd organic),

the pH coefficient is positive reminding us that when the pH increases,

Z-intercepts increase; hence, for any given amount of Cd in equilibrium,

less is adsorbed. Differences in Z-intercepts as a function of pH are

quite small reflecting what is shown in Figure 2 for CdTS vs. pH. The

Cd organic surface shows this by gradually increasing upwards as pH

increases.

In the absence of FLLE (Cd inorganic), the pH coefficient is nega-

tive and also larger than for Cd organic indicating that when pH in-

creases, Z-intercepts not only decrease but do so at larger intervals

than Cd organic isotherms. Therefore, pH has a greater and opposite

influence on Cd adsorption in the absence of FLLE. The Cd inorganic

surface shows this by dipping down away from the Cd organic plane at

higher pH.

Adsorption of Cu in the absence of FLLE
4
was best described by a

regression model that also represents a plane indicating isotherm slopes

are not a function of pH (Fig. 5). As pH increases the Z-intercept

decreases showing that the adsorption of Cu in the absence of FLLE

increases. As a result, the Cu inorganic plane dips down from a fixed

point in the YZ plane.

A surface that looks like a curved or twisted plane (Fig. 5) repre-

sents the best regression equation that described Cu adsorption in the

presence of FLLE. Since there is an XY term in the regression model, pH

influences the isotherm slopes as well as the isotherm intercepts. At

higher Cu
T

(i.e., where -log Cu
eq

= 4.6), pH does not show a great

effect on adsorption. This is in contrast to curves for Cu vs. pH

(Fig. 3) and shows that the regression model averaged out the "parabolic"
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influence of pH on Cu adsorption at higher CuT. Hydrogen ion activity

does have a dramatic effect that increases as Cu
T

decreases. This is

evident when the Cu organic surface curves up from the Cu inorganic

plane and indicates that Cu adsorption decreases with increasing pH.

The fact that isotherm slopes change with pH shows that average bond

strengths change as more Cu is complexed with organic ligands.

It should be noted that this method of obtaining isotherms is

different from that used in a previous study
4

for metal adsorption in

the absence of FLLE and shows slightly different results with respect to

the influence of pH on the Cd isotherm slopes.

The response surfaces (Figs. 4 and 5) serve as a good comparison

for the influence of organic ligands on the adsorption of Cd and Cu.

The deviation in the Cu organic surface from the Cu inorganic plane is

much greater than the deviation in Cd adsorption (especially at higher

pH). At lower CuT, the range in percent adsorbed corresponding to the

pH range studied was 60-25% whereas in the absence of FLLE the range was

80-98%. In contrast, the percent of CdT adsorped ranged from 75-65%

and 70-90% in the presence and absence of FLLE, respectively. This

confirms that Cu formed more organic complexes that were not adsorbed

than did Cd.

Cu Adsorption with Different Extracts

Adsorption of 10 pM CuT in the presence of PE and CSE decreased as

pH increased in a similar manner to adsorption in the presence of FLLE

(Fig. 6). Different extracts seem to have similar characteristics at

least as determined by their influence on Cu adsorption. These data

confirm that organic ligands present in a variety of water soluble
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extracts will form non-adsorbing Cu complexes which are more stable at

higher pH values.

Conclusions

Water soluble extracts from a forest litter layer (FLLE) contained

organic ligands characterized by COO , OH and NH functional groups, low

concentrations of inorganic ligands, and low levels of other major

cations.

Equilibrium for the adsorption of 1.8 mM CT from the FLLE by

Na-montmorillonite was reached before 30 min at pH values of 4.8, 7.4,

and 8.7. Adsorption of 1.8 mM C
T
was greatest (25%) at lower pH values

decreasing to almost zero at pH values > 6. It appears that below a pH

value of 6 a fraction of C in the FLLE was positively charged whereas

most of the C was negatively charged above that pH.

Adsorption of Cd in the presence of FLLE decreased slightly as pH

increased in contrast to Cd adsorption in the absence of FLLE. Although

it was evident from Cd
2+

activity measurements that part of the Cd in

solution was complexed with organic ligands, the fraction complexed was

much less than that observed for Cu. As a result, the adsorption of Cu

in the presence of FLLE decreased dramatically as pH increased. These

results are consistent with the order of measured stability constants

for Cu and Cd organic complexes and indicates that the complexation of

Cu by organic ligands in soil solutions is an important process control-

ling Cu adsorption and solution speciation.

