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Abstract 

A number of methods have been devised to limit 
contamination in seawater sampling, with most relying on 
sophisticated sampling techniques. One of these methods is 
the use of a solid phase extractant along with an in situ 
pump sampler. This primary aim of this thesis is to examine 
this type of system, and to increase our understanding of 
some dissolved trace chemical species in general. The focus 
of this thesis is,1 on: 1) the study of physical and chemical 
parameters of extractant columns for use with the in situ 
pump; 2) the study of Cu and Cd geochemistry during 
phytoplankton blooms; 3) extraction or humic materials from 
seawater as it relates to in situ preconcentration; 4) the 
distribution of dissolved hydrocarbons using in situ 
techniques; and 5) distribution of copper in the North 
Atlantic Ocean using the pump. 

Time series measurements of Cu made during 
phytoplankton blooms suggest that there is little transfer 
of Cu to forms extractable by reverse phase techniques, 
despite increases in extractable chelators. Cadmium shows 
evidence of removal by particles under these conditions, as 
shown by an 80% decrease in the dissolved Cd concentration 
and an increase in particulate Cd and Cd flux. 

The extraction of humic materials from seawater using 
XAD-2 by acidification and non-acidification of the samples 
suggest that quantitative and qualitative differences in 
the extracted materials exists. More than twice as much 
organic material was extracted when the samples were 
acidified. Light absorption and copper binding capacity 
were similar for both extracts; however, the non-acidified 
extracts possessed a lower average molecular weight and 
contained a different suite of compounds as determined by 
TLC studies. An in situ pre-acidification device consisting 
of a column of a cation exchange resin was tested and found 
to extract organic material which is physically and 
chemically similar to the HC1 acidified extracts. 

Measurements of dissolved hydrocarbon concentrations in 
th.G North Atlantic (20-180 ng/1) are considerably lower 
than have been previously reported. This result suggested 
that significant contamination problems still exist in 
conventional hydrocarbon sampling methods. 

In situ techniques were used to determine the 
concentration of dissolved copper and organo-cdpper 
complexes in the North Atlantic Ocean. The concentrations 
(ca. 1 nM) agree well with much of the data previously 
published which measured dissolved Cu using conventional 
rigorous cleaning and sampling techniques. 
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Chapter 1 

General Introduction 

1.1 Preface 

The measurement of chemical compounds present in only 

vanishingly small concentrations in seawater poses a varied 

array of analytical challenges to the marine chemist. He or 

she must first ensure that the samples collected are 

representative and that the chemical character of the 

samples has not been compromised by contamination, 

precipitation, oxidation, reduction, biodegradation, or 

adsorption, during the sampling and sample handling. In 

addition, an analytical method with sufficient sensitivity 

must be chosen to measure the possibly very low 

concentrations of the compounds or elements of interest. 

The general scheme of seawater trace analysis is 

outlined in Fig. 1.1. Implicit in this scheme is the large 

number of analytical steps that may have to be performed 

before the final data can be obtained, because some 

components may require several enrichment cycles to ensure 

sufficient material for iu *asurement. To ensure that the 

data obtained will be both precise and accurate, all the 

levels of analysis must be controlled with utmost rigor to 

preclude losses of sample due to evaporative and adsorptive 

processes, and especially to avoid sample contamination. 

1 
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Fig. l.l 

Collection and ana?.ysis scheme to determine trace compounds 
in seawater. 
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In the past two decades a number of advances in the 

technology of trace substance measurement for both organic 

and inorganic compounds has resulted in a significant 

reduction in detection limits. Techniques such as GC/MS, 

HPLC/MS, ASV, isotope dilution mass spectrometry, and 

neutron activation analysis, as well as recent developments 

in the more traditional methods such as gas chromatography 

and atomic absorption analysis, have enabled chemists to 

measure routinely chemical components at concentrations 

that could not be measured by even the most careful 

analysts 20 years ago. However, even the most sensitive of 

modern analytical instrumentation often has insufficient 

capability to determine accurately trace compounds at 

ambient seawater concentrations; nearly always at least one 

pre-concentration step is required before analysis. For the 

marine chemist the analysis of the sample is only half of 

the objective; he or she must also ensure that the 

collection and pre-preparation of the sample is done with 

extreme care so that the final results can be reported with 

a high degree of confidence. 

The level of sampling and pre-concentration technology 

employed with seawater samples ha?', unfortunately, not kept 

pace with the sophistication of analysis. In recent years 

many workers have discovered that the processes of sampling 
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and pre-concentration have caused contamination for 

substances such as trace metals (e.g. Bruland, 1980), or 

hydrocarbons (e.g. Gordon, et al., 1974). The degree of 

contamination can often be several orders of magnitude in 

excess of the "true" concentration. Contamination of 

seawater during sampling is such a problem that only the 

data from a few papers published prior to 1980 on the 

analysis for trace metals and hydrocarbons in seawater can 

be considered reliable. Sources of sample contamination are 

many and varied, but the leaching of chemicals from the 

sample bottle, contamination from the surface seawater 

slick, leached materials from the sampling ship itself, and 

contaminated reagents are all cited as major factors. 

One of the best ways of minimizing the problems of 

contamination is to use in situ ^re-concentration. This is 

a process in which the compound(s) of interest are both 

sampled and concentrated without coming into contact with a 

sampling bottle or the ship, thus eliminating several steps 

in the ship board analysis and reducing the probability of 

contamination. The in situ pump with extracting device 

attached is lowered to the desired sampling depth and 

activated to collect the sample. The pump and sample can 

then be retrieved and the sample removed and analysed under 

clean conditions. 
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This chapter provides a review of the methods 

currently employed in the sampling of trace chemical 

components (both organic and inorganic) in seawater and 

provides an understanding of the analytical problems 

encountered in conducting sampling and analysis in the 

marine environment. This will be followed by a brief 

account of the use of in situ pre-extraction as it pertains 

to the Johnson-Wangersky in situ pump. Finally there will 

be a discussion of the specific objectives of this thesis. 

