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PARTIAL CHEMICAL SPECIATION TECHNIQUES FOR
AQUATIC HUMIC METAL COMPLEXES

INTRODUCTION

The advent of sophisticated chemical instrumentation has made

detection of ppb levels of metals routine in many laboratories. These

new trace analysis capabilities have elucidated the lack of dependence

of total metal concentration to such characteristics as toxicity and

bioavailability. It has become apparent that knowledge of the chemical

form of metals is of paramount importance in learning how metals

interact with their environment. With the growing realization of the

importance of trace metal speciation, a variety of techniques have been

adopted or developed for speciation work.

The speciation of trace metals is a very difficult task. The

sample cannot be altered or information will be lost. For instance,

standard techniques of sample preservation such as acidification will

often release complexed metals yet are needed to prevent metal loss on

container walls. The analysis of the sample must not alter the original

concentration of the chemical species, or, if it does, it must alter

the speciation in a calculable manner. In many standard total metal

analysis techniques, the response is independent of the form of the

metal, or the application of the technique changes the original chemical

equilibria in the sample.

The majority of the speciation techniques used today are still not

routine techniques. Much work with laboratory model systems still has
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to be done along with real sample analysis to verify and augment the

capabilities of these techniques. Laboratory systems with known total

concentrations of metals and ligands are used to model real environ-

mental samples. Many researchers have used various systems with manmade

ligands such as EDTA, EGTA, or NTA as models for natural ligands. Also,

the trace metal levels used in these studies are often unreasonably

high. All of these factors greatly limit the applicability of these

studies to real environmental samples.

In recent years, growing realization about the importance of

naturally occurring organic ligands has caused many researchers to

use humic material (HM) as a ligand in model system studies. Chelation

of metals by HM forms rings of five or six atoms in which the metal ion

is bound by one or more coordinate links. Chelation makes complexes

more stable because the second bond that closes the ring forms much

easier after the first bond is formed. Both commercial HM and HM

isolated by individual researchers have been employed. The use of

these materials will undoubtedly increase as the number of projects

on aquatic trace metal organic matter interactions grow.

This investigation is concerned with the evaluation of three

speciation techniques: ion exchange followed by atomic absorption

analysis (IE-AA), ion selective electrode potentiometry (ISE), and

ultrafiltration followed by atomic absorption analysis (UF-AA). These

techniques were applied to determine the amount of complexation between

Cu, Ni, and Zn with a commercial HM and a laboratory extracted HM.

The ISE technique was used only to study Cu complexation. The tech-

niques were critically evaluated in terms of advantages and limitations
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and the results provided by each technique were compared.

The dependence of metal complexation by HM on important variables

such as the source of HM, the concentration of HM material, the pH, the

ionic strength, and presence of major cations were evaluated. The

concentration of metals and HM and the magnitude of the other men-

tioned variables were chosen to correspond to typical natural water

samples. The three partial spe'ciation techniques developed on laboratory

model systems were used to analyze a Willamette River water sample.



BACKGROUND

Introduction

The field of aquatic environmental trace metal (TM) chemistry has

undergone a renaissance in the last several years. It has become

apparent that analysis schemes which determine the total concentration

of a given metal do not always. offer definitive information. Total

metal concentration information does not indicate a particular metal's

toxicity, biological activity, or environmental impact (1-4). A metal's

total concentration may vary greatly and yet its toxicity may never

change (5-7). It has become apparent that the chemical form or species

of a metal is the controlling factor in a metal's influence on its

surrounding environment (8-11). In the last several years, deter-

mination of the spectrum of TM species has become the greatest challenge

in the field of environmental chemistry.

Chemical speciation has two basic meanings. The first is the

determination of a given valence state of a particular metal, and the

second is the determination of the concentration of a particular physio-

chemical form of the metal. The second broader definition is the one

that will be used in this thesis.

A given metal can exist in a variety of forms in the aquatic en-

vironment such as a simple aquo ion, a metal inorganic complex, a metal

organic complex, and a metal ion or metal complex sorbed onto organic

and inorganic colloids (12). The metal or metal complex may also be

sorbed onto sediment or suspended particles (13-15). A metal complex

may be classified as strong or weak depending on the magnitude of the
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thermodynamic formation constant. Kinetics must also be considered

in which trace metal complexes can be classified as labile or non-

labile or inert. A non-labile complex is one that dissociates slowly

even if thermodynamics favors the dissociation. These various forms

may be of more or less importance depending on the particular environ-

mental conditions. Thus basic aquatic chemistry is germane to any

discussion of speciation. The chemistry of metals in solution has

been reviewed elsewhere (16, 17) and will not be discussed further

here unless specifically applied to a given technique.

A plethora of problems confront the investigation of TM speciation.

A technique used must not disturb the chemical equilibrium of the system,

or if it does, the perturbation must be determinable. Many common

sample treatment schemes or the application of the measurement tech-

nique itself shift the original sample equilibria, and hence change the

speciation of the metal. Standard techniques for preservation of

metal solutions such as acidification to pH 2 will obviously change the

equilibria. Detection limit problems are enhanced since the concentra-

tion of a specific form of a metal is less than the total concentration

of that metal which may already be at the ultra-trace levels. In some

techniques such as chromatographic methods, the sample is further

diluted during the application of the procedure. Kinetic considerations

are also important because if the complexation and sorption kinetics

are relatively slow, the sample may not be in true equilibrium. Thus,

the measured speciation of the sample in the laboratory may not reflect

the original speciation that existed at the time the sample was acquired.
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A variety of approaches can be employed to speciate a metal-ligand

system. The problems of analysis are as varied as the components them-

selves. No one technique has appeared that can be used to determine

the entire spectrum of a given metal's chemical forms, so that a multi-

faceted approach is needed. In fact, most speciation techniques are

only partial speciation techniques in that the concentration of each

specific chemical species is not determined. Rather, many speciation

techniques separate a given metal into different groups such as strongly

versus weakly complexed metal, labile versus non-labile metal complexes,

or large versus small complexes. In recent review articles and confer-

ence proceedings (18-24) several speciation techniques have been reviewed

and compared. However, no one single source reviews all the speciation

techniques that have been developed. Hence one significant goal of this

thesis is to review the available techniques and provide a complete

bibliography.

In the following section, ten chemical speciation techniques will

be discussed in detail. Each technique will be discussed and the strong

points and weak points of each will be enumerated. The techniques are

computer modeling, high pressure liquid chromatography (HPLC) with an

atomic absorption (AA) detector (HPLC-AA), gas chromatography (GC) with

an AA detector (GC-AA), anodic stripping voltammetry (ASV), ion exchange

chromatography followed by ASV detection (IE-ASV), IE followed by AA

detection (IE-AA), gel permeation chromatography followed by AA detection

(GPC-AA), ion selective electrode potentiometry (ISE), ultrafiltration

followed by AA detection (UF-AA), and dialysis followed by AA or ASV

detection. Molecular and atomic spectrophotometric techniques and
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preconcentration techniques to determine the total amount of a metal

in a system will be discussed briefly. Before the various techniques

are reviewed, a discussion of the various possible ligands that may

exist in water will follow. A very important natural chelating agent,

humic material (HM) will be discussed in detail relative to its

importance in trace metal speciation.

Organics in Water

The discussion of trace metal speciation techniques to follow is

applicable to a multitude of metals and ligands or complexing agents.

When trying to understand a system as complex as the natural environ-

ment, a stepwise development of information is useful. The use of

theoretical chemical equilibria models is a very important first step in

understanding and in identifying the predominant species that exist in

natural water systems. Simple experimental studies have been carried

out by preparing synthetic solutions containing several components that

are present in natural waters (e.g. one or two metals and ligands).

These laboratory studies are important because they can indicate how a

particular ligand can interact with a particular metal and allow deter

mination of stability constants for some complexes. The interaction

of organic material and trace metals has been well studied but is not

well understood (25).

Opinions exist on both ends of the spectrum relative to the impor-

tance of trace metal-organic complexation. Malcom stated that, "com-

plexes of organic materials with dissolved metals are abundant in

natural waters" (26). Williams has claimed, "it is likely that chelates

are of only minor importance in seawater" (27). These diverse opinions
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are typical of the two schools of thought concerning trace metal-

organic interactions in natural waters.

The discussion of metal-organic interactions will be limited to

complexation. Trace metals sorbed or occluded onto organic material will

not be considered here, although such interactions could be important in

natural systems. This organic material could be coagulated HM or some

other large organic aggregate. These aggregates or large molecules

could exist in suspended particulates or in sediments (28-32). Rubin

(33), Singer (34), Schnitzer (35), or Stumm (16) should be consulted

for further information about this aspect of trace metal water chemistry.

The assumption is also made that the sample has been filtered to

remove the particulate material. Therefore, the speciation techniques

used on the sample will determine actual soluble species. This

assumption is fraught with difficulty.

The usual definition of soluble material is material which passes

through a 0.45 pm filter (36). Since particulates exist in a continuum of

sizes, the operational definition of soluble is rather arbitrary.

Another major concern (as always) is the effect that an operation such

as filtration has on the original chemical equilibria in the sample.

Filtering away a fraction of the particulate matter may shift the metal

equilibria in solution. While weaknesses are apparent, the discussion

below, unless stated otherwise, assumes that particulate material has

been removed by filtration with a 0.45 pm filter.

The spectrum of organic compounds in water is as diverse as the

subject or organic chemistry itself. Virtually all naturally occurring

organic compounds eventually find their way into a water system, and
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the same can be said for a huge number of manmade compounds (37).

It becomes virtually impossible to consider each possible reaction with

each organic compound and each metal. To simplify this problem, several

operational classification schemes have been developed to group organics

into a useable framework (38). One such classification is shown in

Figure 1 and allows the application of a specific set of techniques

to a given fraction of organic material. This classification scheme

was developed using XAD resins, but other separation techniques could

possibly work.

From the chart, a choice can be made as to which fraction of the

organic matter would complex trace metals most strongly. The hydrophobic

acid fraction contains 50-80% of the natural organic matter in water (39,

40). This fraction contains compounds that have COOH and OH functional

groups associated with them which are characteristic of humic acid (HA)

and fulvic acid (FA) (35). In this discussion, humic material (HM) =

humic acid (HA) + fulvic acid (FA). The hydrophobic neutrals may contain

soluble metal complexes with HM. The hydrophobic bases and hydrophillic

fraction may be of importance in metal interactions in some cases, but

they will not be considered here.

The hydrophobic acid fraction in the classification scheme contains

uncomplexed HA and FA. It is important to look at these "molecules"

briefly to help understand their importance in environmental chemistry.

The distinction between HA and FA is operational (35). If a soil sample

is placed in a container and the material is shaken with 0.1-1 M NaOH,

an organic extract is obtained. Removal of the extract and its

subsequent acidification yields a precipitate. This precipitate is
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Figure 1. Classification Schemes for Dissolved
Organics in Water.
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called HA and the organic material left in the solution is called FA.

HA and FA have been studied literally for centuries and books have been

written about them (35, 41).

FA is now thought to contain a high percentage of aromatic COOH

functional groups, and HA is thought to contain a high percentage of

aromatic OH functional groups (42). There are other types of reaction

sites such as unbonded N electrons available, but it is felt that most

of the interactions, especially with metals, occur through the COOH and

OH functional groups. For a more complete development of the reactive

sites and how they are determined see Schnitzer (43).

The OH and COOH functional groups are known to chelate trace

metals. These functional groups are the major reaction sites of HA

and FA. Therefore, it is apparent that the complexation of trace metals

by HA and FA is entirely possible.

Basically HM can be called a polyhetero polyelectro condensate

(44). HM arises from decaying plant and animal matter in both soils and

water. The elemental composition and percent of each functional group

of HM are listed in Chapter 3 of Schnitzer (35). The structure of HM

has been the subject of great debate for centuries and is beyond the

scope of this discussion. Schnitzer can be referred to for more detail

(35). The high percentage of metal complexing sites on HM is the most

significant structural feature relevant to metal interactions.

The actual mechanism of complexation has also been debated. The

most probable mechanisms are discussed in Chapter 9 of Singer (43).

Briefly, they involve a chelation of metal by carboxylic groups or by

one carboxylic and one phenolic group as shown in Figure 2a.
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Figure 2. a. Chelation of Divalent Metal Ion by HM.
b. Chelation of Metal lon by Chelex 100.
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Why has there been disagreement about the importance of complexa-

tion of trace metals by these organics in natural water? To best answer

this question several important characteristics of natural aquatic

systems should first be discussed.

The range of dissolved organic carbon (DOC) in water can vary in

concentration from 0.1 to 50 ppm (40). The average concentration in

freshwater is around 3-8 ppm (45). In the classification scheme shown

in Figure 1, the hydrophobic acid fraction is 50-80% of the DOC. Roughly

50% of the hydrophobic acid fraction in freshwater is HM (46).

Therefore, roughly 1-2 ppm of the DOC in freshwater consists of the

known complexing agents, HA and FA. The concentration of trace elements

in natural waters is well below 1 ppm, so an excess of complexing

agent should exist in the water.

HA and FA extracted from both soil and water have been studied and

compared (40). In general, the aquatic HM is thought to be lower in

molecular weight and possesses a large fraction of COOH groups typical

of FA. Malcolm, however, has shown that both HA and FA are common in

water (26). In any event, the aquatic HM will have the characteristic,

functional groups COOH and OH. The relative concentration of HA and

FA may vary somewhat.

HA and FA are weak acids, and hence their degree of ionization

and ability to concentrate trace metals are pH dependent. Malcolm

indicated that an average pka of HM is 4.5 (47, 35). Perdue states that

an average molecular weight for aquatic HM is -1000 (40). A 1 ppm HM

concentration would correspond to about 10
-6

M. The average range of

pH of natural water is -4.0 to -8.0. This corresponds to 24% ionized
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at pH 4 and 100% ionized at pH 8. At pH 6, 97% of the HM would be

ionized. The values are very approximate, but do indicate that a

significant fraction of the HM would be ionized at natural pHs. When

considering the effect of pH on complexation, the pH is critical in

any speciation system.

Ionic strength (p) is another very important parameter to consider

when dealing with the interaction of HM and trace metals in natural

water. For freshwater, varies from p = 0.01 to 0.1. For seawater

p = 0.5.

Trace metals have to compete with the abundant cations %a+, Mg+2,

Ca+2, K+, and possibly Fe+3 and A1+3 for sites on HM in water. Knowledge

of the formation constants of these elements and trace elements with

HM is needed to judge how the change in the concentrations of these major

cations will effect trace metal complexation.

Perdue has shown that Cu
+2

can still be significantly complexed in

the presence of a 40,000 fold excess of Ca+2 (40). Van Dijk indicates

that M g+2 and Ca+2 have about the same affinity for HA (48). Na+ and 1K+

are monovalent ions and do not have a very strong complexing capacity

with HA or FA (35). A simple calculation shows that with an average

Ca
+2

and Mg
+2

concentration of 10 ppm and a Cu
+2

concentration of 10 ppb

+2
(all reasonable values), the excess of Ca+2 and Mg is only 2000 to 1.

Under these circumstances, Perdue's work shows that Cu should be signifi-

cantly complexed with the HM (in this case FA) concentration around

5 ppm. Thus, the concentration of major cations in freshwater should

not be in such excess that they would significantly compete with trace

metals for HM complexing sites. To show the effect of very high
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concentrations of major cations on the complexation of trace metals by

HM, the concentration of these cations in seawater will be used. Na
+

,

+ +2
K , Mg andand Ca have average concentrations of 20,000, 385, 1000,

and 405 ppm, respectively (49). Cu
+2

has been found in seawater at

values around 100 ppt (50). This means that Mg
+2

and Ca
+2

are over a

million times in excess to Cu
+2

. Thus Perdue's numbers would indicate

that in seawater, complexation.of trace metals would be a great deal

less likely.

The removal of HA and FA in estuaries is thought to occur when

seawater mixes with freshwater and the HM forms precipitates with major

cations (29). This would make the concentrations of HA and FA much less

concentrated in seawater as compared to freshwater. There has been some

work on the in situ formation of HM in seawater (51). It has been shown

that some metals can be extracted from seawater using organic solvents

(implying that the metals are organically bound (52). This result,

however, may be from decaying zooplankton and phytoplankton.

Besides the various effects of major aquatic parameters such as pH

and salinity, the very nature of HM can effect the complexation ability.

The endless environments in which HM is formed can yield an equally

endless variety of HM. Each little change in a local environment

can alter the final form of HM. When these forms are studied they may

yield different results.

With the above effects of various environmental parameters in

mind, it is not hard to imagine why there is disagreement about the

value of stability constants and the relative importance of complexation

by HM. Another major area of weakness in the study of HM interactions
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with trace metals, is the extraction procedures used to isolate HM

for laboratory studies.

HM has been extracted from soil or concentrated from water for

laboratory studies to facilitate handling and to allow it to be used at

higher concentrations. Concentrated HM can then be characterized for

functional groups with techniques such as IR and NMR. Schnitzer has

reviewed many of the extraction procedures that have been used to isolate

HM (35). The problem with a bulk of the techniques is that they extract

the HM with strongly basic solutions. This relatively harsh extraction

can alter the chemical forms of the HM. Hence, the values obtained in,

the laboratory studies may not be accurate. Recently, Malcolm and

Thurman have developed a much less harsh technique of isolating HM from

water (53). This method uses XAD-8 which is a macroreticular resin

developed by Romm and Nauss. This isolation and purification of HM from

water will be developed in detail in the Experimental section. With

new and milder procedures of extraction, .two major results can arise.

The first is a more realistic HM isolated from water, and the second is

the possibility of using these milder techniques to extract large

quantities of HM water to have a standard reference material. Such an

idea has been proposed by McCarthy (54). The more mildly extracted

standard reference material would enable researchers to obtain more

accurate data and to compare their results.

Standard HM reference materials are not available yet. Commercial

extracts from soil are available from such companies as Chemical Pro-

curement laboratories and Aldrich. These extracts are probably HA from

soil and have probably been extracted by NaOH. The % COON and OH
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varies greatly from sample to sample (55).

HM is a very important component of natural water systems. Its

use in models of natural systems is essential if trace metal speciation

is to be understood.

Total Metal Analysis

The ability to measure the total amount of a trace metal in a

solution is a very important component in a speciation scheme. Flame and

non-flame atomic absorption, atomic emission, atomic fluorescence, arc,

spark, plasma emission, X-ray fluorescence and neutron activation are all

well established trace metal analysis techniques. These techniques

ideally convert a metal, regardless of chemical form into an atomic

vapor or detect the metal regardless of the metal's state.

The routine use of flame and electrothermal AA atomizers, ASV, and

plasma emission spectrometers has made ppb level measurements routinely

possible. This tremendous level of sensitivity can be enhanced even

further with preconcentration techniques such as ion exchange (56-64)

solvent extraction (65-69) and evaporation (70). Care must be taken when

preconcentrating a metal, as some of the metal may be in a non-extractable

form (71). Acid digestion, UV irradiation, or strong oxidizing agents

such as K
2
S
2
0
8
or K

2
Cr

2
0
7

can be employed to destroy the organic

complexing ligands.

The distinction between the "soluble" and non-soluble or suspended

metal fraction is one of the oldest forms of chemical speciation. The

operational definition of soluble metal has been accepted as any metal

that passes through a 0.45 PM filter (36). Metal that does not pass
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through the membrane is not considered soluble, but rather absorbed

on particulate matter.

Computer Modeling

The use of computers to evaluate chemical equilibria models in

natural water systems has led to programs such as REDEQL EPA (72-81).