The presence of water soluble extracts from dried Chicago sludge

and a peat soil show a similar decrease in Cu adsorption as pH increases

as did the FLLE. Water soluble extracts are probably more
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representative of soil solution carbon than are strong NaOH extracts;

however, results for metal ligand stability are qualitatively very

similar.
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SUMMARY AND PROJECTIONS

Kinetic studies for the adsorption reactions of 50 pM CdT and CuT,

and 1.8 mM C
T

(FLLE) by Na-montmorillonite show that equilibrium was

reached within 30 min. Rapid kinetics on a solid exchanger phase such

as montmorillonite reflect an important characteristic of soil systems.

Namely, despite the fact that precipation compounds may be more thermo-

dynamically stable, adsorption may be preferred as a metastable state

because of the kinetic limitations in forming crystalline precipitates.

The adsorption of Cd and Cu by Na-montmorillonite increased as pH

values were increased. Considering all initial metal concentrations

(50 - 0.1 pM), the percent of CdT and CuT adsorbed over pH values from 4

to 8.5 ranged from 70-90% and 80-98%, respectively. Solution metal

concentrations (Me
TS

) were undersaturated with respect to metal hydrox-

ides, and since CO
2
was excluded from the reaction vessels, metal car-

bonate precipitation could be considered insignificant. The influence

of pH on adsorption of both Cd and Cu was a reversible process.

Considering that montmorillonite has a heterogeneous charge distri-

bution, the only adsorption sites likely to have pH dependence are those

on the edges of clay platelets (constant potential charges). Less Cd

was adsorbed from solution at 2 pM Cd
T
when the solid concentration was

lowered to 0.2 and 0.02 g clay liter 1. However, there was actually

more adsorbed in terms of mol Cd
AD

g clay
-1

, indicating that the frac-

tional coverage increased as the solid concentration decreased. In

addition, the slope of mol Cd
AD

g clay
-1

vs. pH increased as the frac-_
tional coverage increased. It appears that as the amount of Cd adsorbed

approaches saturation on the calculated edge (constant potential)



59

sites, the pH dependent adsorption slope approaches a constant value

near that of the expected pH dependent slope for available charge in-

ferred from CEC measurements. This suggests that at low CdT, edge sites

may be responsible for the adsorption of Cd on Na-montmorillonite.

To elucidate the possibility that edge sites control metal adsorp-

tion more experiments will be performed at varying MeT:solid concentra-

tion (S
T
) ratios. It is expected that the pH dependent adsorption

slopes will indeed reach a constant value. It is not certain whether or

not that value will equal the pH dependent slope inferred from CEC

measurements; however, it should be remembered that in CEC determina-

tions, high levels of metals other than Cd are used. Consequently, the

difference in the pH dependent adsorption slope at edge site saturation

and the pa dependent CEC may simply be a reflection of the different

equilibrium conditions used to obtain the two measurements.

Adsorption of Cd at initial concentrations ranging from 50 - 0.1 pM

by Na-montmorillonite in the presence of the FLLE ranged from 75% at pH

values of 4 to 65% at pH values of 8.5. After accounting for the com-

plexation of Cd by inorganic ligands measured in the FLLE, it was clear

that part of the total Cd complexed was due to organic ligands explain-

ing the decrease in Cd adsorption with increasing pH not observed in

the absence of the FLLE.

Adsorption of Cu by Na-montmorillonite in the presence of the FLLE

decreased more dramatically as pH increased than did Cd. However, at 50

and 10 p 1'1 Cu
T

there was a slight increase in adsorption above pH values

of 7 giving rise to a "parabolic" type curve in CuTs vs. pH. This

"parabolic" nature in Cu_
IS

vs. pH disappeared when Cu
T
was < 10 pM, and

the range in percent adsorbed was 60-25% for the pH range of 4 to 8.5.
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Apparently, at 50 and 10 pM CUT the CuT:CTs ratio was high enough so

that OH and surface site ligands competed with organic ligands for Cu

above a pH value of 7.