1.2 Background 

1.2.1 Sampling and measurement of trace organic compounds 
in seawater 

A trace organic compound is a compound containing 

primarily carbon and hydrogen, and present only in very low 

concentrations in a given matrix, in this case seawater. 

The definition of the term *trace' in chemical oceanography 

is not something on which there is general agreement, but a 

useful benchmark is that trace compounds or groups of 

related compounds are present in concentrations of less 

than 1 uM. 

One of the fundamental difficulties in the 

determination of organic compounds is that they are present 
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in seawater in an enormous range of molecular sizes and 

chemical character. Organic compounds as diverse as gaseous 

methane and colloidal humic materials with molecular 

weights of greater than 100,000 g/mol can be present in the 

same seawater sample. The very nature of chemical analysis 

means that only specific fractions of the organic matter 

load can be extracted at any one time. Even the current 

techniques in use, designed to analyse total carbon content 

(TOC), such as high temperature combustion (Sugamura and 

Suzuki, 1988) are not completely quantitative as much of 

the volatile organic material (e.g. methane) is lost in 

bubbling the sample to remove carbonate. Because of the 

tremendous diversity of organic materials present in 

seawater, a large number of techniques have been developed 

to sample and measure them, and because of this the organic 

materials isolated are often defined in terms of the 

process used to extract them. This is an example of an 

Operational definition7, that is, a measured property 

defined by the technique used to measure it. The use of 

operational definitions justifiably is avoided by most 

scientists because they tend to make data interpretation 

very difficult. It is, however, a necessary tool to explore 

the complex v'. iety of compounds in seawater. 



A number of reviews describe the techniques available 

to measure dissolved and particulate organic materials in 

the marine environment (Wangersky and Zika, 1978; Green, 

1978; Duursma and Dawson, 1981; Whitehouse, et al., 1984). 

The range of compounds that have been analysed in seawater 

includes carbohydrates, metallo-organic compounds, lipids, 

amino acids, proteins, phenolic compounds, aldehydes, 

ketones, sterols, vitamins, amines, and halogenated 

compounds. However, compounds of a specific chemical 

character make up only a small fraction (ca. 10%) of the 

total carbon available in seawater (Williams, 1981). The 

majority of carbon, especially in the dissolved phase, is 

to be found in highly condensed, complex organic compounds 

of unknown chemical character. This material, because of 

its diverse chemical nature, can only be given an 

operational definition. An example would be the humic 

materials (Chapter 4) , which are defined by their 

extractability on a reverse phase resin and solubility in 

basic reagents. 

Because organic materials are present at only trace 

levels in the marine environment the problem of 

contamination becomes extremely important in sampling and 

analysis. Contamination may not be a significant problem if 

there are few external sources of the compound(s) measured, 
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such as carbohydrates or vitamins, but may be a major 

concern if there are many different routes of external 

inputs. This is the case with hydrocarbons, for example. 

Hydrocarbons are present ubiquitously in the shipboard 

environment because they can be found in the lubricants 

used all over the ship, on the sampling bottles, from 

greases and plasticizers, and even in the air from the 

ship's diesel fumes. Hydrocarbons present in the surface 

microlayer present a particularly common source of 

contamination (Gordon, et al., 1974; Zsolnay, 1977; Sauer, 

et al. . 1978; Boehm, 1980). Because of the ease of 

contamination of hydrocarbon samples determination of ways 

contamination can be reduced will provide a means of 

obtaining contamination free samples of other organics as 

well. A number of sampling techniques have been devised to 

control hydrocarbon contamination (Green, 1978), but most 

of these have significant drawbacks (Chapter 5). 

Problems of sampling through the surface microlayer 

with standard sampling bottles can be avoided by using 

special glass bottles that are only opened at depth 

(Gordon, et al., 1974; Wade and Quinn, 1975; Keizer, et 

al., 1977; Bouchertall, 1987; Siron and Giusti, 1990). The 

major problem with these is that they are both limited in 

the volume they can sample and in the depth at which they 
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can be deployed, because the bottles are sealed empty and 

the risk of implosion increases with depth. Even glass-

lined aluminum bottles (Boehm, 1980) can only be lowered to 

a depth of ca. 2000 m before the glass implodes 

(Whitehouse, et al., 1984). In addition these samplers are 

often of a custom design and are expensive and difficult to 

reproduce. They are relatively simple to deploy, but tend 

to be delicate to handle, especially in rough weather 

(Gordon, et al., 1974). Once on board the samples must be 

removed from their sampling containers for extraction. This 

can allow the samples to be contaminated further by air 

contact or by contaminated reagents. To avoid this, 

specially constructed clean rooms or clean benches are 

required. 

Another less common sampling technique is the use of 

pumps located on the surface to pump the water samples from 

depth for subsequent extraction and analysis (Jeffrey, et 

al., 1973; Osterroht, 1974; Siron, et al., 1987; Gomez-

Belinchon, et al., 1988). These samplers are limited by the 

power of the pump to draw a water sample from depth, length 

of hose available, ability to keep the hose clean, and 

adsorption on the hose (Green, 1978) (Chapter 5). 