These programs are designed to.solve simultaneous equilibria equations

for which the total concentration of each metal and ligand considered

are the input data. The information provided is the concentration of each

metal complex. Adsorption effects can also be incorporated into the

program (82-84). A recent symposium at the 176th national ACS meeting

was devoted to chemical modeling (85).

These models possess several weaknesses. The thermodynamic

equilibrium constants that are used in these programs are often subject

to doubt since the constant for a given chemical equilibrium obtained

by different researchers can differ by several orders of magnitude (85).

Second, the activity coefficient model utilized is often inadequate.

Third, synergistic effects are not accounted for in the model used.

Fourth, kinetic effects are also ignored in computer models because

there are little data available that could be incorporated into the

program. Fifth, a good mathematical description of metal adsorption

effects is not available to be incorporated into the program. When the

problems discussed above are hopefully overcome, the predictions of

computer models will be much more accurate. The increase in experimental

speciation techniques will enable the more accurate determination of the
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desperately needed constants and the resulting expanded data base

will improve the results of the programs.

General Considerations in Chromatographic Speciation Techniques

Various types of column chromatography can be employed to separate

metal complexes in water and the particular types which have shown

promise for speciation studies. will be discussed below with examples.

These techniques are high pressure liquid chromatography (HPLC) with

an AA as a detector (HPLC-AA), gas chromatography with an AA detector

(GC-AA), gel permeation chromatography with an AA detector (GPC-AA),

ion exchange chromatography followed by AA analysis (IE-AA), and ion-

exchange chromatography followed by ASV detection (IE-ASV). Note that

most of these chromatographic techniques employ an AA as a metal specific

detector so that all peaks from different species need not be resolved

but only the peaks corresponding to different forms of a given metal

must be separated.

A general potential problem with all chromatographic speciation

techniques is that the process of separation can effect the speciation.

The stationary phase can dissociate metal complexes by selectively

removing the metal or ligand from the metal complex in the mobile

phase. Thus the equilibrium and kinetic constants for dissociation of

the metal complex in solution and interaction of the complex, ligand,

or metal with the stationary phase are critical. Another potential

problem is non-quantitative recovery in which all the analyte retained

by the stationary phase is not quantitatively removed.
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HPLC with AA Detection

The powerful combination of an HPLC using an AA as a detector

offers great versatility in the separation and elution of aquatic TM

complexes (23, 86-101). The tremendous number of packings available and

solvent gradient programming provide an entire spectrum of separation

capabilities (102-104). The use of several columns either in parallel

or series can also be of great. value. Here, one column can be used to

separate groups of compounds and the second column can be used to

separate the components within a given group (105). The activation of

various valves and other hardware can be controlled by a microprocessor

(88).

There are several methods of combining a HPLC with the AA detector.

The simplest method is the direct connection of the HPLC to the nebulizer

of the AA via a small diameter tube (86, 89-95, 99). Typical HPLC flow

rates of 1-3 mL /min are compatible with the 4-5 mL /min uptake rate of an

AA nebulizer. The effects of this interface have been elaborated else-

where (92-94). The major effects on the burner are drift (especially

during gradient programming), flame temperature quenching, and changes

in the free atom efficiency. The change in the efficiency of free atom

formation is caused probably, by the change in temperature and the

increase in nebulizer efficiency (93).

One of the problems of the HPLC-flame AA technique is dilution of

the sample as it spreads on the column. The dilution factor typically

is a 5-20 (93) and this means that the detection limit for the metal will

be about ten times worse compared to conventional AA. To help minimize

this problem, a variable nebulizer can be employed and set so that the
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nebulizer flow rate is less than the HPLC flow rate. The flow rate

adjuster on the variable nebulizer draws the nebulizer aspirator

capillary tube back from the oxidant flow tube to accomplish the

reduction in flow rate. The net result is that the HPLC pump rather

than nebulizer suction drives the solution into the burner and appar-

ently increases the nebulization efficiency from "5 to 35% (106).

This greatly enhances the sensitivity of the system. Jones and Manahan

noted that with a fixed nebulizer that "starving the burner" (HPLC

flow rate less than the aspiration rate) also increased nebulization

efficiency (93). More recently some researchers have used the direct

interface between a HPLC and Zeeman AA to provide better background

absorption correction (96, 97, 100).

If direct interfacing of a flame AA and an HPLC is not practical,

then fraction collecting can be carried out either with an automatic

fraction collector or by manually collecting the column effluent of

the HPLC. These fractions can be aspirated either by placing a tube in

the collection cup, or by injecting a small volume of the sample into

a "cup sampler" (107).

The level of many trace metals in the natural environment is below

the detection limit of flame AA. The use of an electrothermal atomizer,

either carbon rod or graphite furnace, offers an enhancement of the

detection limit by one to three orders of magnitude (23). Thus HPLC

with non-flame AA detection provides more sensitive detection of trace

metal complexes at the expense of more complex interfacing.

Several methods of interfacing non-flame atomizers with an HPLC

are discussed in the literature (87, 88, 98, 101). Cantillo and Segar
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(88) fed the column effluent into a graphite atomizer via a tantalum

capillary. The column flow and injection into the furnance were

controlled by valves and a sequencer. The flow on the column was

actually stopped during the atomization cycle. Segar also adopted

a fraction collector to this system. A drawback to the stopped flow

system is zone broadening on the column which decreases resolution.

The interface of an HPLC with a non-flame AA detector is probably

best carried out via a fraction collector. Brinckman et al (87, 101)

have developed a fraction collector to collect and selectively inject

the effluent from the HPLC into the carbon rod. The UV detector before

the collector offers additional information. The size of the fraction

can be controlled to allow for narrow or broad peaks. These fractions

may be saved for analysis by other means, or they may be totally con-

sumed by injection into the furnace. The furnace could be operated in

a usual step manner (dry, ash, atomization cycles) or it could be

operated in a continuously "on" mode (always at a low temperature, then

ash and atomize).

Several applications of the HPLC-AA system have been documented

in the literature. Brinckman speciated several trace metal complexes

with the HPLC-AA nonflame AA interface mentioned earlier (87) in-

cluding n-C3H7Hg, C2H5Hg, and C6H5Hg on a C8 column with a gradient

system. Brinckman also speciated As compounds (101). Botre et al (86)

resolved tetramethyl and tetraethyl lead compounds using an ODS column

and a direct flame AA interface. Fernandez (90) separated aryl and

alkyl Zn in lubricating using an ODS column with a methanol gradient.

+6Fernandez later separated Cr+3 and Cr (91) using a cation exchange
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resin Partisil 10 SCX column and an isocratic mobile phase. Jones and

Manahan have separated various copper complexes using a HPLC-flame AA

system (94) with a weak anion exchange resin and an (NH4)2 SO4 mobile

phase.

Reviews of this technique have been developed in several articles,

but the potential of this technique has yet to be fully developed

(87-89). As the need for more speciation information increases the

HPLC-AA technique should become a more commonplace analytical tool.

More recently, some researchers have used an ICP emission spectrometer

as the HPLC detector for speciation studies (108).

GC with AA Detection

The use of a gas chromotograph with an AA detector (GC-AA) was

first described by Kolb in 1966 for the separation of alkyl lead com-

pounds (109). The GC-AA instrument has become a fairly well established

analytical tool for the analysis of volatile metal compounds. The

powerful separation capabilities of the GC has lent itself to a variety

of environmentally related samples.

The benefits of the GC separation capabilities for speciation are

similar to those described previously for HPLC. The disadvantage of

this technique is that the species of interest must be volatile and

thermally stable. Many metal complexes in nature are not volatile and

cannot be analyzed by the GC-AA technique.

Both flame (109-112, 116) and nonflame (114, 115) AA detectors

have been employed. For HPLC, the nonflame detectors provide better

sensitivity and detection limits than flame AA detectors. The major
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differences between HPLC-AA and GC-AA are, of course, the type of

chromatography and the type of interface to the detector.

A heated tungsten transfer tube was used by Segar (115) to carry

the GC effluent to the furnace. Brinckman introduced the GC effluent

through a transfer tube into both ends of a modified furnace (114).

Coker connected the outlet of a heated GC column directly into a hole

drilled into the burner head. .This decreased dead volume between the

burner head and the column and the dilution of the effluent gas by the

columns (112). Chau and co-workers (110) used an electrically heated

silicon tube furnace. Hydrogen was mixed with the effluent to produce

a hydrogen diffusion flame inside of the silica tube.

Other AA detection schemes have been used to speciate Hg (117)

and Se (116). Gonzalez and Ross (113) separated organo mercury compounds

on a GC column and then directed the effluent into an FID detector

where the compounds were broken down to elemental mercury vapor. The

Hg vapor was dried and introduced into a quartz viewing cell where the

absorption signal at 254 nm was measured. Se was determined by Chau

(110) who separated Me2Se and Me2Se2 on a GC and used a silicon furnace

to reduce the compounds to Se. Plasmas have also been used for GC

detectors (118-119).

The use of GC-AA speciation system works very well for several

environmentally important species. The GC-AA technique does not have

the more universal applicability of the HPLC-AA technique. However,

the use of the GC-AA system for volatile metal compounds will continue

to be of value.
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Ion Exchange with AA and ASV Detection

The use of ion exchange (IE) to preconcentrate trace metals from

natural water has been a common practice for some time (56-64). It has

become apparent that IE can also be used not only for the determination

of the total amount of trace metals in a water sample, but also the

partial speciation of the trace metals as well (9, 19, 50, 120-123).

The most commonly used resin in environmental trace metal chemistry is

Chelex 100.

The Chelex 100 resin ideally chelates only the free metal or

weakly bound metal from the sample. The resin holds these metals until

it is eluted with an acid, typically 2-4 M HNO3 or HC1 (58). This

chelation of free metals is well suited for speciation studies. The

sample can be separated into two aliquots, one is digested with acid and

persulfate or exposed to UV radiation (71) to free all of the bound

metals. The other aliquot is not treated and the resin only retains

the free metals. The bound metals pass through the column (19).

Therefore, the amount of complexed metal can be determined by the

difference between the total amount of metal for the digested aliquot

and the free metal from the undigested aliquot. Clearly, if a rigorous

digestion to eliminate the HM or other organic ligands is not carried

out on the sample, the possibility of having metal complexes pass

through the column is a real possiblity and would cause error for

total metal analysis.

This technique provides an indication of the degree of complexation

of trace metals occurring in natural water. The metal-ligand complex
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must be relatively strong and non-labile since otherwise the metal

would be separated from the ligand and sequestered by the resin.

Chelex 100, a styrene divinyl benzene copolymer resin uses car-

boxylic functional groups to chelate a metal (124) as shown in Figure 2b.

Comparison of metal binding mechanisms of HM and Chelex 100 shown in

Figures 2a and 2b indicates that the same types of functional groups

are responsible for binding, metals by HM and Chelex 100, and hence

there might be some competition between HM and Chelex 100 for the metal.

The amount of dissociation of the complex caused by the resin seques-

tering some of the originally HM bound metal would depend on the

stability constants of the metal with the ligand and the metal with the

resin and the kinetics of dissociation of the complex and chelation

by the resin. Slight changes in column packing, pH, or flow rates may

have a significant effect on ability of the 1E technique to correctly

distinguish between free metal and metal-HM complexes.

The interface of the IE column with some type of elemental detector

can be done in a variety of ways. The most common is the collection of

the eluent and its subsequent determination by AA or ASV. Manahan

(125) has directly interfaced a Chelex 100 column with an AA for work

with complexing agents. A direct interface is not crucial since a

chromatogram is not obtained. The use of AA or other element specific

detector offers the benefits described above, and need not be elaborated

here. The use of ASV offers the extra advantage of being able to measure

different valence states of the metal as well (19). The use of Chelex

100 is limited to fairly low pressure,, but other stronger acid ion

exchange resins can be used at much higher pressures (126).
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There have been some interesting modifications in IE techniques for

natural water analysis. The use of "ligand exchange" chromatography has

been used by several workers, notably A. Siegel, to concentrate ligands

from water (127-131). Chelex 100 is put into the Cu(II) form or the

Ni(II) form by passing a suitable Cu(II) or Ni(II) salt through the

column. This places a metal at the active sites in the resin. A

non-charged ligand such as NH
3'

that will complex with the metal is then

passed through the column. Next, the sample is passed through the

column and the natural uncharged ligands exchange with the column

ligands and subsequent concentration occurs. Elution takes place with

a NH
3
(aq) solution. The system can be represented as follows (from

Siegal (130)):

(R-)2 Cu (H20)2+2 + 2NH37=-1 W.)2 Cu(N113)2+2 + 2H20 (1)

Siegel and Hemmash have isolated amino acids from seawater by this

method (127, 129).

Application of Chelex 100 to measure the complexation of metal ions

in natural water has been reviewed by Florence and Bately (9, 19).

Samples after filtration can be separated into seven classes using

Chelex 100, filtration, and UV irradiation. ASV can then be used not

only to determine metal concentration, but also the valence state of

the metal.

Figura and McDuffle (121) have used Chelex 100 to determine the

degree of complexation of Cu, Zn, Pb and Cd by EDTA and HM. The IE-AA

or IE-ASV techniques provide information about the amount of metal

strongly complexed in a particular water system. This technique is

well suited for trace metal concentrations because preconcentration is
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an inherent part of the technique. The sample size eluted through the

column can be increased to lower the detection limits. Several problems

must be considered when using this system. The resin may sequester

some metals from weak complexes which will give a low value for the

complexed metal fraction, the kinetics of the metal interaction with

the resin may be slow which will reduce the recovery for uncomplexed

metal, or some very large ligands such as ionized HA may be able to

bind to a metal on the column (such as in ligand exchange). Elution

in the latter case would give a higher free metal fraction but does

not seem to be a serious problem with the Chelex 100 system.

Gel Permeation Chromatography with AA Detection

Gel permeation chromatography (GPC) with AA detection (GPC-AA)

has been used by several workers (132-135) to separate species on the

basis of size. The gels used in most environmental work have been one

of the Sephadex gels (hydrated cross linked dextran) but Enzacryl gels

(cross linked polyacryloyl-morpholine gels) which can work in aqueous

or organic systems are becoming more popular (136). Both the Sephadex

or Enzacryl gels provide size separation via the same basic mechanism:

smaller molecules can enter the gel bead while the larger molecules

cannot. The larger molecules elute first in the void volume and the

smaller molecules are retarded on the stationary phase to an extent

proportional to their permeability in the gel. The equilibrium of

this process is usually reached at normal flow rates (136).

Sephadex has been used to separate HA into various molecular

weight fractions. These, fractions have been used to determine stability
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constants (132) and the complexation capacity relative to di- and

tri-valent metals (133). Stability constants for the HA fraction were

determined by first equilibrating a Sephadex G-15 column with a known

concentration of free metal. A known amount of complexing agent which

has also been equilibrated with a similar solution is then injected

into the flow system. The resulting interaction of the metal and HA

fraction produced peaks and valleys on the chromatogram. The effluent

was fraction collected and analyzed by AA. Rashid determined how much

metal would bind with a certain amount of HA by injecting an equili-

brated mixture of HA and metal onto various Sephadex columns (133).

The effluent was analyzed by AA. It is also possible to separate metals

injected onto a gel column by elution with a complexing agent (134,

135).

The use of a GPC-AA system for speciation work has several advan-

tages. Metals complexed with large organic ligands in a sample can be

separated based on size and fundamental information about the inter-

action of large organic ligands with trace metals can be determined.

The disadvantage of the GPC-AA system are not insignificant. A

sample can be diluted significantly by the gel column, although the

new Enzacryl gels can be packed more efficiently (137). Another problem

deals with the actual mechanisms involved in the sample separation.

The Sephadex gels in particular actually interact with the solute

with a number of different mechanisms (138). Thus the separation

process is based on more than just size which makes prediction of

retention times more difficult. It can disturb the original chemical

equilibria and sample speciation.
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The use of GPC-AA can add valuable information to chemical

speciation research. However, the information obtained from this

system has to be carefully considered.

Anodic Stripping Voltammetry

The use of electrochemical techniques to distinguish among species

of a metal has become more common in the last several years. The

ability of anodic stripping voltammetry (ASV) to distinguish among

valence states and to measure complexation by peak shifts was noted by

Siegel as a significant step toward understanding organic complexation

in sea water (25). Stiff first pointed out that an ion selective

electrode (ISE) could be used to differentiate between free and com-

plexed Cu (139). ASV and ISE will be discussed below with respect to

their capabilities of distinguishing various species of trace metals

in natural waters.

ASV is a very sensitive technique for the measurement of Cd,

Cu, Pb, Zn in natural waters (140-146). The use of differential pulse

ASV (DPASV) lowers the detection limits down to sub-ppb levels for

the above metals (147). Most other metals however, can only be deter-

mined at higher concentrations or not at all by ASV (148). The concen-

tration of one particular valence state of a metal can be determined

if it is the-only valence state reduced at the deposition potential.

The concentration of two or more valence states can be determined by

reduction at a more negative potential or by chemical reduction or oxidation

of nonelectroactive species. These measurements canyieldthedistribution
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of valence states.

In addition to the ability to measure the total concentration of

metals and the concentration of particular valence states of several

metals, the ASV technique can determine the fraction of labile or

free metal and of non-labile (complexed metal) of a particular valence

state of a metal (147, 149-155). In fact, ASV can be used to determine

equilibrium constants in laboratory studies if the total amount of

ligand and metal is known. This calculation is evident from Equation 2:

imn+] [Le- x]
K = (2)

[ML n-xi]
L--x

where Mil+ is the concentration of the metal, Le is the concentra-

tion of the ligand, and MLx is the concentration of the metal ligand

complex. In a laboratory system the initial concentrations of M and L

are known and the concentration of the complex can experimentally be

determined. This procedure works very well with several organic ligands

such as HA where the organo-metallic interaction are strong.

There are several inherent difficulties with ASV as a speciation

technique. Guy and Chakabarti (20) have indicated the basic sequence of

events that occur when a metal is reduced on a mercury drop and then is

reoxidized. The cathodic reduction potential of the metal should not be

so negative as to reduce the organometallic complex. This cathodic

reduction voltage has to be carefully chosen (20). When the electrode

is in contact with the solution, a slightly electroactive metal complex

may adsorb onto the electrode and the metal may be reduced. The free

metal in the solution would also be reduced. The subsequent oxidation

of the metal would give a high value. The Hg electrode, either thin

film or drop, can become contaminated with organic material in the
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sample. This can cause poor precision between runs and inhomogenous

oxidation of the metal from the electrode (20). This problem can become

very severe in samples of high organic content, especially with larger

organics such as HA. This unpredictability becomes a real problem

when trying to ascertain the complexation of a metal in natural

water (156).

Amalgamation of interfering metals can also cause trouble in ASV

(21), and this has been studied by Ariel (157). He used the method of

medium exchange to separate overlapping peaks. The metals from an

aqueous sample are plated on an electrode, the electrode is removed from

the solution and the electrode is dipped in another solvent. The

stripping potential changes for each metal and this often resolves

two overlapping peaks. This method is not used often.

When the ASV technique is used for speciation studies, the normal

procedure is to make two scans of a sample. The first scan is made

before treatment of the sample and is used to measure the concentration

of the free or labile metal. Then, the sample is UV irradiated or

digested with persulfate or acid to release the bound metals (150).

The second scan would determine the concentration or total metal in the

solution. The bound metal is determined by difference.

Chau and Chan used the above ASV procedure to determine Cd, Cu, Pb

and Zn (151). They found significant metal complexation in natural

water. Blustein studied UV irradiation and acidification techniques to

free bound metals in estuary waters (150). He found that UV irradiation

and acidification (pH < 2) did not yield the same results, but the

combination of the two techniques yielded excellent results. Bately

has reviewed the irradiation techniques used with ASV (71).
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Zirino (158) automated an ASV apparatus for the determination of

Cu and Zn in water in San Diego Bay. He compared the technique to IE-AA

and found good agreement for total concentrations.