The presence of FLLE had a much greater influence on Cu adsorption

than it did on Cd adsorption confirming that organic ligands in water

soluble soil extracts will complex Cu more strongly than Cd. Consider-

ing the low concentrations of Cu in soil solutions, most of the Cu in

solution will likely be present as organic complexes. At neutral pH

values anionic complexes will probably not adsorb on negatively charged

clays; however, if positively charged oxide surfaces were present there

would be greater possibilities for metal-complex adsorption. Neverthe-

less, Cu has greater potential than Cd for being mobilized by the com-

plexation of organic ligands in soil solutions. This will have signifi-

cant implications on the availability of Cu to plants and the retention

of Cd and Cu in soil profiles.

The next phase of this research is to obtain proton, Cd, and Cu

stability constants for the ligands present in the FLLE via potentio-

metric titrations. Second, exchange equilibrium constants for adsorp-

tion of Cu and Cd in the absence and presence of FLLE will be calculated.

Combining these equilibrium constants with constants already known for

the other inorganic species in the presence and absence of FLLE will

allow a complete equilibrium treatment of the empirical data. Since

this equilibrium treatment will combine more than 15 species with approx-

imately 50 possible reactions a computer program entitled GEOCHEM

(Mattigod and Sposito, 1979) will be used to ease the burden of manual

calculations. An equilibrium treatment including all the important

reactions should describe the present results both in the absence and
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presence of FLLE. The model could then be used to predict equilibrium

speciation for conditions that were not established empirically in the

present study. In addition, by incorporating other available constants

for metal-clay or metal-organic equilibria it is possible to obtain

predictions about heavy metal speciation; hence, predict their fate and

mobility in soil solutions.
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TABLE 1-KINETICS OF CD AND CU ADSORPTION

CLAY=2G/L ME TOTAL=50 UM

-LOG[ME TIME %AD -LOG[ME TIME %AD -LOG[ME TIME %AD
AD,MOL/G] HRS

CD

AD,MOL/G) HRS AD,MOL/G) HRS

PH=3.82 PH=5.50 PH=7.45

4.781 0.5 70.3 4.689 0.5 84.1 4.682 0.5 85.4
4.779 1.0 70.5 4.689 1.0 84.0 4.681 1.0 85.6
4.785 2.0 69.6 4.691 2.0 83.6 4.682 2.0 85.3
4.786 6.0 69.5 4.690 4.0 83.9 4.679 4.0 86.0
4.786 14. 69.4 4.690 9.7 83.9 4.682 9.7 85.3
4.789 17. 68.9 4.692 21. 83.4 4.681 21. 85.6
4.788 24. 69.1 4.696 25. 82.7 4.680 25. 85.7

CU
PH=3.74 PH=4.66 PH=7.06

4.698 0.5 81.7 4.687 0.5 83.7 4.638 0.5 93.6
4.696 1.0 81.9 4.685 1.0 84.1 4.637 1.0 94.0
4.700 2.0 81.3 4.686 2.0 83.9 4.641 2.0 93.0
4.701 4.0 81.1 4.686 4.0 83.9 4.640 4.0 93.2
4.696 10. 82.4 4.687 10. 84.3 4.644 10. 93.0
4.695 15. 82.7 4.687 15. 84.2 4.644 15. 92.9
4.695 22. 82.6 4.689 22. 83.9 4.646 22. 92.6
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TABLE 2-ADSORPTION OF 2 UM CD ON 2G /L NA-MONT

-LOG[MEAD]=6.1676-0.0113(PH) R**2=0.79

-LOG [ME PH -LOG [ME %AD
AD,MOL/G] EQ,MOL/L]

6.112 3.88 6.444 82.0
6.114 4.27 6.432 81.5
6.125 4.60 6.387 79.5
6.125 4.84 6.387 79.5
6.112 5.20 6.444 82.0
6.125 5.45 6.387 79.5
6.099 5.62 6.509 84.5
6.091 5.95 6.553 86.0
6.099 6.06 6.509 84.5
6.081 6.68 6.620 88.0
6.081 7.24 6.620 88.0
6.081 7.42 6.620 88.0
6.080 7.98 6.629 88.3
6.076 8.26 6.658 89.0
6.076 8.56 6.658 89.0

TABLE 3- ADSORPTION OF 2 UM CD ON 0.2 G/L NA-MONT

-LOG[CD AD]=5.504-0.029(PH) R**2=0.74

-LOG [ME
AD,MOL/G]

PH -LOG [ME
EQ,MOL/L]

%AD

5.387 3.75 5.921 42.0
5.387 4.11 5.921 42.0
5.360 4.48 5.941 44.7
5.358 4.75 5.943 44.9
5.358 4.92 5.943 44.9
5.351 5.10 5.949 45.7
5.344 5.37 5.955 46.4
5.338 5.88 5.961 47.1
5.344 6.46 5.955 46.4
5.333 6.89 5.965 47.6
5.327 7.30 5.971 48.3
5.307 8.05 5.989 50.5
5.299 8.30 5.998 51.5
5.230 8.44 6.086 60.4
5.173 8.87 6.190 68.8
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TABLE 4- ADSORPTION OF 2 UM CD ON 0.02 G/L NA-MONT.