The usual way to extract dissolved organic materials 

is the use of organic solvents. The choice of solvent will 



naturally determine the quantity and quality of the 

organics extracted. Since the solvent must be water 

insoluble to perform a liquid-liquid extraction, it is 

clear that only relatively non-polar organic compounds can 

be extracted in this fashion (Zika and Wangersk/, 1978). 

The cleanliness of the solvent can easily affect the degree 

of contamination of the extracted samples. Since the 

solvent extracts are often enriched further by evaporation, 

the larger the volumes of solvent extract the greater will 

be the potential contamination affects. 

The ideal way to minimize contamination in the 

sampling of organic materials is the use of in. situ 

analysis. In an ideal world, where this is possible, the 

compound(s) of interest are extracted and measured in situ 

and the only thing brought to the surface is the data, 

which can be stored on a computer for analysis later. Such 

a system would avoid all the problems of sample handling 

including ship and bottle contamination, as well as 

eliminating the sample workup which is often time 

consuming, difficult, and expensive. There are, 

unfortunately, very few compounds in seawater amenable to 

truly in situ measurement. 

The next best thing to a true in situ measuring device 

is one that can extract the substance of interest in situ 
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and make it available for later analysis, avoiding as many 

of the potential contamination sources as possible. A 

number of workers have reported devices designed to extract 

organic materials from seawater in situ (Osterroht, 1977; 

Ehrhardt, 1978; deLappe, et al., 1983; Ehrhardt and 

DouAbul, 1989). Due to the technical impracticabilities of 

using solvents to extract the organic compounds of interest 

in situ, a,s well as the associated problems of cost and 

contamination, other means must be employed. The most 

common of these is the use of columns packed with a 

material capable of adsorbing the compound of interest. 

Such a column must possess a number of characteristics to 

be useful for the purpose of extraction. 

These characteristics are: 

1) The extractant must quantitatively adsorb the 

material of interest from the seawater matrix in a range of 

ionic strengths (0-0.7 M), temperatures (-2 - +20 C), and 

pH (6-9) . This must be done unless these variables can be 

controlled. If the adsorption is not quantitative, the 

efficiency must then be known. 

2) The extractant must be both chemically and 

physically stable under the experimental conditions. 
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3) The extractant must not contaminate the samples of 

interest, und should be fairly straightforward to prepare, 

clean and elute. 

4) Quantitative elution of the attached organics 

should be possible from the column. If not, the proportion 

of material eluted must be known. 

5) The extractant employed should not initiate 

chemical reactions that would change the chemical nature of 

the adsorbed materials in any way. 

6) The extractant must have an adsorptive capacity high 

enough to concentrate reliably enough material to allow 

measurement. 

7) The adsorptive characteristics of the resin should 

allow the sample to be passed through the column quickly to 

minimize sampling time. 

There are a number of different resins and gels 

employed by researchers to extract organic material from 

seawater. Activated charcoal has been used for many years 

(Jeffrey, 1969; Kerr and Quinn, 1975). Jeffrey (1969) found 

that activated charcoal adsorbed 80% of the total seawater 

dissolved organic load, but only allowed 80% of that to be 
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desorbed. The highly active surface of the charcoal also 

allows for the possibility of chemical reactions of the 

adsorbed organics. This means that activated carbon can be 

used for rough qualitative work only. Other adsorbing 

agents such as octadecyl bonded phases (Mills, et al., 

1984, 1987), polyurethane (deLappe, et al., 1983; Gomez-

Belinchon, et al., 1988), Teflon (Josephson, et al., 1984), 

and macroreticular resins of the XAD series (Junk, et al., 

1974; Osterroht, 1974; Mantoura and Riley, 1975; Stuermer 

and Harvey, 1977; Van Rossum and Webb, 1978; MacCarthy, et 

al., 1979; Picer and Picer, 1980; Thurman and Malcolm, 

1981; Fu and Pocklington, 1983) have been used. 

The choice of packing materials for use in collecting 

organic materials using in situ pumping has usually been 

the macroreticular XAD resins, in particular XAD-2. This 

resin has been used because of its high adsorption 

capacity, useful when large volumes of water are needed to 

determine the compounds of interest, and because of its 

chemical and physical stability as well as its high 

efficiency of collection at high flow rates. 

In the in situ studies that have been done to date, a 

number of configurations for the sampling have been 

described. Qsterroht (1977), sampling in the Hano Bight of 

the Baltic Sea, used a 50 m Teflon tube suspended from a 
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ship and attached in series to a glass fiber filter (GF/C) 

and Teflon column packed with XAD-2 resin. In this way he 

was able to sample large volumes of seawater (520-1050 1) 

and determine the concentration of PCBs and chlorinated 

pesticides to the pg/1 level with minimum contamination. He 

observed negligible adsorption of organics to the Teflon 

tubing used, and that, although there appeared to be some 

contamination, i':, did not interfere with the sample 

quantification. Modifications of this type of in. situ 

sampling system have been used by other workers to 

determine chlorinated, aromatic, and aliphatic hydrocarbons 

in seawater. Gomez-Belinchon, et al. (1988) and deLappe, et 

al. (1983) also used this type of sampling system and 

compared it to continuous liquid-liquid extraction and 

polyurethane foam extraction. They concluded that for the 

measurement of these non-polar organic compounds in situ, 

liquid-liquid extraction is the method of choice, but that 

method is very impractical to use in the field, especially 

with water volumes in excess of 100 1. They then 

recommended that the solid phase extraction columns must be 

used as the principle field method, because the results 

from these were nearly the same as for liquid-liquid 

extraction. 
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Ehrhardt (1978) used a different mechanism for the in 

situ concentration of organic materials on XAD-2 columns. 