ASV has also been used to study the kinetics of complexation (159-

161). Shuman and Michael combined ASV with a rotating disc electrode

to study the dissociation rate of Cu complexes (159). The kinetically

slow complexes are not reduced. Since kinetic information concerning

trace metal complexation is not generally available, the use of ASV as

a kinetic tool is very important.

The determination of the complexing capacity of natural water and

of stability constants have been carried out using amperometric

titrations (160). Using this technique the metal is titrated into a

solution of the ligand. Metals can also be added to a natural water

sample to determine its complexation capacity (161).

The problem of electrode contamination, metal complex amalga

mation, and deposition of supposedly non-labile metals are a problem

with kinetic work and complexation capacity determinations. These

problems have to be carefully considered when any analysis is done.

Novel uses of ASV and electrothermal AA have been reported (162,

163). Metals can be electrochemically deposited on the rod either by

injection of a sample into the rod, or by immersion of the rod in a

sample solution. After deposition, the rod can be used in the normal

manner. Another technique developed by Jennson et al (162) involves

deposition of the metal on a Hg drop followed by atomization of the

drop. This technique has advantages in brine solution because the

salt matrix causes trouble with carbon rod determinations. The
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electrodeposition does not plate out the major salt cations. These

novel techniques could be applied to various systems where speciation

is important.

The use of ASV offers low detection limits for Cd, Cu, Pb and

Zn, potential valence speciation information for some metals, complex

speciation information of a water sample, kinetic information, and

complexation capacity information. However, the problems discussed

above indicate that ASV has to be used with a great deal of caution.

Ion Selective Electrode Potentiometry

The use of ion selective electrode potentiometry (ISE) to determine

various ions in solution has been reviewed (164-165). The use of ISE

techniques has appeal because the equipment is relatively inexpensive,

easy to use, can be used in situ in some cases, and does not alter the

sample (166). The main use of ISE's in trace metal speciation has been

for the measurement of Cu(II), Cd(II), and Pb(II) free ions in solution.

The discussion below will deal with the use of ISE's only for trace

metals and not for anions.

Metal ISE's (Cu, Cd, Pb) were originally based on liquid ion

exchange but the newer models are based on solid state crystals (164).

The electrode response is related to the activity of the metal ion, but

basic knowledge of the sample solution (e.g. ionic strength) makes the

ISE activity measurement useable for concentration work (164). Newer

electrodes such as the Orion 94-29A Cupric electrode, are very sensitive

and detection at the 1 ppb level is reported for copper (167). This

sensitivity makes ISE's suitable for environmental analysis.
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The great asset of the ISE relative to speciation is its property

of only responding to the free metal ion. The direct measurement of

the free metal ion in conjunction with the use of a total metal tech-

nique such as AA, has allowed for the assessment of a variety of

important parameters in environmental trace metal speciation.

The use of ISE's in potentiometric titrations has been utilized

by researchers interested in the cornplexation capacity of natural

water (168-170). The ISE is used as a potentiometric indicator of the

amount of free metal available when metal is added to a sample.

Similarly, the ISE is used to determine stability constants of natural

complexing agents such as HA and FA (171-174). This method of stability

constant determination has been rigorously discussed by Buffle (172).

Researchers have used ISE's, especially for Cu
+2

, as a technique

to determine the toxic form of metals to fish (175-176). The free Cui-2

form is thought to be the predominately toxic species, and the Cu ISE

is one experimentally attractive way to measure the free Cu
+2

ion.

Stiff has developed an elaborate scheme of determining forms of

Cu in natural waters (139). This scheme is based on various extractions,

ISE measurements, and calculations. This scheme is not usually

sensitive enough for non-polluted waters.

Cheam studied the complexing capacity of FA with Cu using a Cu ISE

(168). He found good agreement with other workers. Gamble calculated

equilibrium constants for the Cu FA system using a Cu ISE (177). He

also studied salicyclic acid. Gamble found the FA resembles other

bidentate ligands. Manning conducted equilibrium studies for Cu-FA

and a variety of other organic ligands and inorganic ions (170).
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Gardiner has studied the complexation of Cd in natural waters by

using ISE techniques (173). Sunda studied the toxicity of Cd to shrimp

with ISE techniques (174). He varied salinity, pH, and amount of

complexing agent. He found the amount of free Cd depended on the above

parameters.

Copper toxicity to fish has long been a subject of concern to

aquatic toxicologists (24). Chapman and McCrady have studied the

toxicity of copper in detail and found that the form of copper deter-

mined its toxilogical effect (175-176).

ISE's have become a popular analytical tool for speciation studies,

but they are not without their problems. The detection limits for the

electrodes are typically 10-7 M and are not sufficiently low for

environmental levels. The detection limit for the Cu
+2

ISE is best but

precision can be poor at the 10 ppb level. However, careful use of

the electrode can bring the precision to an acceptable level. High

levels of Fe can cause interference, but the pH of the solution as well

as the concentration of natural ligands in the system will have a great

effect on how much Fe can interfere. Contamination of the electrode

surface is a problem (167). Organics, especially HM, have been shown to

poison the electrode surface and alter the electrode response (172).

The buffing of the electrode surface can usually restore the response

of the electrode, but the potential will be different for a given solu-

tion. Cu
+2

ions can become sorbed onto the crystal without becoming part

of the matrix, and acid EDTA treatment is used to rejuvinate the elec-

trode (167). The electrode is also light sensitive and care has to be

taken in avoiding a changing light source around the electrode (175-176).
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The drift of an electrode can also be a problem and various schemes

have been tried to correct for this effect (175).

Dialysis and Ultrafiltration

The methods described above (except GPC-AA) have dealt with either

chemical separation or the measurement of a potential or current.

The techniques of dialysis and ultrafiltration (UF) can separate species

in a solution by size. This separation can be used in conjunction with

elemental detection such as flame AA, nonflame AA, or ASV to determine

the size distribution of the different chemical forms of a given metal

in aquatic systems. Ideally, the separation is independent of the par-

ticular metal and only dependent on the size of the metal complex.

The dialysis technique in aquatic chemistry is based on the

capability of a dialysis membrane to allow transport of ions of par-

ticular size and charge across it (178). Since electroneutrality must

be maintained,a two way flow has to occur. An inert electrolyte such

as KNO
3
can be added to a laboratory sample to insure proper ion

transport (20). In real samples, enough electrolyte is usually naturally

present. Guy discussed the use of dialysis to separate large organic

complexes from smaller complexes (178). He indicated that the require-

ments for good size separation by dialysis are that the membrane be

impermeable to metal-organic species, permeable to free metal ( . . Cu+2),

inorganic complexes (e.g. CuCO3), and simple organic complexes

-2
(e.g. Cu-EDTA ) and the time necessary to reach equilibrium should be

a minimum." The use of several dialysis bags of different permeabilities

on the same sample can yield size distribution information (179).



4o

After dialysis the fraction of metal retained in the dialysis bag can

be analyzed for metal concentration by AA to determine the fraction of

metal associated with large ligands. Further analysis (e.g. HPLC)

of particular fraction can be carried out to possibly elucidate the

various species that are in each fraction.

This technique is simple and fairly inexpensive, but there are

problems. If there is not enough inert electrolyte to balance the

charge of the migrating ion, complete migration will not occur. This

is called the Donnan membrane effect (63). The problems mentioned

above have not always been of concern to researchers. If dialysis is

too long, the free metal may be lost on the side of the container (70).

Dialysis membranes usually have a negative charge associated with them

which can restrict the passage of some ions (20). Application of

dialysis to lake water has shown that metals have been tied up by large

organic complexes (180). This work was carried out using radio-

nuclides as the metal determination procedure. Guy used dialysis in

synthetic HA copper solutions in the presence of bicarbonate ion (178).

He also compared dialysis to UF (20). Long equilibrium times, negatively

charged membranes, possible loss of sample, and the Donnan membrane

effect can cause problems in dialysis work.

Ultrafiltration

UF is clearly related to dialysis in that separation is based on

the size of species. A wide variety of UF membrane filters are available

(181). The various sized membranes can separate complexes from a

molecular weight (MW) of less than 1000 to over 100,000. UF cells are
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quite simple, but cost several hundred dollars. They consist of a

plastic cell with a frit at the bottom to hold the membrane. The

cell is pressured from the top by N2 to force the sample through the

paper. The solution in the cell is also stirred to help prevent a

buildup of non-filterable species around the filter paper. Filtration

rates are very favorable when compared to dialysis. Samples can

usually be passed through most membranes in a 200 mL cell in less

than five hours (181).

UF has been used to determine the MW size distribution of organic

matter including HM in lake water and sea water (191). Allen

reacted Fe with several size fractions to study this chelation capacity

(182-191). As speciation studies develop, the ability to study various

size fractions of natural organic matter becomes very important.

Gachter studied the effect of non-filterable organic material on

Cu availability, and found that Cu was not biologically available in

the non-filterable residue (186). Schindler found that Mn, Mg, and

Fe would not associate with ligands less than 500 in MW (190). Smith

has found that Cu complexation varied with the size fraction of

esturine water samples (191).

Guy has studied the properties of various UF membrane filters and

found that some of the filters have ion exchange sites. These sites

are capable of complexing metals and could therefore retain labile

metals that should pass through the paper (20, 188). He compared ASV,

dialysis-AA, UF-AA for speciation of Cu and has found that they were

in good agreement.
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There are several problems involved with UF analysis. The long

channels on the paper backing of the membranes can give erroneous

results (20, 188). Recovery of the uncomplexed metal of interest has

to be checked before actual experiments are carried out. The UF paper

separates by size, but if some aggregation takes place at the surface

of the membrane, the MW retained could change (181). The possibility

of loss of free metal on the UF cell wall is a problem. Also, filtra-

tion times for some samples may be long. The cost of a UF filter is

typically a few dollars (192). The filters can be reused, but cross

contamination can occur.

UF has the advantages of simplicity, no chemical interaction with

the sample (ideally), ability to separate the species in the sample

into different size fractions, and it is non-destructive. This tech-

nique can be used to fractionate a sample which has a wide range of

organics, and these fractions can be studied separately for metal

complexation.

Other Speciation Techniques

Standard spectrophotometric (i.e. molecular absorption) or

spectrofluorometric (i.e. molecular fluorescence) methods can yield

some oxidation state speciation information. However, their use is

limited because of specificity problems and because usually an analytical

reagent must be added to the sample to form a strongly absorbing or

fluorescing species involving the metal ion. The addition of an

analytical reagent, such as a complexing agent will obviously disturb

the original chemical equilibria and the analytical signal will depend
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upon the competition for the metal ion between the added reagent and the

natural ligands in the sample. Also commonly, the pH must be adjusted

to a value different from the original pH of the sample. The use of

spectrophotometric techniques will not be discussed further here.

The use of selective extractions for trace metal species has been

discussed by various workers (15, 52, 193-196). Extraction procedures

have been developed for both dissolved trace metal species and sorbed

trace metal species. This type of technique has the potential of

seriously altering the original chemical speciation.

Ion chromatography is a new technique that can separate and detect

inorganic anions in a system (197, 198). This technique could be used

in trace metal speciation studies to determine anion concentrations.
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EXPERIMENTAL

The procedures used in this investigation are broken down into

six separate sections below. The first section deals with the sample

preparation that was common to all three techniques and the general

reagents used. The second section deals with the IE-AA technique; the

third section deals with the ISE technique; the fourth section covers

the procedural aspects of the OF -AA technique; the fifth section

develops the procedures used on a Willamette River sample. The last

section is concerned with the isolation and purification of naturally

occurring HM and the procedures used to analyze both types of HM for

metal content.

Sample Preparation

Synthetic samples were used during the bulk of the analyses. The

samples were prepared identically so that minimum differences from

sample to sample would occur. The synthetic HM-metal test solutions for

OF and IE studies contained 13.3 ppb of Cu(II), Zn(II), and Ni(II) along

with one of four HM concentrations: 0.1, 0.3,0.1, or 5 ppm. ISE test

solutions contained 50 ppb Cu(II) in each of the four HM concentra-

tions mentioned previously. The ionic strength (p) of all test solutions

for IE-AA and OF -AA studies was adjusted to 0.01 with NaNO3 unless

otherwise noted. Metal standards containing different concentrations of

Cu, Ni, and Zn were used to obtain calibration curves. The blanks

were identical to the HM- metal test solutions except no test metals

were added. The exact scheme of sample preparation will be elaborated
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in the respective technique sections.

All solutions were diluted with deionized water (MPW) from a

Millipore Milli-Q system connected to the house distilled water. All

weighings of 10 g or less were made with a Mettler balance to 0.1 mg.

All glassware and plasticware were soaked in 2.5 M HNO
3
before

use. The acid was reused several times before being discarded. The

acid was removed from each beaker or flask and then at least three

rinses of MPW were used to remove all traces of the acid.

The pH of all HM-metal test solutions, blanks, and metal standards

solutions were adjusted with 0.25 M HNO3 and 0.4 M NH4OH. A Beckman

Zeromatic pH meter (model 96) with a Broadly-James combination pH

electrode (#9029) was used to measure the pH of all solutions.

Two types of HM were used for most of the study. The "commercial"

HM (CHM) was obtained from Chemical Procurement Laboratories in New York

(catalogue #H 5820). The reagent grade HM (RGHM) was isolated using a

technique described in the last portion of the Experimental section.

For some studies, a 20 ppm HM stock solution was made by dissolving

2.0 mg of HM in a small amount (4.0 mL) of 0.4 M NH4OH followed by

dilution to 100 mL in a volumetric flask.

Stock solutions of 2.5 M HNO3 (160 mL conc.HNO3 /L) and 0.25 M HNO3

(16 mL conc.HNO
3
/L) were made by dilution of concentrated HNO

3
(B

a
ker

Reagent Grade 3-9606) with MPW. Stock solutions of 2.0 M NH40H

(270 mL/L) and 0.4 M NH
4
0H (54 mL NH

4
OH/L) were prepared by dilution of

concentrated NH
4
OH (Mallinckrodt Reagent Grade 3256-4) with MPW. A

5 M NaNO
3
solution was prepared by dissolving 42.5 g of reagent grade

NaNO3 (Baker 7808) in 0.1 L MPW. A stock solution of 1.0 M NH4Ac
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was made by dissolving 77.1 g of reagent grade NH4Ac (Baker 5-0792)

in 1 L of MPW. The 1.0 M NH
4
Ac stock solution was stored in 1 L

polyethylene bottles with a few grams of Chelex 100 (NH
4

form) placed

in the bottom to purify the NH4Ac. The pH of the NH
4
Ac solution was

5.0.

One hundred ppm stock solutions of Cu, Ni, and Zn were prepared

as follows: the Cu solution was prepared from 0.1000 g Cu filings

dissolved in 10 mL of concentrated HNO
3.

This was diluted with MPW to

1 L. The Ni solution was prepared from 0.495 g of Ni(NO
3

)

2
and 20 mL

of concentrated HNO
3

diluted to 1 L with MPW. The Zn.standard solution

was prepared by dissolving 0.1000 g Zn metal in 25 mL concentrated

H
2
SO

4
and dilution to 1 L with MPW.

A composite stock solution containing 1 ppm of Cu, Ni, Zn and

a 1 ppm Cu stock solution were prepared as follows: 1 mL each of

100 ppm Cu, Ni, and Zn stock solutions were diluted to 100 mL with

MPW; 1 mL of 100 ppm Cu was diluted to 100 mL with MPW. These

standards were not preserved with acid.

A stock solution containing Mg
+2

, Ca
+2

, and K was made by

dissolving 1.83 CaC1
2
.2H

2
0, 10.0 g Mg(NO3 )

2
and 0.955 g KC1 into 1 L

MPW. This yielded a solution that was 1000 ppm in Mg
+2

and 500 ppm

in Ca
+2

and K . A 1000 ppm Fe
+3

solution was prepared by dissolving

2.87 g FeCl3 in 5 mL of HC1 and dilution to 1 L with MPW. All above

reagents were Baker reagent grade chemicals.

Ion Exchange-Atomic Absorption (IE-AA)

The following reagents were used in the IE studies: 2.5 and
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0.25 M HNO
3'

2.0 and 0.4 M NH
4
OH, commercial and reagent grade HM,

and 1.0 M NH4Ac. The IE columns were made from Bio-rad (catalogue

#6259) disposable columns placed in the neck of 500 mL polyethylene

bottles which had their bottoms cut off. The columns were placed in

the bottle and pushed through the bottle neck. No sealant was used.

These columns were supported by three finger clamps that were clamped

to support rods. They were inexpensive and lasted over three years.

A Varian AA-6 atomic absorption (AA) spectrometer was used for

AA analysis during the IE study. For Cu, Ni, and Zn determinations,

an air-acetylene flame was used with an air flow rate of 8.0 L/min

and an acetylene flow rate of 4.6 L /mina A fixed nebulizer with a

flow rate of 4 mL/min, a 0.2 nm spectral bandpass, and 3 s integration

time was employed for all elements. Table I lists the unique

instrumental settings for each element which are the settings recom-

mended by the manufacturer of the AA. The PMT voltages varied

slightly, especially as the lamps got older.

TABLE I. FLAME AA EXPERIMENTAL CONDITIONS

Parameters Cu Ni Zn

Wavelength (nm) 324.7 232.0 213.9

Lamp current (mA) 3 3 5

PMT voltage (V) -325 -510 -475

Multielement standards for flame AA analysis of the IE effluent

containing 0.5, 0.4, 0.25, and 0.1 ppm Cu, Ni, and Zn were made by
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dilution with 2.5 M HNO
3
of the 100 ppm metal stock solutions. This

insures that the standards and sample effluent contain the same concen-

tration of HNO3. Also 2.5 M HNO
3
was used for the blank to zero the

instrument. The concentration of metal in the sample effluent was

obtained from the standard solution absorbance data and a HP-25 linear

regression program (absorbance vs. metal concentration). Appendix I

shows typical calibration curves.

Sample preparation varied slightly with each HM concentration, and

each will be described separately. The techniques were the same for the

CHM and the RGHM, so that the only distinction made below is by concen-

tration of HM. Ten mg of HM were dissolved in about 3 mL of 0.4 M

NH
4
OH and diluted to 2 L with MPW after addition of 4.0 mL of 5 M

NaNO3. This yielded a 5 ppm HM solution with p = 0.01.

Five hundred mL of the 2 L solution was removed and used as the

HM blank and 0.2 mL each of 100 ppm Cu, Ni and Zn standard solutions

were added to the 1500 mL left. This yielded a solution of 5 ppm HM,

p = 0.01, and metal concentrations of 13.3 ppb Cu, Ni, and Zn. The

pH of this solution was adjusted to 5.9. The blank was used to see if

the HM acted in a consistent manner in an IE column and to check for

metal contamination.

A standard metal test solution was run along with each set of HM

samples. The standard consisted of 1 L of MPW, 2 mL of 5 M NaNO
3

and

0.1 mL each of 100 ppb Cu, Ni, and Zn. The pH of the standard was

adjusted to 5.9 as discussed above. The standard solution was used

to determine if a particular batch of resin was reacting normally and

to check on contamination from reagents. The standard run did not
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provide information about individual column contamination. No serious

problem was found in resin degradation or malfunction. Reagent con-

tamination for Zn was a problem periodically. The preparation of the

1 ppm HM-metal test solutions with 13.3 ppb of Zn, Cu, and Ni was

identical to the procedure used for 5 ppm HM except that 2 mg of HM were

initially dissolved.