-LOG[CD AD]=5.507-0.122(PH)

-LOG[ME PH -LOG[ME
AD,MOL/G] EQ,MOL/L]

R**2=0.89

%AD

5.096 3.72 5.701 07.9
4.929 4.09 5.719 11.6
5.048 4.41 5.706 08.8
4.912 4.63 5.721 12.0
4.912 4.87 5.721 12.0
4.929 4.99 5.719 11.6
4.864 5.35 5.728 13.4
4.864 5.57 5.728 13.4
4.451 7.25 5.851 34.7
4.423 7.99 5.867 37.0
4.594 8.09 5.791 25.0
4.594 8.23 5.791 25.0
4.488 8.48 5.833 31.9
4.514 8.60 5.821 30.1

TABLE 5-ADSORPTION OF 50 UM CD ON NA-MONT(2G/L).

-LOG[CDAD]=4.764-0.0134(PH) R**2=0.94

-LOG [MEAD]
MOL/G

PH -LOG [MEEQ]
MOL/L

%AD

4.708 4.08 4.780 69.8
4.710 4.16 4.775 69.4
4.703 4.36 4.791 70.5
4.701 4.66 4.799 71.1
4.695 4.91 4.813 72.0
4.690 5.28 4.827 72.9
4.682 6.07 4.851 74.4
4.676 6.42 4.863 75.1
4.678 6.98 4.860 74.9
4.672 7.49 4.879 76.0
4.664 7.61 4.903 77.3
4.664 7.91 4.903 77.3
4.654 8.24 4.943 79.3
4.648 8.33 4.963 80.2
4.635 8.61 5.027 82.9
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TABLE 6- ADSORPTION OF 10 UM CD BY NA-MONT(2G/L)

-LOG[CDAD]=5.482-0.0165(PH) R**2=0.966

-LOG [CDAD
MOL/G]

PH -LOG [CDEQ
MOL /L]

%AD

5.418 4.07 5.553 73.3
5.407 4.61 5.585 75.2
5.401 4.91 5.602 76.2
5.396 5.20 5.620 77.1
5.385 5.70 5.658 79.0
5.375 6.24 5.699 81.0
5.365 7.07 5.745 82.9
5.355 8.09 5.796 84.8
5.350 8.48 5.824 85.7
5.355 8.62 5.796 84.8
5.331 8.89 5.959 89.5
5.335 8.89 5.921 88.6
5.959 8.91 5.959 89.5
5.331 8.93 5.959 89.5
5.326 9.04 6.000 90.5

TABLE 7- ADSORPTION OF 5 UM CD BY NA-MONT(2G/L).

-LOG [CDAD]=5.718-0.0106(PH)

-LOG[CDAD PH -LOG[CDEQ
MOL/G] MOL/L]

R**2=0.88

%AD

5.674 4.10 5.801 72.4
5.670 4.23 5.813 73.1
5.664 4.44 5.833 74.3
5.666 4.81 5.824 73.8
5.662 5.12 5.836 74.5
5.660 5.74 5.845 75.0
5.654 6.61 5.863 76.1
5.652 7.12 5.870 76.4
5.648 7.66 5.879 77.0
5.640 8.05 5.910 78.5
5.631 8.32 5.943 80.1
5.618 8.54 5.996 82.4
5.618 8.60 5.996 82.4
5.618 8.62 5.996 82.4
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TABLE 8- ADSORPTION OF 1 UM CD BY NA-MONT(2G/L).

-LOG[CDAD]=6.423-0.0151(PH) R**2=0.895

-LOG [CDAD
MOL/G]

PH -LOG[CDEQ
MOL/L]

%AD

6.365 3.89 6.569 76.3
6.360 4.46 6.585 77.2
6.355 4.96 6.602 78.1
6.331 5.46 6.699 82.5
6.287 7.64 7.000 91.2
6.321 6.52 6.745 84.2
6.304 7.94 6.854 87.7
6.299 8.27 6.886 88.6
6.299 8.29 6.886 88.6
6.308 8.42 6.824 86.8
6.287 8.48 7.000 91.2
6.304 8.55 6.854 87.7

TABLE 9- ADSORPTION OF 0.5 UM CD BY NA-MONT(2G/L).