He attached the columns to a sampling buoy equipped with a 

motorized pump powered by a propane-burning thermoelectric 

generator. The sample stream was passed through a GF/C 

filter, and an XAD-2 extraction column. With this system he 

could set the sampler in place and come back for it after 

several hundreds or thousands of liters had passed through 

the column. Although in theory he could set this pump in 

place in even a near shore sampling station tc obtain 

organic extracts, in practice the mass of the sampling 

buoy, in excess of 1000 kg, meant that only large ships 

with crane facilities could handle it. In a later study 

Ehrhardt and DouAbul (1989) used an in situ system of the 

Qsterroht design to extract dissolved petroleum 

hydrocarbons from the Arabian Gulf surface waters, and 

found satisfactory results were obtained without 

significant contamination. 

The studies cited above demonstrate that in situ 

extraction is a viable technique for isolating organic 

materials in seawater. However, there are a number of 

problems associated with these systems that still need to 

be addressed. The major difficulty is that these devices 

can only sample a single depth or a very narrow range of 
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depths near the surface (within the first 10-50 m) . This 

lack of range in depth capability means that there is much 

information on distributions and geochemistry of organic 

compounds that cannot be determined. With the exception of 

the Ehrhardt sampling buoy, techniques that have been used 

require a sizable ship with clean pumping facilities and 

reasonably calm seas in which to operate. This means that 

samples can only be taken when such ships are available, 

and only where those ships are capable of traveling. 

Sampling in very shallow areas near the shore will often 

prove impossible using these ships. With the ever 

increasing pressure on scientific agencies for funds and an 

ever diminishing supply of funds, the amount of ship time 

available and the flexibility of sampling will be reduced. 

There is a need then for an in situ sampling technique 

which will collect representative samples of organic 

material in seawater at a range of depths and with the 

flexibility to be used under almost any conditions. 

1.2.2 Sampling and measurement of trace metals in seawater 

The term xtrace metal' is used to designate metallic 

elements present in concentrations of generally less than 1 

uM in seawater. This distinction, as was that for trace 
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organic compounds, is totally arbitrary and not completely 

encompassing for every situation. If the measuring method 

were sensitive enough practically every metallic element in 

the periodic table could be found in seawater. Of these 

elements only Na, Ca, Mg, K, Li, and Sr would not qualify 

as trace metals. The technology does not exist to 

conveniently measure all known metals in seawater, 

particularly those found in the second and third row 

transition series of the periodic table, so analysts have 

concentrated on studying the geochemistry of a relatively 

small proportion of them. 

The most important trace metals to the oceanographer 

are Al, Fe, Mn, Cu, Ni, Co, Sn, Zn, Pb, Mo, Th, As, U, Se, 

Tl, Cd, Be, Hg, and Ga, whether as free ions, inorganic and 

organic complexes, or associated with particles. These 

elements are of interest because they show a wide range of 

particle reactivities, organic complexation and toxicity; 

in addition, they are important as tracers of water masses 

and anthropogenic pollution inputs. Many of them, such as 

Fe, Zn, and Cu, are micronutrients necessary for 

phytoplankton growth, and others, such as Cd, are useful as 

paleooceanographic indicators. These properti A as well as 

others give the oceanographer many reasons to study trace 

metals in the marine environment. 
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A number of intercomparison studies have been 

performed in recent years to examine the ability of 

researchers to measure trace metals reliably in seawater 

(Olafsson, 1978; Bewers, et al. , 1981; Bewers and Windom, 

1982, 1983; Wong, et al., 1983 b). Some have been conducted 

considering only the analytical aspects of trace metal 

determination, using bottles of standard seawater 

(Olafsson, 1978; Bewers, et a_l. , 1981). These studies 

indicated that the capability of the researchers involved 

to measure trace metals in duplicate water samples was very 

good, especially for those researchers with considerable 

experience in trace metal determination. There was less 

agreement between researchers when both sampling and 

analysis were involved in the intercalibrations. The main 

problem encountered was that of contamination. 

The history of contamination for the measurement of 

copper in coastal seawater is illustrated in Fig. 1.2. This 

figure demonstrates that there has been essentially a 

logarithmic decrease in the measured concentration of 

copper in the surface ocean waters over the past 50 years. 

This decrease can be attributed , not to the loss of copper 

from the world oceans, but to an increased awareness of the 

role of contamination in environmental sampling, and to 

increased care in eliminating contamination. Not all trace 



Fig. 1.2 

Typical dissolved copper concentrations measured using a 
variety of techniques during the past 70 years. 1924-1952 
data (Chow and Thompson, 1952), 1953-1964 data (Riley and 
Chester, 1969), 1964-1983 (Wong, et al., 1983), other data 
from this thesis. 
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metals are susceptible to contamination to the same extent. 

In general, those metals which tend to be ubiquitous in 

civilization, such as Zn, Fe, and Pb, tend to be a greater 

contamination problem than less common metals such as V or 

Ga. 

The intercalibration studies that have been done point 

to a number of sources of contamination. The most important 

sources are the sampling container, the support used to 

lower it, and the way the samples were handled. The results 

of the intercalibration experiment by Bewers and Windom 

(1982) demonstrated that ordinary Niskin and Go-Flo bottles 

consistently yielded higher concentrations of dissolved 

trace metals than did Go-Flo bottles that had been modified 

by adding internal Teflon coating and replacing the rubber 

o-rings and PVC stopcocks with silicone o-rings and Teflon 

stopcocks. They also found that plastic coated hydrowires 

gave slightly lees contamination than did Kevlar coated or 

stainless steel hydrowires. 