The 0.3 ppm HM-metal test. solution was made by first diluting

30 mL of the stock 20 ppm HM stock solution and 4.0 mL of 4 M NaNO
3

to

2 L with MPW. The addition of the test metals, the HM blank preparation,

and test metal standard preparations were all handled as described

previously.

The 0.1 ppm HM-metal test solution, the blank HM solution, and the

metal standard solution were prepared identically to the 0.3 ppm solution

except only 10 mL of the 20 ppm HA stock solution were placed in a 2 L

volumetric flask.

Chelex 100, 100-200 mesh (Bio-rad 192-2832) was used in the NH44-

form throughout all experiments. The resin was obtained in the Na+ form.

A portion of resin was removed from the bottle (typically 100-500 g),

placed in a beaker, washed twice with MPW and then 2.5 M HNO3 was added

to the resin after the water was decanted. The resin was stirred in

the acid slowly and allowed to stand for about 5 minutes. The acid

was drained by decanting or removed by an aspiration vacuum system. The

resin was then washed with MPW to remove the acid. 4.0 M NH
4
OH

was then added to the beaker after the water had been removed. The

resin was allowed to stand in the NH
4
OH for about 5 minutes. The NH4OH

was then removed and the resin was washed four times with MPW. MPW
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was then added to the beaker to cover the NH
4

resin. The resin was

found to be stable for at least 2 months if it was treated in the

above manner.

The plastic IE columns were cleaned by filling the empty column

with 2 M HNO3 followed by one column filling with MPW. The 2 M HNO3

wash was used many times and contamination did not seem to be a

problem. The columns were covered with watch glasses to keep dust

from contaminating the samples.

When the resin was ready to be introduced into a column, the

following procedure was used. A Pasteur pipette with a small bulb was

used to remove a portion of the resin from the storage beaker. The

resin was then squirted into the bottom section of the column to the

set height of 5 cm. This amount of resin corresponds to three or four

mL of resin. The amount of resin could vary considerably without loss

of precision or recovery. However, the 5 cm height gave a small enough

bed volume to allow 5 bed volumes to pass through the column and not

dilute the metal eluent to a significant degree.

After the resin was introduced into a column, it was purified

once more. About 10 mL of 2.5 M HNO
3
was introduced into the resin bed.

The column was then washed with MPW. The resin was regenerated into the

NH4+ form by adding 10 mL of 2.0 M NI-140H. The final rinse of water

was then placed in the column. The five columns were ready for sample

introduction at this time.

No fiberglass plug on top of the resin column was used in order to

minimize contamination. The use of the plug, however, as a coarse filter

for a sample with suspended matter is very common.
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Five hundred mL of each sample were introduced into each column

with a 500 mL graduated cylinder. The sample percolated through the

column at a flow rate of about 5.5 mL/min. No attempt was made to con-

trol the flow rate which could change somewhat between columns on a

different day and between different days on the same column. This

difference in flow is probably due to nonuniform packing of the resin

and slight changes in the amount of resin clogging the frit at the

bottom of the column.

Three different types of solutions were introduced onto the

columns: the metal standard test solution, the HM blank solution, and

the HM-metal test solution. At first, the column for the metal standard

test solution was changed with each run to check if the % recovery of

Cu, Ni, and Zn varied with different columns. This was not found to be

the case and the first column was used for the standard, the second

column was used for the HM blank, and the last three columns were used

for the HM-metal test solutions.

After the samples had percolated through the resin bed, the elution

phase began. It should be noted here that the sample was allowed to

completely pass through the resin bed and a period of several hours could

pass before the elution procedure would start. This meant that the

column could run "dry". A problem with a "dry" column is the entrapment

of air bubbles in the bed of resin. This would cause incomplete

elution of the metals on the column because no acid would pass by the

spot on the bed next to the bubbles. Incomplete recovery did not arise

here for two basic reasons: (1) a substantial amount of solution passed

through the bed before the acid elution step (see below), and (2) the
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amount of acid used to elute the column was usually around 5 bed

volumes. This large excess of eluent (3 bed volumes is usually all

that is needed) insures purging of the bubbles and complete elution

of the metals in the column.

The first elution step was the addition of 10 mL of MPW to wash

the columns. This amount of water is not at all critical. The second

solution to pass through the column was the 10 mL of 1.0 M NH4Ac.

This was suggested by Rains (56) to remove any Na
+

, Ca
+2

, Mg+2 and

K
+

that may be held by the resin. These metals can cause problems in

AA, NAA and AE analysis (56). It was found that NH
4
Ac removed almost

all of the Na in the HM blank and sample. This step probably was not

critical for synthetic samples, but it can prevent any burner clogging

from high salt content samples when using an air acetylene flame.

After the NH
4
Ac passed through the column, the column was rinsed

with 10 mL of MPW. The column was then ready for elution with 2.5 M

HNO About 25 mL of the acid were introduced into the column, and the

eluent was collected in a 25 mL volumetric flask. (It was not necessary

to use 25 mL volumetric flasks.) The sample was then ready for analysis

by AA.

The concentration factor of this procedure is 20. The 13.3 ppb

sample is concentrated to 267 ppb. This concentration factor could be

increased by using a larger sample.

This technique had few operational difficulties. The volume of

the sample could vary greatly, the column could run dry, and the size of

the resin bed did not have to be exact. The resin could be made up in

a batch that could last from one week to two months without changes in
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the resin properties. The only problem with the procedure was inter-

mittant Zn contamination. The contamination usually effected all of

the samples in the same manner. Judicious washings and minimal use of

glassware seemed to help. Using the same glassware for the same

operation day after day also helped in locating some of the contamina-

tion problems.

One problem that was eliminated was low recovery when p < 0.01.

There was no evidence found in the literature to back up this relation-

ship between low p and % recovery. As long as p> 0.01, no problem

appeared. (Almost all natural water has p at least at this level.)

In addition to the change in recovery with change in HM concentra-

tion work, several other studies were carried out. Mg
+2

, Ca
+2

, K
+

and Fe
+3

were added to a 1 ppm CHM-metal test solution at pH 5.9; the

pH was adjusted to 4 and 8 for a 1 ppm CHM-metal test solution; p was

varied between 0.001 and 0.1 for a 1 ppm CHM-metal test solution and

the flow rate was varied between 2 and 10 mL/min for a 1 ppm CHM-metal

test solution. The solution preparation procedures for each of these

studies is given below. Unless noted otherwise, the sample elution,

metal elution, and AA analysis procedures are identical to those given

above.

Mg
+2

, Ca
+2

, K
+1

, and Fe
+3

were added to a 1 ppm CHM-metal test

solution and the pH was adjusted to 5.9. This test solution was made

identically to the 1 ppm CHM-metal test solution described above except

that 20 mL of MPW was removed before the addition of any reagents. The

reagents were added as above and 10 mL of the stock 1000 ppm Mg
+2

and

500 ppm Ca
+2

and K
+

stock solution was added along with 10 mL of the
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Fe+3 solution. The final concentration of metals was 5 ppm Mg+2,

2.5 ppm Ca
+2

, 2.5 ppm K+ and 5 ppm Fe
+3

.

A blank was obtained in the manner described earlier (all reagents

but the test metals were added, then 500 mL of solution (the blank) was

removed). A test metal standard solution identical to the standard

described earlier except for the addition of Mg
+2

, Ca
+2

, K
+

, and Fe
+3

was also run on a column.

A pH study was carried out in which the 1 ppm CHM-metal test

solution was run at pH 4 and 8. pH 5.9 was studied earlier. The

solutions were prepared identically to the 1 ppm HM-metal test solution

at 5.9 except that the pH was adjusted to either 4 or 8. The blank and

test metal standard solutions were also identical to those previously

described except for the pH.

To study the effect of p on the % recovery of Cu, Ni, and Zn, 4 was

varied from 0.001 to 0.1. 5 M NaNO
3
was used to adjust p in each case.

The solutions were the same as for the 1 ppm CHM-metal test, blank, and

test metal standard solution except for the concentration of 5 M NaNO3

added (0.4 mL for p = 0.001 and 40 mL for p = 0.1). Exactly 40 mL less

of MPW was used for the p = 0.1 solution to compensate for the extra

volume of the NaNO
3

solution.

Controlled flow rate work was carried out using an Amicon 1-174A

column and a Pharmicia P-3 pump (Pharmacia 90626). Tubing used was

Pharmicia 3.1 mm i.d. P-3 "head" tubing, 3.0 mm i.d. Tygon tubing, and

0.5 i.d. mm Teflon tubing. The tygon tubing was used to carry the

sample into the "head tubing" and the Teflon tubing was used to carry

the sample into the column. Plastic fittings to couple the column and

tubing were obtained from Valve Plastics, Inc.
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All glassware, reagents, and solution preparation were identical

to those described earlier. A 1 ppm CHM-metal test solution at pH

5.9 was used for all runs.

To prepare the tubing and column, 750 mL of 2.5 M HNO3 was pumped

through the tubing and empty column at 6 mL /min. Next 1 L of water was

pumped through the system to remove the acid. The column was then

turned upside down and the resin was slurried into the column using a

Pipetman variable pipette. The pump was set up in the reverse flow mode

and resin was added as the column drained. The resin slowly packed

into the column without entrapping air bubbles in the resin. When the

column was full (about 8 mL of resin), the pump was quickly shut off,

the column was reassembled and the column was turned right side up.

The pump flow was returned to the forward direction, and 50 mL of MPW

was washed through the column. 50 mL of 2.5 M HNO3 was passed through

the system, followed by 50 mL of MPW, 50 mL of 2.0 M NH4OH and finally

50 mL of MPW. The sample was ready to be introduced at this point.

The 2 mL/min flow rate was set by adjusting the pump to setting 4.

The 6 mL/min flow corresponded to pump setting 10. 10 mL/min could be

achieved only by adding another "head tube" of 3.1 mm i.d. to the system.

A "T" was placed in the system before and after the head tubes; this

allowed for one tube to feed the head tubes and one tube to feed into

the column.

After a sample had passed through the column, 25 mL of MPW were

passed through the system followed by 25 mL of 1.0 M NH4Ac. After

25 mL of MPW were passed, the column was eluted with 2.5 M HNO3. The

eluent was not collected, until the acid caused the resin bed to begin
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contracting. Between each run, the resin was discarded and the initial

cleaning procedure was repeated, resin was reintroduced and purified

as described above.

Ion Selective Electrode (ISE)

The following stock solutions were used during the ISE analysis:

1 ppm Cu(II), 20 ppm RGHM and CHM, 0.4 M NI-140H, 0.2 M HNO3, and 5 M NaNO3.

The HM-Cu test solutions blanks, and Cu standards were prepared as indi-

cated in Table II. In all cases the final solution volume was 50 mL.

The above solutions were prepared in Pyrex or polyethylene beakers.

The MPW was dispensed from a 50 mL L/I repipet and all other solutions

were added with Eppendorf and volumetric pipets. The ionic strength of

the test and standard solutions for the ISE studies was 0.1 rather than

0.01 M used for IE and OF studies because of the need for a background

electrolyte. All solutions were adjusted to pH 5.9 unless stated

otherwise.

Measurements were carried out using a Lazar double junction SCE

reference electrode (0J146) and an Orion Cu ISE (Orion 94-29). The

electrodes were connected to a Chemtrix 60A pH meter which had a readout

resolution of 1 mV. An Analog Devices model AD 2008 DVM was connected

to the recorder outputs of the pH meter to give a 0.1 mV readout

resolution display. The electrodes were held by a Pope electrode

holder. For measurement of all solutions, a 1 inch magnetic bar was

placed in each beaker and the sample was stirred on a stirring plate

(Cenco 18851).

The measurement scheme was initiated using the following procedure.
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TABLE II. PREPARATION OF ISE SOLUTIONS

Volume of
1 ppm Cu Volume of
Standard 20 ppm HM Final Cu

HM Concen- Solution Volume of Stock Concentra-
tration Added MPW Added Solution tion
(ppm) (mL) (mL) Added (mL) (PO)

5 2.5 34.0 12.5 50

2.5 44.0 2.5 50

0.3 2.5 45.5 0.75 50

0.1 2.5 46.25 0.25 50

0 0.5 48.5 0 10

0 1.0 48.0 0 20

0 2.5 46.5 0 50

0 5.0 44.0 0 100

5 0 37.5 12.5 0

1 0 47.5 2.5 0

0.3 0 49.35 0.75 0

0.1 0 49.75 0.25 0



58

The 50 mL beaker containing the 10 ppb Cu standard solution was placed

on the magnetic stirrer and the stirring speed was set. This speed

was not changed for any of the other solutions measured. Both electrodes

were lowered into the solution and mV readings were taken at 100, 200,

and 400 s intervals. The time was measured using a Standard Time

Company S-10 timer. After 400 s, the electrodes were removed from the

solution and rinsed with MPW. The process was then repeated for the

20, 50, and 100 ppb Cu standards. The measurements of the HM standards

and blanks began at this point. The number of HM samples and blank

solutions of a given HM concentration that were measured varied, but

the most dilute HM samples were always measured first. When 3-4 5 ppm

HM solutions, 5-6 1 ppm solutions, or 10-15 0.3 or 0.1 ppm HM solutions

were measured, the response usually became sluggish and the set of

measurements was terminated.

As indicated in the Experimental section, HM poisoned the crystal

sensor of the ISE and caused sluggish and erratic response and drifts.

If only standard solutions are measured, the ISE can be used for a longer

period of time (at least a day) without problems. When the electrode

response became sluggish, the crystal surface was buffed to remove the

thin layer of the crystal that had become poisoned. The buffing was

carried out by rubbing the electrode tip in a circular manner for

approximately 1 minute with special buffing paper (Orion 1652). The

buffing would shift the absolute mV reading of a particular Cu(II)

solution, but the relative response to concentration (i.e. the calibration

slope) would remain the same. Thus, after the electrode was polished,

the standard solutions were measured again before additional HM-metal

test solutions or blank solutions were measured.
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For low HM solutions (0.1, 0.3 ppm), or for standards, the electrode

was fairly precise (at 20 ppb usually, + 6 mV) over a period of several

hours. From day to day, however, the absolute electrode response to a

given solution was somewhat different. The relative response was

usually close to Nernstian (21-29 mV experimental, 29 mV Nernstian).

The electrode crystal was photosensitive (175). A black cloth

was used to cover the electrodes and beaker during the day. At night,

the electrode was under constant radiation from the fluorescent lights,

and the cloth was not needed. After all measurements were completed, the

electrodes were left soaking in a 100 ppb Cu solution.

The major problems of the analysis were poisoning of the electrode

by HM and the electrode's photosensitive character. If these character-

istics were compensated for, then the use of the electrode caused little

problem. The drift was large for dilute solutions, but as long as all

measurements were taken after a set period of time, drift problems were

not serious.

An HP-25 Linear regression program was used to determine the

free Cu concentration for the 0.1, 0.3, and 1 ppm HM solutions. However,

the calibration curve (mV reading vs. log Cu(II) concentration) for the

electrode begins to curve around 10 ppb. The free Cu
+2

in the 5 ppm HM

50 ppb total Cu solution is around 10 ppb. Calibration curves were

constructed and used to determine free Cu around 10 ppb or below (see

Appendix I).

In addition to the change in % free Cu(II) vs. [HM] studies, several

other investigations were conducted. No N
i+2

and Zn
+2

were added to the

.+2original ISE test solutions. NI and Zn
+2

were added to some test



6o

solutions to verify that they had no effect on Cu
+2

or its complexation

by HM. The effect of Mg+2 , Ca
+2

, K
+

and Fe
+3

was studied as well as the

effect of the pH on the electrode and the electrode response to several

types of HM.

All of the studies mentioned above were carried out on either a

Cu standard or a 1 ppm HM-metal test solution. The preparation of either

standard or test solutions and the measurement procedure were identical

to that described above.

A 50 ppb Cu
+2

, NI
+2

, and Zn+2 standard and 1 ppm CHM-50 ppb Cu
+2

,

NI
+2

, and Zn+2 test metal solution were made as described in Table II

except 2.5 mL of the 1 ppm Cu
+2

, NI
+2

, and Zn
+2

composite standard

solution was used instead of 2.5 mL of the 1 ppm Cu
+2

standard solution.

The effect of Mg
+2

, Ca
+2

, K
+

and Fe
+3

was investigated both with

and without CHM added. Mg
+2

, Ca
+2

, and K
+
were added to a 50 ppb Cu

+2

standard solution and a 1 ppm CHM-50 ppb total Cu solution by substituting

0.25 mL of the 1000 ppm Mg
+2

and 500 ppm Cu
+2

and K
+

composite stock

solution for 0.25 mL of MPW in the procedure outlined in Table II. The

final concentration of each metal was 5 ppm Mg
+2

and 2.5 ppm Ca
+2

and K.

In a similar manner, 0.25 mL of the 1000 Fe
+3

stock solution was added

to produce a 50 ppb Cu
+2

and 5 ppm Fe
+3

standard solution and a 1 ppm

CHM, 50 ppb total Cu, and 5 ppm Fe
+3

test metal solution. Similar

solutions were prepared with lower concentrations of Fe
+3

.

The signals from 50 ppb Cu
+2

standards and 1 ppm HM-50 ppb total

Cu test solutions were compared at pH 4, 5.9, and 8. These solutions

were prepared as described in Table II, but the pH was adjusted to 4 and

8 for some solutions. Four different HMs were used including the
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GHM and CHM materials used in all previous studies. In addition, a

20 ppm stock solution of other commercial HM (Aldrich HM 675-2) and

a 20 ppm stock solution of another XAD-8 extracted HM (obtained from

Dr. Malcolm) were prepared and used with the same procedures described

for CHM and RGHM. The HM-Cu test solutions also contained 50 ppb

Zn
+2

and NI
+2

.

Ultrafiltration--Atomic Absorption (UF-AA)

The following solutions were used during the ultrafiltration

(UF) experiments: 1 ppm Cu, Ni, and Zn stock solutions, 20 ppm RGHM and

CHM, 5 M NaNO3, 0.4 M NH
4
OH, and 0.25 M HNO

3.
The equipment utilized

consisted of an Amicon 202 200 mL UF cell, Amicon PM10 membrane filter

paper with a MW cutoff of 10,000, a prepurified N2 tank with a 2 stage

regulator, a magnetic stirrer (Cenco 18851), 3/8 in Tygon tubing, 500 mL

Pyrex Erlenmeyer flasks, and a Varian AA-6 atomic absorption spectro-

meter equipped with a Varian model 63 carbon rod atomizer. The output

spout of the UF cell was connected with the Tygon tubing to the Erlenmeyer

receiving flask.

The experiment was initiated by placing the PM10.paper over the

frit at the bottom of the cell and then placing the sample chamber on

top. The cell, filter paper, tubing, and receiving vessel were cleaned

by adding 200 ml of pH 2 MPW (pH adjusted with 2.5 M HNO3). The lid was

clamped on top of the cell, the regulator pressure was adjusted to

60 lbs/in
2

, and then the magnetic stirrer was turned on. After all the

pH 2 MPW had passed through the cell, the cell was refilled with 200 mL

of MPW which was then passed through the membrane filter. This cleaning
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procedure removed the glycerin in which the OF filters are packed and

any metal contamination on surfaces.

Sample preparation was carried out as described in Table III

below. All solutions were diluted to 200 mL and adjusted to pH 5.9.

The 1 ppb Cu, Ni, and Zn stock solutions were introduced using a

Pipetman variable pipet (Gilson P 5000) set at 2.67 mL. Blank

solutions were prepared in an .identical manner except no metal stock

solution was added.