-LOG[CDAD]=6.797-0.0170(PH) R**2=0.968

-LOG [CDAD
MOL/G]

PH -LOG [CDEQ
MOL/L]

%AD

6.721 4.71 6.932 76.6
6.714 5.05 6.955 77.8
6.702 5.48 7.000 80.0
6.700 5.71 7.010 80.4
6.690 6.04 7.052 82.2
6.682 6.53 7.090 83.8
6.675 7.33 7.129 85.1
6.666 8.25 7.185 86.9
6.661 8.40 7.220 87.9
6.654 8.59 7.274 89.4
6.651 8.62 7.295 89.9
6.642 8.60 7.394 91.9
6.642 8.87 7.394 91.9
6.646 8.98 7.348 91.0
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TABLE 10- ADSORPTION OF 0.1 UM CD BY NA-MONT(2G/L).

-LOG[CDAD]=7.608-0.0195(PH) R**2=0.838

-LOG [CDAD
MOL/G]

PH -LOG[CDEQ
MOL/L]

%AD

7.564 3.89 7.620 69.6
7.515 4.34 7.760 78.0
7.507 4.65 7.791 79.5
7.505 5.09 7.796 79.7
7.473 5.56 7.955 85.9
7.497 6.10 7.830 81.2
7.462 7.09 8.025 88.0
7.450 7.82 8.131 90.6
7.479 7.91 7.917 84.7
7.455 8.37 8.085 89.6
7.433 8.42 8.332 94.1
7.451 8.57 8.115 90.3
7.432 8.67 8.359 94.5
7.433 8.74 8.332 94.1

TABLE 11- PH REVERSIBILITY OF ADSORPTION AT 0.1UM CD.

-LOG[CDAD]=7.600-0.0236(PH) R**2=0.783

-LOG [CDAD
MOL/G]

PH -LOG [CDEQ
MOL/L]

%AD

7.509 4.15 7.783 79.1
7.493 4.76 7.848 82.0
7.463 5.25 8.023 88.0
7.470 5.72 7.971 86.4
7.472 5.98 7.963 86.2
7.444 6.52 8.193 91.9
7.437 6.99 8.284 93.4
7.428 7.37 8.435 95.4
7.495 4.88 7.839 81.6
7.460 5.15 8.044 88.6
7.457 5.19 8.070 89.2
7.488 5.37 7.870 82.9
7.473 5.76 7.951 85.8
7.439 6.55 8.247 92.8
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TABLE 12- PH REVERSIBILITY OF ADSORPTION AT 10UM CU.

-LOG[CUAD]=5.480-0.010(PH) R**2=0.967

-LOG [CUAD
MOL/G]

PH -LOG [CUEQ
MOL/L]

%AD

5.441 3.95 5.944 86.7
5.444 4.10 5.925 86.1
5.433 4.17 6.000 88.3
5.444 4.33 5.931 86.3
5.436 4.37 5.984 87.9
5.436 4.52 5.982 87.8
5.431 4.66 6.019 88.8
5.427 5.52 6.053 89.6
5.420 5.83 6.122 91.2
5.392 8.19 6.609 97.1
5.396 8.86 6.490 96.2
5.385 9.21 6.986 98.8
5.392 9.33 6.610 97.1
5.389 9.53 6.721 97.8

TABLE 13- ADSORPTION OF 50UM CU BY NA-MONT(2G/L).