Patterson and Settle (1976) designed a rigorous 

method for the analysis of lead v/hich has been emulated by 

other researchers seeking to eliminate contamination. It 

involves the use of all-plastic, acid cleaned containers 

that are encased in acid cleaned plastic bags. The sampler 

is deployed several tens of meters upwind of the mother 
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ship to avoid contamination. After sampling, the container 

is capped, bagged, and taken to the mother ship, where the 

analysis takes place in a clean room. This method is 

clearly limited in that only near-surface samples can be 

taken, and then only in periods of calm seas. The usual 

method adopted for most trace metal analysis is the 

collection of the sample by modified Go-Flo bottles as 

previously described in this chapter. Samples are removed 

from the Go-Flo bottles by pressurizing them with pure N2 

gas followed by sample filtration and extraction (Chapter 

6). 

An alternative to the use of modified Go-Flo bottles 

to sample for seawater trace metals is the use of in situ 

pumping (Chester and Stoner, 1974; Kremling, 1985; Kremling 

and Hydes, 1988; Kremling and Pohl, 1989; Backstrom and 

Danielsson, 1990) . The principle here is similar to that 

for the in situ pumping of trace organic materials already 

discussed. This involves pumping the sample to the surface 

from a clean pump located on the ship, followed by the 

extraction of the trace metals in a cleanroom. This mode of 

sampling has been shown to be very reliable in the 

collection of large amounts of clean water for trace metal 

analysis. Problems in the use of these systems are similar 

to the ones for organics analysis, that is, little 



24 

capability of measuring depth variability, and dependence 

on a ship with both pumping and cleanroom facilities. 

The use of solid phase extraction columns to examine 

trace metals in seawater has not been explored as much as 

it has for trace organic compounds. A number of solid phase 

sorbants has been reported in the literature to extract 

trace metals from seawater, among them cation exchange 

resins of the Chelex-100 type (Biechler, 1965; Hirose, et 

al., 1978; Sturgeon, et al., 1980), anion exchange resins 

(Brooks, 1960; Portmann and Riley, 1966), carbamate resins 

(Yamagami, et al., 1980), and silica bound chelators such 

as p-dimethylamino-benzylidinerhodamine (Tarada, et al. . 

1980) and l-nitroso-2-napthol (Tarada and Nakamura, 1981). 

The most common solid phase seawater trace metal extracting 

gel is the bound 8-hydroxyquinoline type (Vernon and 

Eccles, 1973; Hill, 1973; Parrish and Stevenson, 1974; 

Sturgeon, et al., 1981; Parrish, 1982; Marshall and 

Mottola, 1983; Slauenwhite, et al., 1985; Yeats, 1988; 

Landing, et al., 1988; Slauenwhite and Wangersky, 1991) 

(Chapter 6). Bound 8-hydroxyquinoline is a useful 

extractant for trace metals in seawater because it conforms 

closely to the criteria for extraction columns previously 

outlined in this thesis (Chapter 1). 
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The work on the extraction of trace metals using solid 

phase chelating columns was done with samples that had been 

collected and brought on board the research ship, exposing 

them to potential contamination. There has been very little 

work on linking the advantages of in situ sampling with the 

advantages of solid phase adsorption for the extraction and 

enrichment of trace metals and organic materials in 

seawacer. 

An ideal in situ extraction system would be one that 

incorporates a pump which can be connected to an optimally 

operating extraction column as a single unit. This totally 

self contained device could then be transported to wherever 

the sampling is to be done and lowered to the desired 

depth. Sampling and pre-concentration would take place 

totally in situ, avoiding contamination from sampling 

bottles, the ship, and the surface microlayer. The pump 

could then be retrieved and the columns eluted and 

analysed. At this point the potential for contamination 

still exists, but since the sample is now much enriched the 

contamination would represent a much smaller fraction of 

the total sample. 
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1.2.3 Self-contained in situ pumping systems and the 
Johnson-Wangersky in situ pump. 

There are very few self-contained in situ pumping 

systems in the world capable of extracting dissolved and 

particulate organic and metallic species in seawater. The 

most common of these is the Seastar in situ pump (Seastar 

Instruments Ltd., Sidney, B. C ) . This device consists of a 

high-pressure pump head with a magnetically-coupled drive 

encased in a hard-anodized aluminum housing. It is powered 

by 20 D-cell batteries and activated by a time delay switch 

or a messenger. Columns can be affixed to the outside of 

the pump to extract dissolved materials and a filter can be 

attached to concentrate particulate matter (Seastar 

technical specifications sheet, 1985). These samplers have 

problems in that they are limited to 300 m depth, specially 

designed extraction columns must be used, and their all 

Teflon fitting construction tends to develop leaks after 

several uses due to the significant degree of creep in that 

polymer. The internal high-pressure pump heads allow for 

the possibility of leaks within the housing, destroying the 

electronics. There is no fine flow rate adjustment (50-100-

150 ml/min, with no column attached, are the only choices). 

These pumps have been used in modified form to extract 

hydrocarbons from seawater (Yunker, et al., 1989, 1990). 
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Because the pump head is downstream from the column there 

is the possibility of cavitation, or spontaneous bubble 

formation, occurring as the sample goes through the column, 

potentially invalidating the volume measurement through the 

column. 

To address some of these problems, Johnson, et al., 

(1987) have designed the Johnson-Wangersky in situ pump 

sampler. This sampler (Manna Marine Enterprises, Halifax, 

N. S.) consists of an aluminum anodized housing fitted with 

a stainless steel magnetically-coupled pumphead (Fig. 1.3). 