TABLE III. PREPARATION OF OF -AA SOLUTIONS

Volume of
1 ppm Cu,
Ni, Zn Final Metal

Concentra- Stock Volume of Volume of Concentra-
tion of HM
in Sample

Solution
Added

5M, NaNO3
Added

20 ppm HM
Stock Added

tion, Cu,
Ni, or Zn

(ppm) (mL) (mL) (mL) (ppb)

5 2.67 0.5 50 13.3

1 2.67 0.5 10 13.3

0.3 2.67 0.5 3 13.3

0.1 2.67 0.5 1 13.3

After the cell and PM10 membrane has been prepared as described

above, the 200 mL of HM-metal test solution was introduced into the cell

and filtered as described for the cleaning solutions. The flow rate

was extremely fast (75 mL/min) at N2 pressure of 60 psi. The sample

volume was not critical because the concentration of the metals was

measured in the original sample and in the effluent. The volume

filtered did not change the concentration of metals in the effluent.
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The effluent was not preserved with acid, as it was analyzed by

carbon rod AA within an hour. It is critical to analyze the effluent as

soon as possible because the concentration of metal ions is low, and

metals could be lost on the walls of the beaker.

The carbon rod analysis of the sample was carried out using the

instrumental conditions listed in Table IV. For all measurements, the

spectral bandpass was 0.2 nm. The N
2

flow was set at 4.52 L/min and

the peak heights were measured. The samples were injected into the

rod with a 5 pL Eppendorf pipet.

TABLE IV. CARBON ROD SETTINGS

Parameter Ni Zn

Dry time (s) 35 35 35

Dry voltage setting 5 5 5

Ash time (s) 25 25 25

Ash voltage setting 5 5 5

Atomize time (s) 3.5 3.5 3.5

Atomize, voltage setting 7.5 7.7 4

Wavelength (nm) 324.7 232.0 213.8

PMT voltage (V) 345 428 432

Lamp current (mA) 3 5 5

Metal standard solutions of 1, 3, 4, 10 ppb were prepared from

the 1 ppm composite metal stock solutions. The carbon rod AA calibra-

tions plots for Cu, Ni, Zn are shown in Appendix I. To better match
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the sample and standard, an aliquot of the sample was not filtered,

but was kept. This aliquot became the standard. The absorbance of the

effluent was compared to the absorbance of this standard, to determine

the % recovery. Using this ratio method was justified because the

calibration curves are linear in the 1-10 ppb regions.

The effects of pH on the retention of metals and of HM metal

complexes on the PM10 paper were studied at pH 4 and 8. A metal solu-

tion identical to the HM metal test solution was made except that no

HM was added. This solution was passed through the PM10 paper. The

effluent was compared to the sample to determine the loss of metal

caused by the membrane.

The pH of a 1 ppm CHM-metal test solution was adjusted to 4 or 8

instead of pH 5.9 for several solutions. The preparation of the solu-

tions was identical to the 1 ppm CHM-metal test solution listed in

Table III except for the adjustment of final pH. The solutions were

passed through the paper and the effluent was analyzed along with the

sample by carbon rod AA to determine the amount of metal humates

retained by the paper.

The effect of Mg
+2

, Ca
+2

, K
+

and Fe
+3

on the retention of metal

humate complexes on the PM10 membrane was studied. A 1 ppm CHM-metal

test solution was prepared exactly as described in Table III except

that 1 mL each of the 1000 ppm Ca
+2

and 500 ppm Mg
+2

and K
+

stock

solution and 1000 ppm Fe
+3

stock solution were added to the 200 mL

volumetric flask. This yielded a total concentration of 5 ppm Mg+
2

and

+
Fe

3
and 2.5 ppm Ca

+2
and K

+
. This solution was passed through the PM10

membrane and analyzed as described above.
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Preliminary experiments were conducted with PM10, UM10, UM05,

and DM5 membrane filters to evaluate if the filters retained uncomplexed

Cu +2. Guy and Chakabarti and Amicon's membrane selection guide indicated

that some of the filters had ionic sites which could retain metals

(177-181). For these studies, the procedure was identical to the

procedure described above for HM-metal test solutions except no HM was

added. A filter was deemed satisfactory if the concentration of Cu in

the effluent was the same as in the original test metal solutions.

Some of the filters (e.g. UM10, UM05) also had the disadvantage that

the flow rate was quite slow (e.g. 2 mL/min).

Analysis of Willamette River Water Sample

On June 28 and 29, 1979, 6 and 7 L, respectively, of Willamette

River water were collected in polyethylene bottles, The water was taken

from the east side of the Willamette River behind the U.S. Post Office

in Corvallis, OR. Three 2 L bottles and one 1 L bottle were soaked

with 2.5 M HNO
3

12 hours before use. They were drained of acid and

washed five times with MPW. Five mL of concentrated HNO were added

to a 1 L bottle while no acid was added to the three 2 L bottles. The

acid ideally prevented metal loss on the sides of the container. The

water in the 2 L bottles was used for speciation studies and hence

could not be acid preserved. The water in the 1 L bottle was used as

a check for total metals and this sample was only taken on June 29.

Collection was carried out by lowering the mouth of the bottle

under water and allowing the water to fill the entire volume of the

bottle. The bottles were brought immediately to the laboratory for

analysis.
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The pH of each 2 L bottle was taken immediately with the procedures

described previously in the Experimental section. 500 mL from one bottle

was transferred to a 500 mL Erlenmeyer flask. This aliquot and the 1 L

acid preserved sample were immediately analyzed for Cu, Ni, Zn by

carbon rod AA with the procedures described in the UF-AA section to

check for metal loss.

The June 28 sample was not filtered through a 0.45 pm filter.

About 2.5 L of the July 29th sample was taken from the three 2 L

bottles and filtered through a 0.45 pm Millipore filter. The Millipore

filters were found to be heavily contaminated with metals, and the two

papers used were washed with 1 L of 2.5 M HNO
3
and 1 L of MPW.

Washing was accomplished by introducing the solution into the assembled

apparatus. The washing eliminated Cu and Zn, but not Ni contamination.

An aliquot of the filtered and unfiltered samples were analyzed

for Cu
+2

by ISE. Exactly 49 mL of sample was placed into a 50 mL

polyethylene beaker and 1 mL of 5 M NaNO
3
was added. Measurements

were made as described in the ISE section.

An Amicon PM10 UF membrane was used to test the 500 mL aliquot for

retention of Cu, Ni, or Zn complexes. About 200 mL of the June 28th

unfiltered sample were passed through the UF cell after the cell had

been prepared as described in the UF-AA section. The effluent was

analyzed for Cu, Zn, and Ni by carbon rod AA within 30 minutes. UF

analysis was not carried out on the filtered sample, as the 0.45 tim

filter would not remove any more material than the PM10 UF membrane.

Two sets of IE-AA measurements were carried out. Three columns

were used for three 1 L aliquots of the unfiltered June 28th sample
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and two columns were used for two 1 L aliquots of the filtered

June 29th sample. A 13.3 ppb Cu
+2

, Ni
+2

, and Zn
+2

standard was run

through another column at pH 7.4 (the pH of the sample). Preparation

of the standards and columns, elution, and flame AA analysis were as

previously described in the IE-AA section.

Purification of Humic Material

The humic material (HM) used during my research project was

isolated and purified at the USGS laboratory in Lakewood, Colorado.

The lab is under the supervision of Dr. R. L. Malcolm, who was most

helpful in all phases of the HM purification. The procedure used

follows the preparation developed by Thurman et al (45). The entire

process was continued from June 8 to June 18, 1978. I was the only

direct worker on the project. However, I consulted with M. Thurman

and P. Avirey during the course of this project.

On June 8, 1978 the water sample was obtained from Dillon Lake

about 60 miles northeast of Denver. An old road leads into Dillon Lake

and the USGS mobile lab was parked next to the water on this roadway.

Ten 12 gallon jugs (all prewashed in concentrated HNO3) were filled by

immersing them in the water one foot below the surface and letting them

fill. (This was done after the jugs were rinsed with a little lake

water.) They were removed from the water by a handtruck, capped with

Al foil lined stoppers and then stored in the truck. The water had

a greenish brown color to it. There was some 'large" debris in the

jug such as small bits of leaves and some detrital matter. The water

pH was 6-6.2 by pH paper,
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The color of the water was somewhat of a concern to Dr. Malcolm

and Mike Thurman. They felt that the color was due to inorganic

suspended solids and not from organic matter. The suspended solids

could have been stirred up from spring runoff. It was decided to

prefilter approximately 48 L of the sample and preconcentrate it.

The rest of the 480 L sample was put directly onto the 1.2 L XAD-8

preconcentration column.

The 48 L "prefiltered" sample was divided into three 16 L

portions which were simultaneously filtered through three Millipore

filtration systems which were set up using a 0.45 pm silver filter.

The 0.45 pm silver filters were used because paper filters are

possible sources of organic contamination. The filter paper does

introduce silver into the water sample (199). The filter was sand-

wiched between the top and bottom half of the mounting plates. The

bolts were tightened alternately to prevent crimping of the paper

in one spot.

The outflow of the filter assembly was collected through a

Tygon tube into a five gallon carboy. (Two 5 gallon carboys were used

for three Millipore setups.) The carboys were kept in ice baths for

the most part to limit bacterial growth.

The sample tanks used were of two types. Two of the three 4 L.

tanks were free standing reservoir types and the third reservoir was a

part of the top mounting plate of the filter holder. They were kept

filled by periodic addition of sample. It did not hurt if the

reservoirs went "dry".

After placing the samples in the sample tanks, N2 tanks with regu-



69

lators were hooked up to the reservoirs. The samples were then ready

to filter. The pressure on each of the three N
2

tanks was adjusted

40-60 lbs/sq in per line. At first the flow rate was extremely fast,

but as the sample's sediment particles began to clog the pores of

the filter, the flow rate slowed to a trickle in a very few minutes.

It took 40 hrs to filter 48 L. The pH of the filtered water was still

6.2 with pH paper.

When all 12 gallons of the prefiltered sample was ready, preconcen-

tration of the HM began using a 1.2 L Glenco Column (3500 series). The

column was filled with XAD-8 which is a macroreticular non-ionic Amber-

lite resin produced by Romm and Hass.

The resin was exhaustively cleaned with methanol, ethyl ether,

acetronitrile, and methanol (45). The resin was rinsed with distilled

water and slowly poured into the column. The XAD-8 was then rinsed

with approximately 1 L each of 0.1 M NaOH, 0.1 M HC1, 0.1 M NaOH, 0.1

M HC1, and then distilled water was passed through the column overnight

at approximately 25 mL/min using a Pharmacia P-3 pump. Four or five

bed volumes (1.2 L in this case) is usually sufficient for this rinse.

The column was again rinsed with approximately 1 L of 0.1 M NaOH,

0.1 M HC1 and then 0.1 M HC1 was left in the column. The column was

ready for use at this point. The pH of the effluent with the 0.1 M HC1

rinse should be about 2, although this was not checked.

Approximately 25 mL of 12 M HClwere added to the prefiltered

sample until its pH was 2 (pH paper check). This puts the hydrophobic

acids into their unionized (and therefore hydrophobic) forms. With the

pH at 2, the sample was ready to be introduced onto the column.



70

Before the description of the initial preconcentration is developed,

it is important to look at two parameters: sample size and elution

volume. A brief discussion of these two important variables will indi-

cate how the various sample sizes and elution volumes were chosen for

all steps in the preconcentration of the HM.

The sample size in the use of XAD-8 is critical because Thurman

et al (200) showed that bleeding of hydrophobic acids occurred even at

dilute concentrations if the sample size is too large. They empirically

derived an equation unique for XAD-8 that would allow anyone to use the

reverse phase resin without bleeding of the sample. This equation

provides a guideline value, and predicts the maximum sample volume that

could be used without bleeding.

Thurman found the following relationship for XAD-8 resins:

X = k'Y/6

where X = sample volume, mL

mass sample on resin
k' mass sample in mobile phase

Y = bed volume of XAD-8, mL (3)

The value of k' can be determined from log solubility vs. log k plots

(k = 1 /k') (200) or from a list of standard compounds resembling the

compound of interest. For HM, k' = 1000 at pH 2 (201). For the 1.2 L

columns employed, Y = 1.2 L. So from Equation 3 the maximum allowable

sample is 200 L.

Elution volume is also important because the smaller the volume with

which the solute is eluted from the column, the greater the concentration

factor obtained. The elution volume chosen followed the relationship (63):
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V
e

= V
v

(1 + k')

where V
e
= elution volume, mL

V
v

= void volume, mL

When the'eluent is at pH 13 (0.1 M NaOH), k' 2 (201). The void

volume can be assumed to be 40% of the bed volume (63), or 480 mL for

the 1.2 L column used. Thus, the elution volume should be above 1.4 L.

The filtered sample was left in the 5 gallon carboys and a special

Cole Parmer tube was placed in one carboy. The tube ran through the

head (7015) of a Cole Palmer Masterflex pump. The tube was then attached

to the top of the 1.2 L column. The flow rate was initially 25 mL/min.

This flow rate was well below the maximum allowed, since a good rule of

thumb is to have the flow rate not exceed 10 bed volumes/hr. Therefore,

2 L/min could pass through this particular column. The flow was later

set to 100 mL/min and at last to 140 mL/min. These flows were set for

convenience. The entire 48 L filtered sample was allowed to pass through

the column. This is well below the safe bleeding limit of 200 L.

The elution process was begun by moving the Tygon tube from the

sample to a 0.1 M NaOH solution in a 1 gallon carboy. The first 400 mL

were discarded as 400 mL is slightly less than the void volume. The

next 1.85 L of eluent were kept which is slightly larger than the

calculated elution volume.

The next step in the purification process was the preconcentration

of the remaining 432 L of the sample, which will be called the post

filtered fraction because it was not filtered prior to the introduction

onto the column. The first few centimeters of the column acted like a

filter that removed a large fraction of the suspended material. These
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first few centimeters of resin and the "sludge" were removed after each

elution to prevent an eventual blockage of flow. This "column filtering"

technique saved a great deal of time as the 432 L of sample would have

taken a week to filter using the Millipore apparatus.

The remaining nine 48 L jugs were adjusted to pH 2 using concen-

trated HC1. The column was not regenerated between runs by 1.0 M HC1,

but by the sample itself. A few hundred mL of the sample needed to

bring the eluent pH to 2 was not a large volume relative to the rest of

the sample. Therefore, the sample could be introduced onto the column

immediately after the elution with 0.1 M NaOH. The same column and

resin used for the prefiltered fraction was used for the post filtered

fraction.

The post filtered fraction was introduced onto the column in the

same manner as the previous prefiltered fraction. The initial flow

rate was set at 200 mL/min. The 98 L of sample that were allowed to

pass through the columnwere less than the maximum safe sample volume.

The first part of the unfiltered sample fraction was eluted in much

the same as the prefiltered fraction. The first 400 mL of effluent were

discarded after introduction of 0.1 M NaOH. The next 2.6 L were kept

(one liter more than necessary; this was an oversight). The HM tints

the column beads brown, and appeared as streaks on the column. Spreading

was bad because of a nonuniform packing and various bead sizes. As

elution progressed, the brown colored material moved down the column.

After elution, the Tygon tubing was placed back into the sample

jug, and the second part of the post filtered fraction (185 L) was

passed through the column at approximately 200 mL/min. The elution of



73

this fraction was carried out as before, and 1.6 L were kept. After

elution, the top 2 cm of the resin were removed (it is very important

to remove these beads after elution, or beads with HM sorbed on them

would be removed).

The last 140 L of the post filtered fraction was introduced onto

the column at 200 mL/min and eluted in a similar manner. 2.2 L of

eluent was kept (again more than needed).

At this point, there were two concentrated sample fractions:

1850 mL from the prefiltered 48 L fraction and 6.4 L from the 432 L

of post filtered fraction. Both had been run through the same column.

The post filtered concentrate (6.4 L) was filtered before it was

concentrated further. It took much less time to filter the 6.4 L

concentrate instead of the 432 L initial fraction. The filtering of

the post filtered concentrate was done with the same Millipore apparatus

as described earlier. The 6.4 L was filtered overnight and was ready

for further concentration the next morning. The filtering of both

fractions was important because very fine clay particles can carry

through the whole procedure and end up being freeze dried with the HM

This would give high ash content and less reactive organic material

per milligram.

The next concentration step was carried out using a 25 mL Glenco

column for the 1850 mL prefiltered concentrate and a 250 mL Glenco

column for the 6.4 L post filtered concentrate. Resin for each column

was obtained from the larger 1.2 L prep column used in the initial

preconcentration of both samples.

The resin in each of the columns was washed with 2 bed volumes
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of 0.1 M HCI, 0.1 M NaOH, and 0.1 M HCI. When the pH of the eluent

was 2, the column had been "purged" of NaOH.

Both aliquots of the sample were at pH 13, since they were eluted

with 0.1 M NaOH. The aliquots were adjusted to pH 2 with concentrated

HCI and then introduced onto their respective columns. The 25 mL

column was hooked in series with a Pharmacia pump, and the 250 mL

column was used in series with the same Cole Parmer Masterflex Pump

used earlier. The flow rate of the 250 mL column was set at 250 mL/min,

and the flow rate of the smaller column was set at 3 mL /min. Using

Equation 3, and k' = 1000, the 25 mL column could isolate 4.2 L without

significant bleeding. Similarly, 42 L of sample could pass through

the 250 mL column without bleeding. Since only 1.8 L and 6.4 L were

passed on the respective columns, there was no concern about bleeding.

When the 1850 mL fraction had passed through the 25 mL column,

0.1 M NaOH was introduced onto the column. The first 5 mL were dis-

carded, and the next 40 mL of the prefiltered concentrate were kept.

The 6.4 L fraction was introduced onto the column, and, after it had

been passed through the column, the elution was carried out with

0.1 M NaOH as before. The first 160 mL were discarded and the next 685

mL were kept. From Equation 4, the 25 mL column needed 30 mL for

complete elution and the 250 mL column needed 400 mL for complete

elution.

After the sample had been concentrated, the removal of the sodium

by ion exchange was the next step. A strong acid ion exchange resin

(Amberlite IR-120) in the H+ form was chosen. Most of the sodium in

the sample is from the 0.1 M NaOH in the eluent. Enough resin was used
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to give a column with roughly one and a half the exchange sites needed

to remove all the sodium in the 0.1 M NaOH and the sodium in the HM.

Thurman indicated that the amount of Na in the HM was insignificant

relative to the Na concentration due to the 0.1 M NaOH. Therefore,

the Na from the HM was not considered in any calculations. When the

eluent had been exchanged, the resulting HM was in the H+ form.

The procedure used for the prefiltered fraction (40 mL) and the

post filtered (685 mL) fraction of the sample was basically the same.

A 25 mL Glenco column was used for the 40 mL fraction and a 500 mL

Glenco column was used for the larger post filtered fraction.

Amberlite IR-120 has an exchange capacity of 1.9 x 10-3 eq/ml.

About 4 x 10 -3 eq of Na are present in the 40 mL, and 6.9 x 10
-1

eq of

Na are present in the 685 mL sample. The 25 mL and 500 mL column had

exchange capacities of 4.7 x 10
-2

eq of Na and 9.5 x 10
-1

equivalents,

respectively. The excess of resin in both cases was enough to insure

removal of Na from the solution.

The DOC (dissolved organic carbon) of the column effluent was

taken using a Beckman 915 carbon analyzer and a 215A IR detector to

assure that no organic material was coming off of the resin. The IR

120 resin can be a source of serious organic contamination. DOC

analysis indicated that 20 bed volumes of deionized water at 10 bed

vol./hr was sufficient washing to remove all of the extractable organic

matter from the resin so that both columns were ready for use.