-LOG[CUAD]=4.755-0.0162(PH) R**2=0.980

-LOG [CUAD
MOL/G]

PH -LOG [CUEQ
MOL/L]

%AD

4.690 3.72 5.027 81.6
4.688 3.99 5.036 82.0
4.684 4.42 5.056 82.8
4.681 4.81 5.071 83.4
4.675 5.05 5.102 84.6
4.675 5.28 5.102 84.6
4.667 5.68 5.149 86.1
4.651 6.63 5.260 89.3
4.641 7.04 5.357 91.4
4.621 7.65 5.658 95.7
4.618 8.26 5.745 96.5
4.617 8.57 5.770 96.7
4.614 8.79 5.854 97.3
4.613 9.07 5.886 97.5
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TABLE 14- ADSORPTION OF 10UM CU BY NA-MONT(2G/L)

-LOG[CUAD]=5.494-0.0120(PH) R**2=0.961

-LOG [CUAD
MOL/G]

PH -LOG [CUEQ
MOL/L]

%AD

5.448 3.54 5.903 85.4
5.441 4.22 5.949 86.8
5.439 4.64 5.962 87.2
5.435 4.93 5.989 88.0
5.435 5.22 5.989 88.0
5.429 5.52 6.038 89.3
5.421 6.12 6.107 90.9
5.412 6.69 6.213 92.8
5.428 5.78 6.041 89.4
5.422 6.42 6.099 90.7
5.405 7.02 6.313 94.3
5.411 7.06 6.222 93.0
5.396 7.88 6.503 96.3

TABLE 15- ADSORPTION OF 5UM CU BY NA-MONT(2G/L)

-LOD[CUAD]=5.731-0.0129(PH) R**2=0.981

-LOG [CUAD
MOL/G]

PH -LOG [CUEQ
MOL/L]

%AD

5.685 3.75 6.108 84.4
5.679 4.17 6.143 85.6
5.667 4.77 6.222 88.0
5.665 5.03 6.237 88.4
5.665 5.31 6.237 88.4
5.662 5.60 6.260 89.0
5.647 6.16 6.409 92.2
5.639 6.98 6.509 93.8
5.625 7.88 6.824 97.0
5.623 8.21 6.886 97.4
5.623 8.46 6.886 97.4
5.622 8.66 6.921 97.6
5.621 9.03 6.959 97.8
5.627 7.85 6.745 96.4



79

TABLE 16" ADSORPTION OF 1UM CU BY NA-MONT(2G/L)

-LOG[CUAD]=6.388-0.010(PH) R**2=0.909

-LOG [CUAD
MOL/G]

PH -LOG [CUEQ
MOL/L]

%AD

6.359 3.73 6.887 87.3
6.347 4.00 6.984 89.9
6.346 4.57 6.992 90.1
6.339 5.07 7.061 91.5
6.336 5.36 7.100 92.2
6.334 5.90 7.121 92.6
6.315 6.97 7.483 96.8
6.309 7.28 7.703 98.1
6.312 7.58 7.564 97.3
6.312 7.75 7.564 97.3
6.310 8.13 7.664 97.9
6.308 8.20 7.793 98.4
6.316 8.58 7.459 96.6
6.312 8.67 7.564 97.3

TABLE 17- ADSORPTION OF 0.5UM CU BY NA-MONT(2G/L)

-LOG[CUAD]=6.690-0.0111(PH) R**2=0.874

-LOG [CUAD
MOL/G]

PH -LOG [CUEQ
MOL/L]

%AD

6.653 3.61 7.229 88.5
6.650 3.87 7.258 89.3
6.641 4.02 7.338 91.1
6.648 4.18 7.273 89.6
6.639 4.35 7.356 91.4
6.645 4.47 7.304 90.3
6.643 4.70 7.321 90.7
6.629 4.86 7.483 93.6
6.643 5.22 7.321 90.7
6.619 5.65 7.664 95.8
6.623 5.91 7.595 95.1
6.606 6.83 8.168 98.7
6.606 7.68 8.168 98.7
6.606 8.31 8.168 98.7
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TABLE 17a- ISOTHERMS OF CD AND CU ADSORPTION BY NA-MONT(2G/L)

CD CU

-LOG [CDAD
MOL/G]

-LOG (CDEQ
MOL/L]

PH -LOG [CUAD
MOL/G]

-LOG [CUEQ
MOL/L]

PH

4.710 4.776 4.0 4.691 5.023 4.0
5.417 5.556 4.0 5.446 5.915 4.0
5.675 5.796 4.0 5.679 6.142 4.0
6.362 6.577 4.0 6.350 6.958 4.0
6.729 6.905 4.0 6.646 7.294 4.0
7.530 7.709 4.0 4.658 5.208 6.0
4.683 4.844 6.0 5.422 6.097 6.0
5.384 5.663 6.0 5.654 6.331 6.0
5.654 5.857 6.0 6.331 7.159 6.0
6.332 6.690 6.0 6.624 7.565 6.0
6.696 7.027 6.0 4.626 5.561 8.0
7.491 7.856 6.0 5.398 6.445 8.0
4.656 4.930 8.0 5.628 6.728 8.0
5.351 5.819 8.0 6.312 7.576 8.0
5.633 5.930 8.0 6.602 8.715 8.0
6.302. 6.856 8.0
6.662 7.214 8.0
7.452 8.108 8.0
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TABLE 18- ADSORPTION OF CD BY NA-MONT(2G/L) IN THE
PRESENCE OF THE FOREST LITTER LAYER EXTRACT