The pump, as designed, can be used up to 500 m depth 

safely, and has been used to 1000 m. Full depth sampling 

can be achieved by a different version of the pump 

constructed out of titanium. It is 34 cm long and 10 cm in 

diameter (weight = 10 kg) , and is powered by a NiCad 

rechargeable battery pack, giving up to 7 hours of 

continuous operation. 

Columns of a large range of dimensions, from 20 cm 

long glass columns to 1 cm long reverse phase C18 Sep-Paks 

can be fitted easily to the pump using appropriate lengths 

of Bev-A-line IV flexible Teflon tubing (Cole Parmer) and 

plastic cable ties. Filter holders of a wide variety of 

commonly available designs can also be affixed to the pump. 

The pump can be attached to a hydrowire and sent to depth 
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Fig. 1.3 

Johnson-Wangersky in situ pump sampler, shown with column 
and filter attached. From Johnson, et al. (1987). 
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with the columns and filter filled with water (Millipore 

Super-Q, distilled, deionized water) to avoid intrusion of 

near surface water, and the pump activated by messenger 

using a magnetic switch encased in the pump. The pump inlet 

consists of a 50 cm long Teflon tube, designed to collect 

the sample as far as possible from the pump i.tself to avoid 

contamination, especially necessary for trace metals. The 

volume of sample can be measured by a flow meter, or by 

using a collapsible plastic bag at the exhaust end of the 

pump. The latter was the normal deployment configuration in 

these studies. Pumping is terminated by the dropping of a 

second messenger after sufficient time has elapsed to 

extract material for measurement. 

Because of the lightweight design of the pumping 

system, it can be deployed using a length of Nylon rope, 

and therefore can be useful in the measurement of trace 

materials from small ships of opportunity such as fishing 

boats, cargo ships, naval vessels, or even small rowboats, 

as opposed to usual methods requiring large ships with 

clean room facilities. This allows for frequent sampling in 

shallow areas, an especially useful feature when, for 

example, performing routine pollution monitoring. The use 

of ships of opportunity for sampling can also drastically 

decrease the cost of ship time and crew salaries, an 
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important consideration in modern oceanographic sampling. 

The system can also be easily modified to allow a number of 

pumps on a single wire, thereby drastically decreasing the 

time to complete the sampling of a complete profile. 

1.3 Summary and Areas of Research Addressed in this study 

A great deal of progress has been made in our 

understanding of the role of contamination in the sampling 

of trace metallic and trace organic materials in seawater. 

It is evident that stringent controls are necessary to 

obtain representative sampling of most trace substances. 

Contamination of the samples can occur from a large 

number of different sources. The first point of 

contamination is the sampling device itself. This is the 

most important contamination vector to control because if 

the sample is contaminated at this point, no matter how 

clean the remainder of the analysis is the sample has 

already been irreversibly compromised. Sources of 

contamination include the bottle housing itself, the 

closing device (spring or tubing), the messenger, and the 

hydrowire. Adsorption of surface active materials as the 

bottle passes through the surface microlayer may also be 

very important sources. 
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When tiie water sample is on board the sampling vessel, 

contamination, may occur from airborne particles and gases, 

transfer containers, and extracting reagents or solvents. 

Once the sample has been enriched the effect of 

contamination is less, but care must still be taken to keep 

the sample as clean as possible. 

One way of avoiding many of the problems of sample 

contamination is the use of in situ sampling and 

enrichment. This technique involves the collection of the 

sample, separation of the compounds of interest from the 

seawater matrix, and the extraction of those materials at 

the sample location, thereby avoiding many of the most 

insidious contamination sources. This method presupposes 

that a technique exists that can reliably perform these 

functions quantitatively and can extract materials 

representative of the compounds of interest. The use of the 

portable Johnson-Wangersky in situ pump in connection with 

specific packing material filled columns has the potential 

to be just such a technique. This instrument consists of a 

self contained, battery operated pump which can be affixed 

to extraction columns capable of extracting trace metallic 

species (e.g. silica bound 8-hydroxyquinoline), organo-

metallic species (e.g. reverse phase C18 Sep-Paks), and 

organic materials (e.g. Chromasorb-T Teflon, XAD resins, 
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polyurethane foam, activated charcoal). 

1.4 Objectives and Approach of this Study 

A great deal of attention has been paid recently to 

the containment of contamination in seawater sampling. To a 

large extent the sources of contamination have been 

identified and measures have been undertaken to eradicate 

the problems. These efforts have, for the most part, been 

considered successful, though not without increasing the 

complexity and expense of sampling. The measure of success 

has been the reporting of very low and consistent 

concentrations of both trace organic and inorganic species, 

and the positive covariance of trace substance 

concentrations with a number of physical and biological 

phenomena. Despite this, the possibility still remains that 

contamination problems may still be significant. Even if 

the technology of sampling has improved to the point where 

sample contamination has been controlled, the methods used 

are often difficult to implement, expensive, or time 

consuming. Economic and other practical realities force us 

to find sampling methods that are both clean and convenient 

to use for even routine analyses. Specific aims of this 

research are to : 
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i.) investigate the use of the Johnson-Wangersky in 

situ pump in the extraction of trace copper and organo-

copper complexes in the nearshore environment and to 

compare the results with those found by the traditional 

means, and, further, to examine suitability of the method 

for routine sampling; 

ii.) use in situ extraction to examine the temporal 

variation in dissolved copper and cadmium speciation in 

seawater and relate these to primary productivity; 

iii.) probe the use of XAD-2 as an adsorbant for in 

situ sampling of untreated humic materials, and to 

construct a pretreatment method designed for in situ 

extraction; 

iv.) examine the use of the in situ pump in the 

analysis of dissolved hydrocarbons in oceanic waters; 

v.) examine the use of the in situ pump in the 

analysis of dissolved copper and organo-copper complexes in 

oceanic waters. 