Note that the IE procedure results in a dilution of the sample

fractions. The effluent was collected since this is the fraction of in-

terest in this case. When any humic purification work is undertaken,
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this diluting step should be considered carefully in terms of final

volume.

After the resin was readied for use, the sample was introduced onto

the column. One void volume (for the 25 mL column and for the 500 mL

column) was discarded and the rest of the effluent was collected. After

the sample was passed through the column at a flow rate of 10 bed vol/hr,

at least one void volume of deionized water was introduced onto each

column to remove the interstitial sample. The final volume of the step

for the prefiltered fraction was 56 mL; the final volume of the post

filtered fraction was 1360 mL.

The freeze drying process was carried out using a Virtris freeze

dryer. The basic procedure used is outlined briefly below.

The protonated sample was ready for freeze drying. 500 mL freeze

drying flasks were used. The methanol-dry ice reservoir was filled

with both chemicals and allowed to set for a few minutes. The flasks were

then dipped into the reservoir for about one minute. About 75 mLs of the

sample was then poured into the chilled flask and the flask was quickly

rotated. More sample was added in roughly 50-75 mL aliquots until 460

mL of the sample was frozen around the inside surface of flask. It is

important that the frozen sample be evenly distributed around the flask.

After the flask was filled and the sample frozen properly, the

flask was dipped into the methanol-dry ice reservoir for about a minute.

The flask top was then carefully placed on the flask and the complete

assembly was attached to one vacuum outlet. A vacu,im was slowly intro-

duced into the flask, and the flask was left for about 24 hours. The

freeze drying was complete when a fine brown flakey material settled
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in the bottom of the flask. This was the "reagent grade" HM.

The above procedure was repeated four times using new flasks until

the entire amount of both fractions had been set up for freeze drying.

The results of some 160 hours of work were fairly successful.

0.3477 g of the post filtered fraction and 0.044 g of the prefiltered

HM was obtained. The HM material obtained from the 432 L fraction was

8.5 times as large from the 48 L fraction, which is close to the volume

ratio of 9.0. The post filtered portion of the sample appeared darker

than the prefiltered sample. The freeze drying step will yield a darker

HM the greater the total mass of HM in a given flask. The prefiltered

sample was "spread out" into more flasks per volume than the eluent

filtered. This probably caused the color difference.

To ascertain the amount of metals contained in RGHM and CHM, a wet

digestion was carried out. To digest the materials, 4.9 mg RGHM and

3.8 mg CHM were placed in separate 30 mL beakers. About 5 mL concen-

trated H2SO4 (Baker 2876) and 3 mL MPW were added to each beaker. Both

materials were fumed to dryness on a hot plate. 5 mL concentrated

HNO
3

(Baker 39601) and 3 mL MPW were added to each beaker after they had

cooled. The beakers were again heated until the solutions were a clear

brown color. The beakers were removed from the hot plate and cooled.

About 5 mL of 30% H20
2

(Mallinckrodt #5240) and 5 mL of MPW were added

to the beakers. The solution was boiled down to approximately 5 mL

and then cooled.

The two beakers were washed quantitatively into 25 mL volumetric

flasks. These two digests were then analyzed on an ARL 136 plasma unit

at the Corvallis Environmental Protection Agency by Ray Titus. The
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weight % Fe and Al were determined for both samples.

The CHM sample was also analyzed for Na by AA. Standards were

prepared from a 1000 ppm NaC1 stock solution (2.54 g NaCI(Amachem

55270 RGT) per L). 1, 2, 6 ppm standards were prepared by diluting the

stock solution. Measurements were made on the Varian AA-6 as previously

described in the IE-AA section except the analysis wavelength was 589.0

nm and the lamp current was 3 pA. The concentration of Na in the

digest solution was determined, and the weight % of Na in CHM was

calculated.

The RGHM had been ion exchanged to remove Na from the material,

and was not analyzed for N
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The three techniques, IE-AA, ISE, and OF -AA were all used for a

variety of studies on synthetic laboratory water samples and a Willamette

River water sample. The results obtained with each technique will be

discussed separately, and then they will be compared. The analysis of

RGHM and CHM for metal content will also be reported.

IE-AA

IE-AA was used to determine the ability of Chelex 100 to separate

free metal from humic-metal complexes. The resin ideally retains only

the free metal and does not sequester the metal from the complex. The

humic-metal complex ideally passes through the column, and the column is

later eluted to determine the free metal content in the original sample.

The difference between the total metal concentration and free metal

concentration yields the concentration of the humic-metal complex

fraction. The total metal concentration is known for synthetic solutions

and can be measured by AA in real samples. CHM and RGHM were both

tested to determine their ability to complex with Cu, Ni, and Zn.

Various HM concentrations were tested to evaluate the effect of HM con-

centration on the amount of free metal in the system. The effects of

the pH of the sample, the ionic strength of the sample, the presence

of concomitant cations in the sample, and sample flow through the

column were investigated.

Since the HM concentration in many rivers and lakes is 1-5 ppm (40),
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it is important to ascertain how the metals act when they are being

extracted with Chelex 100 in the presence of HM. Due to the complexity

of a natural system, a laboratory synthetic sample where the total

concentration of all constituents is known was used to simplify

laboratory investigations.

The purpose of the study is twofold: to evaluate if HM signifi-

cantly complexes metals at environmental levels of both HM and metals

and to evaluate if the resin could be used to determine how much of the

metal is complexed by the HM. By using inexpensive gravity feed

columns, the possibility of using these techniques in the field is also

a consideration.

Various concentrations of both CHM and RGHM were used to determine

their effect in the % recovery (% free metal) of Cu, Ni, and Zn.

Tables V-VII and Figures 3 and 4 summarize the results. The concentra-

tion axis is logarithmic in Figures 3 and 4 and all subsequent figures

with a HM concentration axis to spread out the data points.

Figure 3 shows that the RGHM causes a large drop in recovery of Cu

and Ni as the concentration of HM increases. Thus, Cu and Ni are

strongly complexed by the HM, while the Zn is not. Copper is somewhat

more complexed than Ni. These results are in qualitative agreement

with Schnitzer's work with soil FA (202). Baham (203) and Van Dijk (48)

find that Cu is much more strongly complexed than Ni or Zn by FA and HM,

respectively.

The CHM data (see Figure 4) exhibit a similar pattern to RGHM for

the three metals. The percent complexed metal vs. HM concentration for

the two types of HM agrees best for Zn but is reasonably close for Ni

and Cu.
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TABLE V. PERCENT RECOVERY OF Cu VERSUS RGHM AND CHM
CONCENTRATION WITH IE-AAa

NM Concentration

(PPm) 0.1 0.3 1.0 5.0

93 80 30 15

3 3 18 16

RGHM

n 4, 3 6 5

RSE 2 2 24 15

89 89 42 18

4 4 8 5
CHM

n 5 3 7 6

RSE 2 3 7 12

a
= mean percent recovery; s = standard deviation of recovery

in percent; n = number of measurements (each measurement is
mean from typically 3 column runs); RSE = relative standard
error in percent (100s)(0W)); total Cu+2 , Ni and Zn+2

concentrations at 13.3 ppb level; pH = 5.9; p = 0.01.
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TABLE VI. PERCENT RECOVERY ON Ni VERSUS RGHM AND CHM
CONCENTRATION WITH IE-AAa

HM Concentration

(PPm) 0.1 0.3 1.0 5.0

97 84 61 20

4 3 3 9

RGHM

n 4 3 6 5

RSE 2 2 2 20

97 82 66 28

3 6 10 7

CHM

n 5 3 8 5

RSE 1 4 5 12

aSame conditions as specified in Table V.
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TABLE VII. PERCENT RECOVERY OF Zn VERSUS RGHM AND CHM
CONCENTRATION WITH IE-AAa

HM Concentration

(PPm) 0.1 0.3 1.0 5.0

X 97 96 99 93

s 6 6 4 10

RGHM

n 4 . 3 6 4

RSE 3 2 2 6

95 96 95 88

5 1 12 9

CHM

5 3 8 6

RSE 2 1 5 4

a
Same conditions as specified in Table V.
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Figure 3. Dependence of Percent Recovery on
RGHM Concentration with IE-AA.

Total Metal Concentration 13.3 ppb
for Cu, Ni, and Zn; pH = 5.9;
= 0.01.
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Figure 4. Dependence of Percent Recovery on
CHM Concentration with IE-AA.

Total Metal Concentration: 13.3 ppb
for Cu, Ni, and Zn; pH = 5.9;
P = 0.01.
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It was mentioned earlier that there may be problems in the use of

Chelex 100 as an indicator of complexed species. It is apparent from

the relative standard errors (RSE) listed in Tables V and VI that the

precision of this technique is not good at high HM concentrations, with

the worst precision at the 5 ppm level for both HM's. This precision

problem is not unexpected. As the concentration of the HM becomes

greater, the competition between the resin and HM becomes more evident.

Small changes in column behavior can cause perturbations of this

competition, and therefore cause large differences in the results.

The fact that the precision is poorer at high levels of HM indicates

that this technique is subject to problems both for total metal analysis

of an undigested sample and of a complexed metal determination in a

speciation study. At lower HM concentrations, the precision is much

better.

The precision of the IE technique for free metal study is not the

problem here. Table VIII shows the mean and precision of recoveries

for Cu, Ni, and Zn in standard solutions. In general, the precision

between the recoveries of three columns on one day was better than the

precision between runs of the same type of solution on different days.

Figura and McDuffle have studied the use of Chelex 100 to determine

the fraction of free metals in solutions containing HM and found that

roughly 50% of the Cu in their system (50 ppb total Cu) was free at

3.5 ppm HA (121). This is lower than observed in this work. Use of a

tris buffer in their work is a probable reason for a lower retention on

the resin since the buffer complexes Cu (6). Also, in their work a pH

of 7.8 rather than 5.9 was used which should have resulted in
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TABLE VIII. PERCENT RECOVERY OF Cu, Ni, AND
Zn STANDARDS WITH IE-AAa

Experiment
Number

Element
Ni Zn

1 100(0) loo(o) 102(3)

100(0) 100(0) 103(0)

3 100(3) 100(3) 105(4)

a
RSD given in parenthesis; reported percent
recovery for each experiment is mean from 3
runs (columns); all metal ion concentrations
at 10.0 ppb level; pH = 5.9; p = 0.01.
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TABLE IX. PERCENT FREE METAL VERSUS pH WITH
IE-AA, ISE, AND UF-AAa

Element Technique
pH

4.0 5.9 8.0

Cu

IE-AA

ISE

83(2)

87(2)

42(7)

69(2)

33(9)

21(1)

UF-AA .98(1) 31(9) 35(9)

IE-AA 98(3) 66(5) 76(12)

Ni

UF-AA 97(2) 100(3) 67(13)

IE-AA 98(0) 95(5) 43(14)

Zn

UF-AA 108(1) 104(4) 97(5)

aRelative standard error given in parenthesis;
total Cu, Ni, and Zn concentration 13.3 ppb for
IE-AA and UF; total Cu concentration 50 ppb for
ISE; p = 0.01 for IE-AA and UF-AA; p = 0.1 for
ISE; n = 2 for all pH 4 and 8 measurements;
n values for pH 5.9 in Tables V-VII for IE-AA,

Table XIV for ISE, and Tables XV-XVII for UF-AA;
CHM at 1 ppm.
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Figure 5. Dependence Percent Recovery on pH with IE-AA.

Total Metal Concentration: 13.3 ppb for Cu,
Ni, and Zn; p = 0.01; CHM concentration: 1 ppm.
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a higher degree of complexation (see below). The agreement between

the data in this thesis and Figura and McDuffle's work is best for Zn

where little complexation is evident. Figura and McDuffle also used a

different CHM (Aldrich) which would contribute to differences observed.

It is very difficult to compare the data in various papers on

HM-metal interactions because there are a large numberof variables that

could differ between experiments. When work by different authors is

compared, the possible differences in HM, pH, solution matrix, and

experimental technique used to measure % complexation or complexation

strength may cause a difference in results.

The pH is a very important variable in speciation studies particu-

larly when the ligands are weak acids like HA and FA. A pH study was

carried out using 1 ppm CHM-metal test solution at pH 4, 5.9, 8 at a

constant u of 0.01. The results of the pH study are shown in Figure

5 and Table IX. As the pH increases, the amount of free metal decreases.

These results are not unexpected since at higher pH values a larger

fraction of the HM is ionized and capable of chelating with trace

metals. The apparent increase in free Ni between pH 5.9 and 8 is

within experimental error. The formation of hydroxides of Cu, Ni, and

Zn at pH 8 could be important and could effect the retention of metals.

However, the retention of standards was 100% at all pHs.

The effect of ionic strength on the % recovery of Cu, Ni, and Zn

is shown in Figure 6 and Table X. For an estuary, u = 0.1 during part

of its tidal cycle (26). Malcolm indicates that HM should still be able

to complex transition metals at this salinity (26). The results of this

study show a steady increase in free metal with increasing ionic



TABLE X. PERCENT RECOVERY OF Cu, Ni, AND Zn
VERSUS p WITH IE-AAa

Element Ionic Strength
0.001 0.01 0.1

Cu 32(31) 42(7) 84(19)

Ni 53(5) 66(5) 93(3)

Zn 54(17) 95(5) 102(5)

a
Relative standard error in parenthesis; Cu, Ni,
and Zn concentration at 13.3 ppb; CHM concen-
tration 1 ppm; pH 5.9; reported percent recov-
ery is mean from n measurements where each
measurement is mean from typically 3 column
runs; n = 2 for p = 0.001 and 0.1; n = 7 for

Cu and p = 0.01; n = 8 for Ni and Zn and
p = 0.01.
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Figure 6. Dependence of Percent Recovery of
Ionic Strength with IE-AA.

Total metal concentration: 13.3 ppb
for Cu, Ni, and Zn; pH 5.9; CHM
Concentration: I ppm.
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strength. This seems to indicate that the transition metals complexed

by HM are being displaced by Na+ or the ability of HM to complex metals

is dependent on ionic strength. NO3 does not favor a strong ion pair

-
with Cu

+2
, Ni

+2
, or Zn

+2
so it is not likely that NO

3
is sequestering

the metal from the HM. Figure 6 indicates that Zn is displaced first,

followed by Ni, and lastly Cu. This order of displacement is in agree-

ment with Schnitzer's work in which KC1 was used to adjust p, and in

agreement with the relative complexing capacity of HM for the metals

observed in this work (202).

More experimentation has to be done to determine why metal complexa-

tion by HM as measured with the IE-AA technique decreases with increasing

ionic strength. The effect of ionic strength will be further considered

in the comparison section.

To more closely mimic natural waters, Mg
+2

, Ca
+2

, K
+

, and Fe
+3

were added to samples to see how these salts would effect the retention

+2 .

of Cu
+2,

NI
+2

, and Zn+2 , on Chelex 100 in a 1 ppm CHM-metal test solution.

The final solution concentrations were 5 ppm for Mg
+2 and Fe

+3
and 2.5 ppm

for Ca+2 and K+ . The results are shown in Table Xl. The % recoveries

of Cu+2 and Ni +2 are within experimental error which indicates that

these cations do not seriously affect the recovery of Cu
+2

and Ni
+2

on

the resin and that these cations do not have a strong affinity for HM

at the normal levels tested. The % recovery of Zn-1-2 drops significantly

which is difficult to explain since if the additional metals competed

with Zn
+2

for HM complexation sites, the % recovery for Zn
+2

should

increase. The ionic strength change caused by the addition of these

additional metals is slight (p goes from 0.01 to 0.011).
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TABLE Xl. EFFECT OF ADDITIONAL METAL IONS ON THE PERCENT RECOVERY
OF Cu, Ni, AND Zn IN THE PRESENCE OF 1 ppm CHM BY IE-AAa

Metal
Solution Cu Ni

Without Additional Metalsb 42(7.2) 66(5) 95(5)

With Additional Metalsc 31(2) 73(3) 74(14)

a
RSE given in parenthesis; reported percent recovery is mean from
n measurements where each measurement is typically mean from 3
column runs; pH = 5.9; u = 0.1.

b
13.3 ppb Zn+2, Cu-1'2, and Ni

+2
; n = 7, 8, 7 for Cu, Ni, and Zn,

respectively.

c13.3 ppb Zn+2, Cu+2, and NI +2 ; 5 ppm Fe
+3 and Mg+2 , 2.5 ppm Cal-2

and e; n = 2.
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The sample flow rate through the Amicon IE column system was varied

from 2 to 10 mL/min. The percent recovery data vs. flow rate for Cu,

Ni, and Zn are shown in Figure 7 and Table XII. As the flow rate in-

creased, the % recovery of Cu and Ni decreased moderately. The %

recovery of Ni did not decrease between 6 and 10 mL/min. The Zn %

recovery did not change with flow rate. Recoveries would be expected

to decrease with increasing flow rate if the kinetics of HM-metal or

dissociation or chelation of metal by Chelex 100 were slow. The faster

the flow rate, the smaller the residence time in the column and the

smaller the degree of dissociation of the HM-metal complex.

It was noted in the Background section the % recovery of metals in

gravity feed columns may vary because each column has a non-controlled

flow rate. However, the Cu% recovery changed only 18%, whereas the

flow rate varied a factor of 5. The flow rate in the gravity feed

columns only varied about + 20% (5-6 mL/min). Thus the poor precision

of the IE-AA technique at high HM concentrations could only be due in

part to differences in flow rate from column to column.

The comparison in % recovery between the Bio-rad column and the

Amicon column yields an interesting relationship concerning the amount

of resin and the change in % recovery of the metals. Comparing the flow

rates between columns can be done only if the cross-sectional area of

each column is taken into account. The cross-sectional area of the

Bio-rad column is 1.53 cm
2
and the cross-sectional area of the Amicon

column is 3.14 cm
2

. Therefore, 10 mL/min through the Amicon column is

3.2 mL/cm2-min, and 5.5 mL/min through the Bio-rad column is 3.6 mL/cm2

-min. Therefore, the Amicon column with a 10 mL/min flow rate can be
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TABLE XII. DEPENDENCE OF PERCENT RECOVERY AT Cu, Ni,
AND Zn ON FLOW RATEa

Flow rate

(mL/min) Cu

Element
Ni Zn

2 83(12) 78(2) 103(3)

6 70(7) 70(4) 101(2)

10 65(0). 70(0) 106(4)

a
RSE given in parenthesis; reported percent recovery is
mean from 3 column runs; total metal concentration:
13.3 ppb Cu, Ni, and Zn. pH = 5.9; p = 0.01; CHM
concentration 1 ppm.



101

Figure 7. Dependence of Percent Recovery of Cu,
Ni, and Zn on Flow Rate with IE-AA.

Total metal concentration 13.3 ppb for
Cu, Ni, and Zn; pH = 5.9; P = 0.01;
CHM concentration: 1 ppm.



100

80

60

40

20 Cu

Ni

Zn

2 4 6 8

Flow Rate ( mL/min)

Figure 7

10

102



reasonably compared to the Bio-rad columns (i.e. the linear velocities

through the columns are about the same). The % recovery obtained with

the Bio-rad column is 42, 66, and 95% for Cu, Ni, and Zn, respectively.

The % recoveries obtained with the Amicon system are 65, 70, and 106%

for Cu, Ni, and Zn, respectively. The Ni and Zn recoveries are within

experimental error between the two columns, but Cu recovery is signifi-

cantly lower with the Bio-rad column. The difference may be due to

packing of the resin.