50UM CD 10 UM CD

-LOG [CDAD
MOL/G]

PH -LOG (CDEQ
MOL/L]

%AD -LOG [CDAD
MOL/G]

PH -LOG [CDEQ
MOL/L)

%AD

4.807 3.88 4.765 677- 5.463 8.41 5.509 69.2

4.802 4.19 4.772 65.3 5.451 5.81 5.538 71.1

4.802 4.41 4.772 65.3 5.472 6.80 5.488 67.7

4.801 4.67 4.775 65.5 5.451 5.94 5.538 71.1

4.805 5.01 4.767 64.9 5.479 6.89 5.475 66.7

4.815 5.71 4.750 63.5 5.479 7.13 5.475 66.7

4.818 6.10 4.745 63.0 5.439 5.20 5.569 73.1

4.830 6.74 4.725 61.3 5.430 4.51 5.594 74.6

4.837 7.63 4.713 60.3 5.433 4.62 5.585 74.1

4.835 8.01 4.717 60.6 5.436 4.82 5.577 73.6

4.834 8.22 4.718 60.7 5.482 7.94 5.469 66.2

4.830 8.48 4.725 61.3 5.479 8.16 5.475 66.7

4.824 8.38 4.734 62.1 5.460 8.37 5.516 69.7

4.814 8.53 4.751 63.6 5.472 8.39 5.488 67.7
5.463 8.63 5.509 69.2
5.436 4.31 5.577 73.6
5.442 5.21 5.561 72.6

5.451 5.87 5.538 71.1

5 UM CD 1 UM CD

-LOG [CDAD
MOL/G]

PH -LOG [CDEQ
MOL/L]

%AD -LOG [CDAD
MOL/G]

PH -LOG (CDEQ
MOL/L]

%AD

-75725.734 5.19 5.910 75.2 6.399 TTO 6.577
5.736 5.43 5.905 74.9 6.399 4.23 6.577 75.2
5.744 5.93 5.881 73.5 6.402 5.16 6.569 74.8
5.777 7.93 5.801 68.1 6.424 5.94 6.509 71.0
5.765 6.62 5.827 69.9 6.445 6.74 6.462 67.8
5.773 8.20 5.808 68.6 6.421 5.36 6.516 71.5
5.729 4.64 5.926 76.1 6.457 6.92 6.438 65.9
5.755 8.35 5.851 71.5 6.442 8.15 6.469 68.2
5.775 7.45 5.806 68.4 6.445 7.90 6.462 67.8

5.750 8.72 5.863 72.4 6.442 8.28 6.469 68.2
5.753 8.68 5.855 71.9 6.427 8.63 6.502 70.6

5.761 8.63 5.837 70.6 6.434 8.30 6.486 69.5
5.761 8.31 5.836 70.5 6.410 8.75 6.545 73.4

5.725 4.35 5.939 76.8 6.436 8.54 6.482 69.2
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TABLE 18- CONTINUE

0.5 UM CD

-LOG[CDAD
MOL/G]

PH -LOG[CDEQ
MOL/L]

%AD

6.649 4.20 6.896 78.1
6.628 4.39 6.979 81.9
6.652 4.69 6.886 77.6
6.668 5.09 6.833 74.7
6.683 7.15 6.793 72.2
6.695 7.97 6.762 70.2
6.679 5.50 6.804 72.9
6.682 8.30 6.796 72.4
6.631 4.05 6.967 81.4
6.669 8.47 6.830 74.5
6.710 8.45 6.728 67.8
6.671 8.43 6.824 74.1
6.696 8.20 6.760 70.0
6.665 8.67 6.842 75.2
6.668 8.60 6.833 74.7
6.689 6.08 6.777 71.2
6.673 5.74 6.818 73.8
6.682 5.79 6.796 72.4
6.657 5.88 6.870 76.7