Time-series measurements of dissolved copper and 

organic-chelated copper concentrations during phytoplankton 

blooms are used to investigate the chemical speciation of 
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this metal as a function of biological productivity. These 

results are compared to the temporal variation of dissolved 

and particulate cadmium during phytoplankton blooms 

(Chapter 3) . Results are obtained from a natural coastal 

inlet (Bedford Basin) arid from a controlled mesocosm 

experiment (Dalhousie Tower Tank). The Bedford Basin 

results represent the first data of this type derived from 

in situ extraction. The mesocosm experiment was used to 

examine in a controlled environment, the processes observed 

in nature. 

The results of the extraction of humic materials on 

XAD-2 are presented in Chapter 4. The use of XAD-2 as an 

extractant of humic materials is examined in the absence of 

the usual pre-acidification step to see if XAD-2 can be 

used to extract a representative portion of the humic 

compounds in seawater. A sampling system was designed that 

includes a pre-acidifying column and an XAD-2 column, which 

can be attached to the in situ pump. The chemical and 

physical properties of the materials extracted using the 

various techniques were compared. 

Chapter 5 presents the first data on the distribution 

of dissolved hydrocarbons in an oceanic region using in 

situ extraction onto a Teflon adsorbant. Dissolved 

hydrocarbons were measured along a transect across the 
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Scotian Shelf and slope regions using the in situ pump, and 

compared to dissolved hydrocarbon concentrations measured 

in an enclosed coastal basin (Bedford Basin). 

The vertical and horizontal distribution .of dissolved 
t 

copper and organo-copper complexes is described in Chapter 

6. The measurements were made across the Scotian Shelf and 

slope using in situ extraction. Organic complexes were 

isolated by a reverse phase column technique and the 

unbound copper isolated by extraction onto a bound 

chelator. 



CHAPTER 2 

METHOD OF STUDY 

2.1 Introduction 

The analysis of trace chemical constituents in the 

marine environment presents many methodological challenges 

to the scientist. This chapter will present the methods 

used throughout this study for storage, filtration, 

extraction, concentration, and analysis of the samples, as 

well as data treatment and methodology analysis. A more 

detailed description of the sampling procedures can be 

found in the relevant chapters of this thesis. 

2.2 Sample Treatment 

Because of the possibility of contaminating 

environmental samples when analysing them for trace 

constituents, great care must be taken in their processing. 

The steps involved in the processing of samples include 

sampling, enrichment, storage, and analysis (Fig. 1.1). All 

reasonable precautions must be taken at each step in the 

procedure, and the final analysis done as soon as possible 

to avoid biologically mediated or chemical change. 

37 
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2.2.1 General Cleaning 

Where possible, when determining trace metal or 

organo-metal complexes only plastic was allowed to come 

into contact with the samples. The plastic-ware, usually 

polyethylene or Teflon FEP, was cleaned by soaking in a 

solution of approximately 30% nitric acid in distilled, 

deionized water (Millipore, Super-Q) for at least 2 days, 

followed by a copious rinsing with Super-Q water. 

Filtrations were usually performed using Nuclepore 47 mm 

polycarbonate membrane filters with a pore size of 0.4 um. 

These filters were prepared by soaking in 2 M HC1 and 

rinsing with Super-Q water. The samples for the Bedford 

Basin bloom experiment (CHAPTER 3) were filtered with acid 

cleaned Millipore H/A filters. When determining organic 

compounds, where possible, only glass, metal, and Teflon 

were allowed to come into contact with the samples. All 

glassware was cleaned by first rinsing with a small amount 

of methanol (Omnisolve, BDH) and then combusting in a 

muffle furnace at 430 C for 12 hours. Most metal components 

of the analytical set-up were cleaned the same way. Those 

components that could not be combusted were cleaned by 

rinsing with methanol and a small amount of dichloromethane 

(Omnisolve, BDH). Teflon was cleaned by soaking in a 

concentrated solution of chromic-sulphuric acid for 1 day 
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at room temperature, followed by rinsing with Super-Q 

water. Filtration was performed using pre-combusted glass 

fiber filters, either Whatman A/E or Gelman GF/C, with 

nominal pore sizes of 1 and 0.7 um respectively. 

2.2.2 Sample Storage and Analysis 

2.2.2.1 Nutrients 

Samples for the analysis of phytoplankton micro-

nutrients (nitrate, phosphate and silicate) were collected 

in acid cleaned polyethylene bottles and stored frozen at 

-20 C until analysis. The sample volumes varied from 30 to 

250 ml, depending upon the bottles available and analytical 

equipment used. The samples were measured using the 

spectrophotometric techniques described in Strickland and 

Parsons (1972). 

2.2.2.2 Dissolved Organic Carbon 

Dissolved organic carbon (DOC) was defined as organic 

material that passed through a pre-combusted GF/C filter, 

and was measured using the ultra-violet (UV) photo-

oxidation system developed by Gershey et al. , (1979). 

Samples were collected in combusted 200 ml glass bottles 
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with Teflon lined plastic caps and stored frozen and in the 

dark until analysis. Results by Sugimura and Suzuki (1988) 

using high temperature techniques suggest that a 

significant fraction of the dissolved organic matter (DOM) 

pool is not oxidized by UV radiation. This pool is reported 

to be proportionally larger in the surface waters. 

Therefore the results using this technique may give only a 

low estimate of the actual DOC concentration. 