ISE

An Orion Cupric ISE was used to determine the free Cul-2 concentra-
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tion in various test solutions. Ideally, the ISE only responds to

free Cu
+2

so that complexed copper can be determined if the total copper

concentration is known. As stated in the Background section, there are

problems with using the electrode. However, the technique is attractive

because it is relatively inexpensive, rapid, and suitable for field work.

The ISE was employed to evaluate the dependence of free Cu+
2

concen- .

tration on the concentration of RGHM and CHM, on the source of HM, the

pH of the test solution, and on the presence of Mg
+2

, Ca
+2

, K
+

, and

Fe
+3

. N.+2I and Zn +2 were not involved in the first set of test solutions

for these studies because initial tests showed that these other metals

did not change the electrode response to Cu
+2

. This non-interference

can be related to the Ksp 's of CuS, NiS, and ZnS which are 8.5, x
10-45,

1.4 x 10
-24

, and 1.2 x 10
-23

, respectively.

Figure 8 and Table XIII show the effect of HM concentration of %

free Cu. The percent Cu
+2

complexed at a given concentration of HM is
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TABLE XIII. PERCENT FREE Cu+2 VERSUS RGHM AND CHM CONCENTRA-
TION WITH ISEa

HM Concentration

(PPm) 0.1 0.3 1.0 5.0

X 99 84 67 18

s 1 9 5 1

RGHM

n 3 3 4 4

RSE 1 5 4 2

X 99 85 74 16

s 2 2 10

CHM

n 4 3 4 4

RSE 1 1 7 4

a
X = mean percent recovery; s = standard deviation of reco-
very in percent; n = number of measurements; RSE = relative
standard error in percent (100s/R-471- total Cu+2 concen-
trations at 50 ppb level; pH = 5.9; u = 0.1. The tempera-
ture was not controlled, but the range of temperature was
between 22°C-25°C for all experiments.
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Figure 8. Dependence of Percent Free Cu on
RGHM and CHM Concentration.

Total Cu concentration: 50 ppb;
pH = 5.9; p = 0.1.
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quite similar for both types of HM. The precision of the technique is

also reasonable with a RSD of 10% or less for most cases.

Various workers have used ISEs to study the complexation of Cu

by HA and FA, and the overall complexation capacity of natural waters

toward Cu (171-174). These studies were carried out usually at low

pHs and various levels of p. However, Guy (254) carried out an ISE

study similar to the one described above with HM purified with 0.01

M HNO3 (20). For a 50 ppb total Cu and 10 ppm HM solution at pH 6,

he found about 10% free Cu+2 which agrees qualitatively with the value

obtained in this work for 5 ppm CHM. Since molecular weight determina-

tions were not carried out on the RGHM and CHM, it is not possible to

calculate the theoretical percent free Cu
+2

from the stpbility constant

data determined by Cheam and Gamble (168, 177, 260) to compare to the

experimental data.

The effect of pH on the % free Cu in I ppm CHM was also measured

with the ISE and the results are shown in Figure 9 and Table XIV. Once

again, both HMs exhibit similar complexation properties at a given pH.

Orion states the copper hydroxide formation makes Cu+2 unavailable to the

electrode membrane (204). However a reasonable ISE calibration curve

was obtained at pH 8.

The mV readings for a 50 ppb Cu
+2

standard at pH 4, 5.9, and 8 were

measured to be 73.3, 68.3, and 49.5 mV, respectively. The drop in poten

tial with increasing pH is due in part, especially at pH 8, to copper

hydroxide formation. Also, the electrode response has been shown to

vary with pH because the interaction of dissolved oxygen with the electrode

surface varies with pH (205). This effect can be corrected by using
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TABLE XIV. PERCENT FREE Cu VERSUS pH WITH ISE
SOLUTIONSa

IN FOUR HM

pH

Source of HM 4 5.9 8

RGHM 82(1) 67(4) 18(6)

CHM 87(2) 69(22) 21(1)

MRCHM 88(1) 72(4) 61(8)

ACHM 15(10) 64(4) 18(6)

a
Relative standard error in parenthesis; Cu total concen-
tration in 50 ppb; Ni and Zn at 50 ppb; u = 0.1; n = 2 for
pH 4 and 8 measurements; n = 4, 4, 2, 2 for RGHM, CHM,
MRGHM, and ACHM at pH 6, respectively.
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Figure 9. Dependence of Percent Free Cu+2 on
pH for RGHM and CHM using ISE.

Total Cu concentration: 50 ppb;
p = 0.1.
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standards and samples at the same pH as was done in this work.

Guy has also studied the effect of pH on the complexation of

copper (188). His results are at a HM concentration of 10 ppm and

hence are not directly comparable. However, his data do show a steep

decrease in % free Cu
+2

with increasing pH as observed in this study.

The effects of 5 ppm Mg
+2

, 2.5 ppm Ca
+2

and K
+1

, and 50 ppb

Zn
+2

and NI
+2

on the response of the electrode in a 1 ppm CHM-50

ppb Cu+2 solution were tested. The presence of all the above metals

increased the mV reading by only 0.5 mV above the reading without the

additional metals and hence caused no significant problem.

Fe
+3

was added to a 50 ppb Cu
+2

standard in concentrations from

0.1 to 5 ppm. With 5 ppm Fe
+3

, the Cu
+2

signal is depressed by 3 mV

whereas no depressive effect was observed at 1 ppm or less Fe
+3

.

+
The effect of Fe

3
on the signal is caused by interaction between the

Cu's membrane and Fe
+3

(205). The depressive effect of 5 ppm Fe
+3

in

a 50 ppb Cu 1 ppb CHM solution is 9.6 mV, whereas no depressive signifi-

cant effect is observed if the Fe
+3

concentration is less than 0.5 ppm.

The ISE technique was used to measure the percent free Cu
+2

in

various HM solutions where the total Cu concentration was 50 ppb. The

pH was varied from 4 to 8. In addition to RGHM and CHM, two other HMs

were studied. One was a commercial HM from Aldrich (ACHM) and the other

was a RGHM from Malcolm's lab (MRGHM). Table XIV lists the results for

all four sources of HM. The results show that all HMs exhibit similar

complexation behavior at pH 4, 5.9 and 8 except for MRGHM at pH 8

results in significantly less complexation. Apparently the number or

type of complexing sites per gram of MRGHM are different from the other
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HMs. Blank readings were taken at various HM concentrations and pHs

and corresponded to Cu levels less than 1 ppb Cu
+2

.

The Cu
+2

ISE is a powerful tool for studying the separation of the

Cu-NM systems. Relatively good precision and reliability indicates

that the electrode would be useful for general use in studying natural

waters if the total Cu concentration is sufficiently high. Certain

problems such as electrode light sensitivity, poisoning of the electrode

surface by HM, and interference effects can be minimized by the proce-

dures discussed in the Experimental section. If iron levels were

unusually high (> 1 ppm), the determination of Fe in the water by AA

would allow the addition of iron to the standard to partially compensate

for its depressive effect.

Ultrafiltration with AA Detection (UF-AA)

Speciation information obtained with the OF -AA technique is based

on the ability of a OF membrane to separate complexes by size. Ideally,

large metal complexes such as a copper humates would be retained by

the membrane, while smaller complexes and free ions would pass through

the membrane. There are a large number of membranes made by Amicon

that have various molecular weight (MW) cut offs (181). The Amicon

PM10 membrane has a MW cut off of 10,000. Any material with a MW higher

than 10,000 should be retained by the membrane. Guy used PM10 membrane

to separate NM complexes from the free metal ion (20), and it was felt

that it would be valuable to use PM10 paper in this investigation to

facilitate comparison. PM10 paper was used to determine the retention

of humic Cu, Zn, and Ni complexes at various HM concentrations for both
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RGHM and CHM, to determine the effects of the pH of a 1 ppm CHM-metal

test solution, and to evaluate the effects of the presence of Mg+2 , Ca+ '

.

K+ and Fe
+3

in the test solution.

Table XV shows the effect of the paper on the recovery of metal

standards (no HM added). At pH 5.9, the Ni +2 and Zn
+2

recoveries are

good, but a substantial fraction of Cu
+2

is lost. This low recovery is

probably due to adsorption by the paper backing of the membrane (188).

The polymer that makes up the membrane is non-ionic (181). At pH

5.9, copper cannot be determined quantitatively because the % Cu adsorbed

by the membrane varies substantially from paper to paper and makes the

prediction of Cu loss very difficult.

Figures 10 and 11 shows the % recovery of 13 ppb Cu, Ni, and Zn

at pH 5.9 as a function of RGHM and CHM concentration, respectively.

The values plotted can be found in Tables XVI-XVIII. The % recovery

for Ni and Zn with both HMs at all concentrations is approximately 100%.

With RGHM the % recovery for Cu is expectedly low at 0.1 ppm HM. The

% recovery increases with HM concentration and is near 100% at 5 ppm

RGHM. Some slight brown material was left on all membrane filters

after filtration. Therefore, some of the RGHM has a MW above 10,000,

but the MW of the fraction that binds Ni and Zn (from IE-AA studies)

is smaller than 10,000 and passes through the paper. The Cu recovery

data indicate that the RGHM can compete successfully with the paper

backing for the Cu
+2

. At 5 ppm, all of the copper is bound by HM

with a MW less than 10,000 and passes through the membrane.

Guy passed Cu
+2

through PM10 paper successfully (20). However,

the solutions also contained a small anion such as HCO3 EDTA to
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TABLE XV. PERCENT RECOVERY OF , Ni, AND Zn STANDARDS
VERSUS pH WITH OF -AA

pH

Element 4.0 5.9 8.0

Cu 96(4) 48(28) 42(10)

Ni 100(3) 100(0) 71(8)

Zn 102(6). 105(2) 97(4)

a
RSE given in parenthesis; reported percent recovery
for each metal is mean from 3 runs at pH 5.9 and 2
runs at pH 4.0 and 8.0; all metal concentrations at
13.3 ppb; u = 0.01.
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Figure 10. Dependence of Percent Recovery on RGHM
Concentration with OF -AA.

Total metal concentration is 13.3 ppb
Cu, Ni, and Zn; pH = 5.9; 11 = 0.01.
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Figure 11. Dependence of Percent Recovery on
CHM Concentration for OF -AA.

Total metal concentration: 13.3 ppb
for Cu, Ni, and Zn; pH = 5.9; 11 = 0.01.
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TABLE XVI. PERCENT RECOVERY OF Cu VERSUS RGHM AND CHM
CONCENTRATION WITH OF -AAa

HM Concentration

(PPm) 0.1 0.3 1.0 5.0

X 52 51 68 100

s 3 3 3 4
RGHM

n 3 3 4 3

RSE 3 4 2 2

7 50 47 31 24

s 4 3 9 7
CHM

n 2 3 3 4

RSE 6 4 16 17

a_
X = mean percent recovery; s = standard deviation of recovery
in percent; n = number of measurements; RSE = relative standard
error in percent; total Cu, Ni, and Zn concentrations at 13.3
ppb; pH = 5.9; 11 = 0.01.
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TABLE XVII. PERCENT RECOVERY OF Ni VERSUS RGHM AND CHM
CONCENTRATION WITH OF -AAa

HM Concentration

(PPm) 0.1 0.3 1.0 5.0

96 99 100 98

4 5 5 2

RGHM

n 3' 3 3 3

RSE 2 3 3 1

X 98 100 too 97

4 6 5 5

CHM

n 3 3 3 3

RSE 2 4 3 3

a
Same conditions as specified in Table XVI.
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TABLE XVIII. PERCENT RECOVERY OF Zn VERSUS RGHM AND CHM
CONCENTRATION WITH OF -AAa

HM Concentration

(PPm) 0.1 0.3 1.0 5.0

X 107 106 106 100

3 6 6 5
RGHM

n 3 3 4 3

RSE 2 2 2 3

107 102 104 105

CHM

n

RSE

5 6 6 4

3 3 3 3

3 4 4

a
Same conditions specified in Table XVI.
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complex the metal. He indicates that 100% of the Cu will pass through

the membrane in this manner. In his pH studies he did not employ an

additional ion as complexing agent, yet he reported no loss of Cu
+2

on the

paper backing. In a later article he states, however, that at high

pH (6-8) the metal ion absorption may be a real problem (181). Work

done in this laboratory indicates that a significant fraction of the

copper is lost on the paper. It is not known why the other metals are

not retained as is Cu
+2

but in general Cu
+2

is the most strongly com-

plexed of the three metals by many ligands. This binding order seems

to hold true for the PM10 paper as well.

The use of PM10 paper indicates that the MW of the complexing

fraction of RGHM is smaller than 10,000, and that at relatively high

concentrations, it can compete with the metal complexing sites on the

OF paper backing. These complexing sites show a preference for Cu over

Ni and Zn.

Brown material was evident on the paper for all runswith the CHM which

indicates that the MW of a fraction of CHM is larger than 10,000. The

behavior observed for Cu
+2

with CHM was different than noted for RGHM.

Roughly 50% of the Cu is lost at low HM concentrations to the paper

backing. At higher HM concentrations slightly less (30-40%) is recovered

than at low HM concentrations or than with standards (see Table XV).

If the CHM complexed the Cu
+2

and the MW of the complex was greater than

10,000 the recovery should decrease but to a greater extent than observed

here. It is also possible that lower MW fraction of the CHM complexes

Cu
+2 but the Cu

+2
is sequestered by the paper backing when it passes

through the filter.
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The effect of pH on the recovery for Cu, Ni, and Zn standards at

13 ppb is shown in Figure 12 and Table XV. The recovery decreases with

increasing pH for Cu, decreases significantly at pH 8 for Ni, and changes

little for Zn. This is again explained by the ionic exchange properties

of the paper backing. At pH 4, H+ ions compete successfully with the

metal ions so that the recovery is highest. Again the order of

selectivity of the paper for metal ions is Cu
+2

, Ni
+
2, and Zn

+2
. The

hydroxides of Cu, Zn, or Ni at pH 8 should not polymerize enough to be

retained by the paper (206).

Figure 13 and Table IX show the dependence of recovery on pH at

13 ppb Cu, Ni, and Zn in a 1 ppb CHM solution. The shapes of these

curves are quite similar to those shown in Figure 12. Although the HM

should be more ionized and hence capable of metal complexation at pH 8,

the ionic exchange properties of the paper dominate at higher pH's.

To simulate a real matrix, 5 ppm Mg
+2

and Fe
+3

and 2.5 ppm Ca
+2

and

K
+

were added to the test solution of 1 ppm CHM and 13 ppb Zn, Ni, and

Cu at pH 5.9. The presence of the additional metal ions did not signifi-

cantly affect the metal ion recoveries (less than 7%) or the retention

of Cu
+2

on the paper backing.

Several different Amicon papers were tested for the retention of

Cu
+2

and the results are listed in Table XIX. The MW cut offs and

ionic character of the papers are also listed in the table (181).

It is apparent that all of the papers retain Cu
+2

, and that the UM05

retains more metal at a higher pH. The UM10 seems to have a saturation

limit that is quite low. At 200 ppb Cul-2, 96% of the Cu -1'2 was passed.

Apparently the available exchange sites were tied up and the rest of the

Cu
+2

could pass through the paper.
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Figure 12. Dependence of Percent Recovery of
Metal Standards on pH with OF -AA.

Total metal concentration: 13.3 ppb;

u = 0.01.
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Figure 13. Dependence of Percent Recovery on
pH for CHM with OF -AA.

Total metal concentration: 13.3 ppb;
= 0.01; CHM concentration: 1 ppm.
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TABLE XIX. PERCENT RECOVERIES OF Cu STANDARDS FOR VARIOUS AMICON
OF PAPERS

Filter Molecular Total Percent

Paper Weight Concentration Recovery Ionic

Number Cutoff of Cu (ppb) pH of Cu Sites

um05 500 100 5.9 25 yes

UM05 500 100 7.0 2 yes

DM5 5,000 400 5.9 30 no

UM10 10,000 13 5.9 35 yes

umio 10,000 200 5.9 96 yes

PM10 10,000 13 5.9 48 no

PM10 10,000 200 4 96 no

PM10 10,000 13 8 42 no

128
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The ionic character on the membrane polymers bear no correlation

to the loss of metals in the various papers. This reinforces the idea

that the paper backing of the membrane is the cause of the metal ion

loss.

UF can be used to separate organics in water as discussed in the

Background section and as illustrated by this work with the PM10

filter retaining brown material. UF separation schemes have been de-

veloped by Gjessing to separate fractions of HM (184, 187). The loss

of metals would not be a problem if the HM was separated first and then

used for laboratory studies. Other techniques such as IE-AA and ISE

could then be applied to the fractionated HM. When using the UF Amicon

membranes, care must be taken to keep track of any organic matter

leached from the paper. Ogura always calculates a blank to subtract

from the total carbon found (189). For samples with very low carbon

content, the carbon leaking may be a problem.

The PM10 membrane used here was not satisfactory for Cu speciation

studies. However, valuable qualitative information was obtained about

the size of the complexing fraction of both HMs and their relative

complexation strengths.

When comparing the results of this investigation with research

done elsewhere, several interesting results are found. The difference

in the results of Guy and this work have been enumerated above. The PM10

paper has a pore size of 1.8 nm (188). Guy states that HM has a

"diameter" of 2-6 nm (188). Therefore PM10 should retain HM. Schnitzer

states that the MW of HM can range from 1000 to several million. This

discrepancy is probably due to systematic MW measurement errors and
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differences in samples, according to Schnitzer (35). Schnitzer's numbers

indicate that some HM may pass through the paper as observed in this

work. Separation of organics in water with UF have shown that there is

a continuum of sizes of organic material from 100,000 to less than 500

MW(189).

It is very apparent that there is a great deal of variation in

prediction and determination of.molecular sizes. This investigation

indicates that both commercially extracted HM and HM extracted from

water form complexes with Cu and Ni that are smaller than molecular

weight 10,000 or at least can pass through a 1.8 nm pore of the PM10

UF membrane. This is in conflict with Schindler's work in which it was

found that metals associate with the larger fraction of HM (190).

Because of the wide range of values for MW of HM reported, an assumption

that HM exists in a continuum of sizes is reasonable. Much more work

has to be done to see how the metals are associated with different MW

fractions of HM. Perdue claims that the average MW of aquatic FA is

approximately a thousand (40). Therefore, FA should easily pass through

a PM10 membrane. There are also humic constitutents in the aquatic

environment that perdue claims are much larger than FA. Malcolm's

work (207) shows that aquatic HA is as good a metal chelator as aquatic

FA, so it is surprising that none of the metals are chelated by some of

the fraction that remains behind on the PM10 membrane (a brown residue

is always evident on the paper).
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Comparison of Results

In this section, the IE-AA, ISE and UF-AA results will be compared

in different ways to illustrate similarities and differences in the

information provided by the techniques. The dependence of % free Cu
+2

on the RGHM concentration of pH 5.9 for all three speciation techniques

are shown in Figure 14 and Table XX. The IE-AA and ISE results are in

reasonable agreement for all but the 1 ppm RGHM, which indicates that

both techniques measure the same solution characteristics for the most

part. The high RSD of the 1 ppm RGHM recovery value (discussed in the

IE-AA section) may partially contribute to this discrepancy.

The ISE background electrolyte adjusts p to be 0.1. The % recovery

for Cu measured with the ISE technique at 1 ppm CHM at pH 5.9 is 59%.