0.1 UM CD

-LOG [CDAD
MOL/G]

PH -LOG [CDEQ
MOL/L]

%AD

71717--7.417 3.99 7.590
7.416 4.60 7.592 75.2
7.475 7.00 7.451 65.6
7.437 5.80 7.533 71.6
7.432 5.07 7.548 72.5
7.466 8.10 7.469 67.1
7.409 4.36 7.614 76.4
7.449 8.06 7.506 69.7
7.396 5.43 7.660 78.8
7.430 8.57 7.553 72.8
7.472 6.33 7.457 66.1
7.476 7.73 7.450 65.5
7.418 8.13 7.587 74.8
7.482 7.22 7.438 64.6
7.421 5.14 7.577 74.3
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TABLE 19- ADSORPTION OF CU BY NA -MONT IN THE PRESENCE
OF THE FOREST LITTER LAYER EXTRACT

50 UM CU 10 UM CU

-LOG[CUAD
MOL /G]

PH -LOG[CUEQ
MOL /L]

%AD -LOG[CUAD
MOL /G]

PH -LOG[CuEQ
moL/LI

%AD

4.926 6.00 4.605 49.1 5.517 474-- 5.371 317U
4.858 7.87 4.682 57.4 5.551 4.31 5.325 54.5
4.812 8.24 4.752 63.7 5.585 4.59 5.288 50.4
4.837 4.72 4.711 60.1 5.616 4.87 5.259 47.0
4.852 5.06 4.690 58.2 5.717 5.50 5.185 37.2
4.898 5.60 4.633 52.3 5.859 6.36 5.119 26.8
4.815 4.46 4.747 63.3 5.828 6.99 5.131 28.9
4.943 6.23 4.588 47.1 5.856 7.48 5.120 27.0
4.959 6.67 4.575 45.5 5.817 7.99 5.135 29.6
4.926 7.52 4.604 49.0 5.768 8.69 5.158 33.1
4.980 7.09 4.558 43.3 5.680 8.37 5.209 40.5
4.865 7.76 4.673 56.5 5.677 8.36 5.211 40.9
4.805 8.56 4.766 64.9 5.681 8.54 5.208 40.4
4.814 8.43 4.748 63.4 5.673 8.60 5.214 41.2

5 Um cu 1 Um Cu

-LOG [cUAD
MOL/G)

PH -LOG [CUEQ
MOL /LJ

%AD -LOG ECUAD
mOL/G]

PH -LOG [CUEQ
MOL /LJ

%AD

7777 47-0-- 617--5.840 3.91 5.663 6.520 6.409
6.115 8.25 5.451 30.5 6.580 5.28 6.329 53.1
6.105 8.54 5.455 31.1 6.648 6.23 6.262 45.4
5.903 4.31 5.591 49.6 6.795 7.75 6.170 32.4
5.953 4.60 5.547 44.2 6.506 4.48 6.431 63.0
6.007 4.97 5.508 39.0 6.819 7.96 6.159 30.6
6.017 5.17 5.502 38.1 6.852 8.19 6.145 28.4
6.071 5.42 5.472 33.7 6.776 8.27 6.179 33.8
6.099 8.22 5.458 31.5 6.854 8.36 6.144 28.2
6.086 9.09 5.464 32.6 6.511 5.68 6.422 62.2
6.078 5.48 5.468 33.1 7.005 8.56 6.097 20.0
6.112 6.08 5.452 30.7 6.795 7.07 6.170 32.4
6.129 6.46 5.445 29.5 6.768 7.72 6.183 34.4
6.136 7.37 5.442 29.0
6.108 7.83 5.454 30.9
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TABLE 19- CONTINUE

0.5 UM CU

-LOGICUAD
MOL/G]

PH -LOG[CUEQ
MOL/L]

%AD

6.778 4.21 6.664 60.8
6.818 4.45 6.609 55.5
6.800 4.76 6.631 57.7
6.810 5.18 6.618 56.5
6.928 5.47 6.501 43.0
7.002 6.13 6.453 36.3
7.008 6.34 6.449 35.8
6.771 3.82 6.674 61.7
7.091 7.26 6.409 29.6
7.082 7.51 6.413 30.2
7.077 8.02 6.415 30.5
7.084 7.35 6.412 30.0
7.204 8.38 6.370 22.8
7.177 4.19 6.378 24.3
7.242 8.32 6.359 20.9