The % recoveries for Cu using IE-AA are 42 and 84% at p = 0.01 and 0.1,

respectively. It appears that the lower degree of complexation indi-

cated by the ISE technique may be due to the higher ionic strength em-

ployed. However, the results of the ISE and IE-AA techniques at 0.1,

0.3 and 5 ppm CHM, indicate reasonable agreement even with the difference

in P. The UF-AA data cannot be compared to the data of the other two

techniques because of the loss of Cu
+2

described earlier. However, the

100% OF recovery of Cu
+2

with 5 ppm RGHM indicates significant complexa-

tion of Cu
+2

in agreement with the other techniques.

The ISE technique is the easiest, most precise and fastest tech-

nique to use. However, its detection limit restricts its use for some

environmental samples and the potential Fe
+3

interference must be taken

into account. The IE-AA does not have a detection limit restriction
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Figure 14. Dependence of Percent Free Cu
+2

on RGHM
Concentration with IE-AA, ISE and UF-AA.

Total metal concentration: 13.3 ppb Cu,
Ni, and Zn for IE-AA and UF-AA; 50 ppb
Cu for ISE; pH = 5.9; p = 0.01 for IE-AA
and UF-AA and p = 0.1 for ISE.
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TABLE XX. PERCENT FREE Cu VERSUS RGHM AND CHM CONCENTRA-
TION WITH IE-AA, UF-AA AND ISEa

HM Concentration

(PPm) 0.1 0.3 1.0 5.0

IE-AA 93(2) 80(2) 30(24) 15(15)

RGHM UF-AA 52(3) 51(4) 68(3) 100(2)

ISE 99(6.5) 84(5) 67(4) 18(2)

IE-AA 89(2) 89(3) 42(7) 18(12)

CHM UF-AA 50(6) 47(4) 31(16) 24(17)

ISE 99(1) 85(1) 74(7) 16(4)

a
Relative standard error given in parenthesis; see Tables V, XII
and XV for n values; total metal concentration: 50 ppb Cu for
ISE; 13.3 ppb Cu, Ni and Zn for IE-AA and UF-AA; pH = 5.9; p =
0.01 for IE-AA and UF-AA; p = 0.1 for ISE.
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since the sample size percolated through the column can be increased.

The ISE and IE-AA are complimentary techniques which can be used to

check the consistency of results. Presently the UF-AA technique for

speciation is limited because of the Cu+2 adsorption problem and the

ability of HM to pass through some UF papers.

The recovery data for Cu+2 versus CHM concentration are shown in

Figure 15 and Table XX. The plots for IE-AA and ISE techniques are in

reasonable agreement with each other with the largest discrepancy at

1 ppm CHM. The shapes of RGHM and CHM plots are similar except for

the UF-AA data. Again the UF-AA data cannot be compared to the data

from the other two techniques because of the adsorption of Cu
+2

by

the paper; closeness of the 5 ppm recovery values of the UF technique

to the other two techniques is not necessarily significant.

The recovery data for Ni vs. RGHM and CHM concentration are plotted

in Figures 16 and 17, respectively. Percent free metals for the UF-AA

and IE-AA techniques are listed in Table XXI. The results are expectedly

quite different. The Ni recovery decreases with increasing HM concen-

tration for the IE-AA technique while the Ni is always totally re-

covered in the UF-AA technique for both sources of HM. The Ni curves

with the IE-AA technique are very similar to Cu curves in Figures 14 and

15. Since the Ni humate complex is not retained by the PM10 paper, the

results indicate that the Ni-HM complex is smaller than the pore size

of the paper (1.8 nm).

In figures 18 and 19 and Table XXII the data for the dependence of

Zn complexation on HM concentration are presented. The data shows that

Zn is not significantly complexed by either HM and that no Zn or Zn-HM
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Figure 15. Dependence of Percent Free Cu
+2

on CHM Con-
centration with IE-AA, ISE, and UF-AA.

Total metal concentration: 13.3 ppb Cu, Ni,
and Zn for IE-AA and UF-AA; 50 ppb Cu for ISE;
pH = 5.9; p = 0.01.
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Figure 16. Dependence of Percent Recovery of Ni on RGNM
Concentration with IE-AA and OF -AA.

Total metal concentration: 13.3 ppb for Cu,

Ni, and Zn; ph = 5.9; u = 0.01.
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Figure 1 7. Dependence of Percent Recovery of Ni on CHM
Concentration with IE-AA and OF -AA.

Total metal concentration: 13.3 ppb for Cu,

Ni, and Zn; pH = 5.9; p = 0.01.
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TABLE XXI. PERCENT FREE Ni VERSUS RGHM AND CHM WITH IE-AA
AND OF -AA

a

HM Concentration

(PPm) 0.1 0.3 1.0 5.0

IE-AA 97(2) 84(2) 61(2) 20(20)
RGHM

UF-AA 96(3) 99(3) 100(5) 98(1)

IE-AA 97(1) 82(4) 66(5) 28(12)
CHM

UF-AA 98(2) 100(4) 100(3) 97(3)

a
Relative standard error given in parenthesis; see Tables VI and
XVI for n values; total metal concentration: Cu, Ni, and Zn;
13.3 ppb; pH = 5.9; p = 0.01.
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Figure 18. Dependence of Percent Recovery of Zn on RGHM
Concentration with IE-AA and OF -AA.

Total metal concentration: 13.3 ppb for Cu,
Ni, and Zn; pH = 5.9; p = 0.01.



100

80

60

40

20

0

- 1E AA
UF-AA

OM/

0.1 0.3 I

[RGHM], ppm

Figure 18

10

144



145

Figure 19. Dependence of Percent Recovery of Zn on CHM
Concentration with 1E-AA and OF -AA.

Total metal concentration: 13.3 ppb for Cu,
Ni, and Zn; pH = 5.9; 1.1 = 0.01.
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TABLE XXII. PERCENT Zn VERS S RGHM AND CHM CONCENTRATION WITH
IE-AA and UF-AA

HM Concentration

(PPm) 0.1 0.3 1.0 5.0

RGHM
1E7-AA 97(3) 96(2) 99(2) 93(6)

UF-AA 108(2) 106(2) 106(2) 100(3)

CHM

IE-AA 95(2) 96(0.6) 95(5) 88(4)

UF-AA 107(3) 102(4) 104(4) 105(2)

a
Relative standard error given in parenthesis; see Tables VI, and
XVI for n values; total metal concentration: 13.3 ppb Cu, Ni, and
Zn; pH = 5.9; 1.1 = 0.01.
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complexes are retained by the OF paper. If a Zn humate complex exists,

it is dissociated by the IE resin sequestering Zn. The passage of the

Zn through the PM10 filter indicates that if the complex exists, it is

smaller than 1.8 nm.

The general trend of greater Cu and Ni complexation with increasing

HM concentration is indicated by the IE-AA and ISE techniques. The

UF-AA study yields some information about the size of the Cu and Ni

humates. Zn does not form strong complexes with either HM. As dis-
i

cussed above, this is consistent with other studies.

The effect of pH on complexation in a 1 ppm CHM solution was

studied with all three techniques. The pH effects on Cu
+2

are shown

in Figure 20 and listed in Table IX. The difference between % recovery

indicated by the IE-AA and ISE technique at the 1 ppm HM level is signi-

ficant and may be due in part to the poor precision of the IE-AA

technique. The precision of the IE-AA system decreases at higher HM

concentrations. There is good agreement between the two techniques

at pH 4. At pH 8, the ISE indicates a higher degree of complexation

for Cu
+2

, but the percent free metal values for Cu are within experi-

mental error. Standards run at pH 8 showed no loss of Cu on the resin

column (i.e. better than 95% recovery of Cu). However, it has been

reported that Cu
+2

recovery with IE can decrease at high pH (271).

The UF-AA plot of % recovery vs. pH was described above as being a result

of interactions with the paper. Lower pH decreases the relative cm-,

plexing capacity of the paper.

The 2 recovery data for Ni for IE-AA and OF -AA vs. pH are plotted

in Figure 21 and listed in Table IX. The IE-AA technique indicated a
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Figure 20. Dependence of Free Cu+2 on pH with
IE-AA, ISE, UF-AA.

Total metal concentration: 13.3 ppb for
Cu, Ni and Zn in IE-AA and UF-AA; 50 ppb
Cu for ISE; p = 0.01 for IE-AA and UF-AA
and p = 0.01 for ISE; CHM concentration:
1 ppm.
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slight decrease in complexation between pH 6 and 8 which is within

experimental error. The UF-AA curve in Figure 21 indicates that the

paper increases its exchange capacity enough to retain some of the Zn

+2
Nias well as the Cu . Figure 12 shows I in the absence of HM being

lost on the paper in a very similar fashion to the NI
+2

in the

151

+2

presence of HM in Figure 20.

The % recovery data for Zn.for IE-AA and UF-AA vs. pH are shown in

Figure 22 and listed in Table IX. The IE-AA plot shows a steady decrease

in % recovery of Zn at higher pH. At pH 8, zinc hydroxides are not

significantly formed so that the ability of CHM to complex with Zn has

increased. Zn does not become retained by the UF paper even at a

higher pH. This differs from Ni and Cu. The paper has a very low

affinity for Zr14-2.

pH has a marked effect as the recovery of Cu, Ni, and Zn in various

techniques. Most trends are due to an increase in complexing capacity

of CHM at higher pH, or in the case of UF-AA, due to increased complexa-

tion capacity of the paper backing of the UF membrane. Ni exhibits

a slight deviation from this trend with the IE-AA technique. At pH 8,

a greater amount of complexation would be expected between these metals

and HM. The metal concentration has to be at a low level or hydroxide

formation can become a problem, especially for Cu.

Analysis of Humic Material for Metal Content

The ROHM and CHM were analyzed for major and minor metals by !CP

emission spectroscopy after digestion by H
2
SO

4'
HNO and H

2
0
2.

Thurman

indicated that the major metals expected in a CHM would be Fe, Al, and
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Figure 21. Dependence of Percent Recovery of Ni
on pH with IE-AA and UF-AA.

Total metal concentration: 13.3 ppb for
Cu, Ni, and Zn; p = 0.01; CHM concentra-
tion: 1 ppm.
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Figure 22. Dependence of Percent Recovery for
Zn on pH with IE-AA and OF -AA.

Total metal concentration: 13.3 ppb
for Cu, Ni, and Zn; p = 0.01; CHM
concentration: 1 ppm.
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Na (201). Na was removed from the RGHM by the IE step in its purifica-

tion and was not determined. Na was determined in the CHM by flame AA.

The CHM consisted of 4.1% metal. Fe, Al, and Na accounted for 2.2,

1.6, and 0.39%, respectively. Mg made a very slight contribution. The

RGHM contained only 0.2% metal, and Fe and Al accounted for 0.09 and

0.13%, respectively. No Cu, Ni, or Zn were detected by either system.

99+% of the RGHM is organic matter, and 96% of the CHM is organic

matter. Aldrich HM was analyzed for a variety of metals by Gaskill

(208). He reports 1.1% Fe, but not Al and Na.

One striking aspect in comparison of the two HM's is the similarity

in complexation behavior observed with the IE-AA and ISE techniques.

McCarthy indicates that the variability in such parameters as molecular

weight, ion exchange capacity, metal complexation constants, etc. obtained

by different researchers are due to differences in the procedures used to

extract soil HM (54). They indicate that if a standard reference HM is

available, better consistency in the characteristics measured in differ-

ent laboratories would be obtained. The results of this investigation,

however, indicate there is a great deal of similarity between a soil

extracted material (CHM) and a water extracted material (RGHM).

It is believed that soil HM's are a primary source of aquatic HM's

(40). This theory is consistent with the results found here. In fact,

the two HM's were studied to determine if different extraction procedures

and sources of HM could cause differences in metal complexation behavior.

The similarity in the complexation behavior observed in this study could

indicate that neither extraction technique significantly altered the

two HM's. A remote possibility is that one of the HM's could have been
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significantly altered by extraction to make it equivalent with the

other HM.

The fact that this investigation did not show large differences

in complexation behavior between CHM and RGHM (except for the RGHM's

greater Cu interaction in OF experiments) is in direct conflict with the

comment that different extraction procedures will yield different results.

The Aldrich HM, CHM, and RGHM all exhibited similar complexation

capacities for Cu at pH 4 and 8 by ISE measurements. This again points

to a general similarity of HM's. The lack of agreement between three

HM's and the other MRGHM extracted by XAD-8 is not readily explained.

Analysis of Willamette River Water Sample

The Willamette River water sample was analyzed for total metals,

and the amount of complexed and uncomplexed metal was determined by

IE-AA, ISE, and OF -AA. The results of this study are shown in Table

XXIII. The average values of June 28th and 29th are reported for all

values in the table except for Ni. The 0.45 pm filter contaminated the

solution with Ni, and the June 29th values could not be used. The %

recovery of the filtered sample for Ni was 2000%. Since Cu and Zn

values were the same before and after filtration through a 0.45 pm

filter, the values for both days were averaged. The combination of

filtered and unfiltered values is justified because filtration did not

change the total Cu and Zn concentrations.

The IE-AA data indicated that 54% of the Cu and 45% of the Ni are

complexed, and that the Zn was not complexed significantly. These values

correspond roughly to a 1 ppm HM solution (see Tables V and VI). The
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TABLE XXIII. ANALYSIS OF WILLAMETTE RIVER WATER SAMPLE

Total Metal Concentrationb

(PPO
Cu Ni Zn

1.0 1.4 2.3

% Free Metal

1E-AA

ISE

OF -AA

47(28) 45 109(17)

not

detected

100(9) 100 107(8)

a
RSE reported in parenthesis; n = 2 for all values except for
Ni, n = 1; pH for all aliquots of river water: 7.4.

Total metals determined by CRAA.
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average DOC of the Willamette River was measured by Stuart Oakley at the

OSU Civil Engineering Department and found to be 3 + 1 ppm, of which

25-50% would be expected to be HM. The data do not prove that HM is

the complexing agent.

No Cu
+2

could be detected with the ISE technique as expected since

the total Cu concentration is below the detection limit of the Cu ISE.

The mV reading of the sample was actually less than that of the blank.

The OF -AA recovery values indicate that whatever complexes the

Cu and Ni is smaller than molecular weight 10,000. The Cu was recovered

at the 100% level which indicates that the Cu is fairly strongly com-

plexed to compete with the paper backing of the filter. The RGHM

acted in a similar manner at the 5 ppm level.

The results of the analysis of the Willamette River water sample

indicate that a complexing agent smaller than MW 10,000 complexes

roughly 50% of the Cu and Ni in the sample. The Cu is complexed

strongly enough to pass through the PM10 paper without loss. These

traits are all similar to the 1-5 ppm range of RGHM and CHM. Only

RGHM could keep Cu from adsorbing on the paper.
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CONCLUSIONS

The IE-AA, OF -AA, and ISE techniques investigated in this project

were all shown to be useful partial speciation techniques and to provide

complementary information. All techniques are relatively inexpensive

(less than S500 to set up) if standard laboratory instrumentation such

as a pH meter and AA with flame and electrothermal atomization capa-

bilities are available. Also, each of the three techniques is suitable

for field use. The eluent from the OF technique could be acidified and

sent back to a central laboratory along with the IE eluent for analysis.

This minimizes the chance for systematic problems such as metal loss or

contamination or changes in the original speciation caused by transpor-

tation and storage of samples.

The ISE technique is the fastest technique to use, but its use is

limited by a practical detection limit of about 10 ppb for Cu
+2

where

the electrode response starts to exhibit significant non-linearity. In

many samples with significant complexation, the total Cu concentration

must be much greater than 10 ppb so that the free Cu
+2

concentration is

above the detection limit. As illustrated by the Willamette River

water sample, even the total Cu concentration can be below the detection

limit of the technique. The ISE technique can only be extended to a

few other metals such as Pb and Cd but the ISE detection limit problems

are even worse than with Cu.

The IE-AA technique should be applicable for speciation studies

of metals. Detection of low levels of metals can be overcome by perco-

lating more sample through the column only at the expense of time.
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The IE-AA technique yields a minimum value for the percent complexed

of a metal since the resin could sequester metal away from a metal com-

plex. More work should be done on the thermodynamics and kinetics

involved in the technique.

The UF-AA technique likewise should be applicable to most metals

and is limited by the detection limit of the carbon rod AA which is

typically at the 1 ppb level for many metals. The eluent could be con-

centrated for lower level studies. The Amicon PM10 membrane filter is

not suitable for HM metal complexation studies because the HM-metal

complexes can pass through the membrane pores, and for Cu, and possibly

other metals, because of the metal adsorption characteristics of the

filter. It may be possible to pretreat the paper so that it does not

retain metals. This would be beneficial because the trace metal organic

complexes could be fractionated by size and further studies could be

used; however, these filters were shown to retain even more metal than

the PM10 filter. The UF-AA studies of Cu indirectly provided useful

information about Cu-HM complexation. Since Cu recovery increased with'

higher concentrations of RGHM, significant Cu-HM complexation occurred

and the Cu-HM complex has a MW less than 10,000.

The studies of HM-metal interactions indicated that at typical

environmental HM concentrations of 1 ppm or greater,more significant

fractions(50% or greater) of Cu
+2

and Ni
+2

are strongly complexed and

Cu+2 is the most strongly complexed. Zn+2 is little complexed except

at pH 8. At lower HM concentrations such as 0.1 ppm, little complexa-

tion is observed for any of the metals. In general, the percent complexed

increases with pH as more HM becomes ionized and hydrogen ions compete
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less with the metals for HM complexation sites. The degree of complexa-

tion was found to decrease with increasing ionic strength although the

effect may be due to Na+ competing with test metals for complexation

sites. The presence of major cations at environmental levels was found

not to significantly reduce complexation by HM of the test metals.

Comparison of the results obtained with the CHM and RGHM indicate

that they are surprisingly quite similar in complexation properties as

measured with the IE-AA and ISE techniques. Thus, more easily obtained

CHM can be used to ascertain general trends and to obtain general in-

formation about how a speciation technique will respond to HM.

McCarthy (54) is undoubtedly right that different extracts of different

soils yield different material, but these differences may be manifested

in techniques dependent on MW differences such as observed with the OF -AA

studies in this work. For general environmental modeling, however, the

CHM appears to be adequate as a representative metal complexation HM.

The extraction of HM from water by XAD-8 is the mildest method of

extraction and probably yields the most realistic product of naturally

occurring material. For exact studies of HM, this type of extraction of

procedure is still recommended.

The degree of agreement between results obtained in work to results

obtained by other researchers varies. The variability is certainly

due in part to differences in the source of HM or in the HM extraction

procedure utilized. Here a standard reference HM would be a great aid.

Comparison of data would also be enhanced by adaption of standard sets

of conditions for carrying out metal-HM studies. Specific values or

ranges of sample matrix variables such as pH, ionic strength,
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temperature, and concentration of HM and metals should be used by all

researchers in this area. The use of standard conditions in conjunction

with a standard reference HM would greatly enhance our understanding

of HM-metal interactions in nature.
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Calibration Curves for Flame AA, Carbon Rod AA, and ISE
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Figure 23. Calibration Curve With Flame AA for Cu, Ni, Zn
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Figure 24. Calibration Curve With Carbon Rod AA for Cu, Ni and Zn
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Figure 25, Calibration Curve With Cu ISE for pH 4, 5.9, 8
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GLOSSARY

ASV Anodic Stripping Voltammetry

FA Fulvic Acid

GC-AA Gas Chromatography-Atomic Absorption

GPC-AA Gel Permeation Chromatography-Atomic Absorption

HA Humic Acid

HM Humic Material

HPLC-AA High Pressure Liquid Chromatography-Atomic Absorption

IE-AA Ion Exchange-Atomic Absorption

IE-ASV Ion Exchange-Anodic Stripping Voltammetry

ISE Ion Selective Electrodes

OF -AA Ultrafiltration-Atomic Absorption

Ionic strength