2.2.2.3 Particulate Organic Carbon 

Particulate organic carbon (POC) was defined as the 

fraction of organic material retained by a GF/C glass fiber 

filter; it was measured using the high-temperature 

combustion method described by Wangersky (1976). The 

samples were filtered and the filters placed in a combusted 

aluminum foil envelope, stored frozen in the dark until 

analysis. The samples were measured against a potassium 

hydrogen phthalate, KCgH504 standard. 

2.2.2.4 Total Chloropigments 

Samples for pigment analysis were filtered through 

Millipore H/A or Gelman A/E filters, extracted with an 

acetone/water (90/10, vol/vol) solution and the 
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fluorescence of the extract after centrifugation measured 

using a Turner Model 111 spectrofluorometer against a 

chlorophyll standard (Sigma Chemicals). Samples were 

analysed immediately if possible and if not, stored frozen 

in the dark in aluminum foil envelopes for periods of not 

more than 1 week. 

2.2.2.5 Particle Counts 

Particle counts were done using a Coulter Counter 

(Model 1015 ZB) . The samples were measured immediately 

after collection. Counts were made using manufacturers 

recommended instrument settings. 

2.3 Extraction Column Preparation and Characterization 

2.3.1 XAD-2 

2.3.1.1 Introduction 

Amberlite XAD resins are non-ionic, macroreticular, 

microporous beads. XAD-2, as well as the chemically 

identical XAD-1 and XAD-4, are cross-linked styrene-

divinylbenzene copolymers. These resins differ in the 

degree of cross-linking and hence pore size. The resins 
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XAD-7 and XAD-8 are microporous acrylic ester polymers, and 

are therefore more hydrophilic than the styrene-

divinylbenzene copolymers. 

The resin used throughout this thesis work was XAD-2. 

This is the most commonly used resin of the XAD series, and 

is used for isolation of organic contaminants in potable 

water (Junk et al., 1974; Tateda and Fritz, 1978; Van 

Rossum and Webb, 1978; Suffet et al., 1978), for isolation 

of specific organic compounds in seawater (Osterroht, 1974; 

Picer and Picer, 1980), and, as well, for the extraction of 

dissolved humic substances from seawater (Mantoura and 

Riley, 1975; Stuermer and Harvey, 1977; MacCarthy et al. , 

1979; Thurman and Malcolm, 1981, Wilson et al. , 1983; 

Aiken, 1985, 1988; Amador et al., 1990). 

2.3.1.2 Resin Preparation: Packing and Cleaning 

The XAD-2 resin, (Rohm and Haas, 40-60 mesh) was 

cleaned by sequential Soxhlet extraction for 24 hours each 

in methanol (CH30H), 2-propanol and dichloromethane 

(CH2C12) , all BDH Omnisolve grade. The XAD-2 was then 

gravity packed as a CH2Cl2 slurry in pre-combusted 

borosilicate glass columns of various aspect ratios. The 

columns were tapered on both ends and combusted glass wool 
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plugs placed in either end to contain the resin. Once 

packed in the column, the resin was rinsed with 10 bed 

volumes of CH30H to expel the CH2C12 and to wet the resin. 

Finally, at least 10 bed volumes of Super-Q water were 

rinsed through the column to expel the CH3OH before the 

column was ready for use. 

The XAD-2 columns used in Chapter 5 of this thesis 

were packed in Teflon sleeves instead of glass. These 

columns had porous Teflon frits at either end and were 3 5 

cm x 2.5 cm internal diameter (I.D.). Once packed, the 

columns were cleaned further by briefly recirculating, in 

succession, the solvents CH3OH, 2-propanol, and CH2C12 

through the columns using a Fluorocarbon Saturn Teflon Pump 

(Model SP4000 2) and Teflon tubing assembly (Fig. 2.1) to 

ensure the cleanliness of the whole extraction system. 

After each recirculating step, 2 1 of the appropriate 

solvent was rinsed through the column using the Teflon 

diaphram pump. The columns were again rinsed with CH3OH and 

2 1 of a solution of 0.2 N NaOH/CH3OH (50/50 vol/vol) and 

rinsed with Super-Q prior to use. 

2.3.1.3 Characterization of XAD-2 Resin 

To determine the minimum capacity and extraction 
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Fig 2.1 

Solvent recirculation system for cleaning Teflon sleeve 
XAD-2 columns. Pump is a diaphram type with an all Teflon 
head. 
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efficiency of this resin in these columns, a representative 

organic compound, dodecanoic, (lauric) acid 

[CH3(CH2)10COOH], a free fatty acid (FFA) was used. This 

compound was chosen because it is polar enough to have a 

relatively high solubility in seawater, which makes it 

convenient to analyse, and yet non-polar enough to be 

extracted by XAD-2 (Junk et al., 1974; Van Rossum and Webb, 

1978). The molecule also has gross similarities to the bulk 

dissolved organic matter in seawater with a hydrophobic 

section and a carboxylic acid functional group (Rashid, 

1985) . 

Solutions of saturated lauric acid were prepared using 

a xbatch technique' in which an excess of Analytical Grade 

lauric acid (Eastman Kodak) was stirred overnight in a 

beaker filled with seawater. In preparation this seawater 

had been irradiated with a high intensity ultra-violet 

light for 4 hours to oxidize the existing organic 

compounds. The method employed for the measurement of 

lauric acid was a modification of Itctya's (1977) method for 

FFAs in blood serum, (Table 2.1). 

Calibration curves were linear over the range 0-10 

mg/1, with a typical correlation coefficient of r2=0.990 or 

better. The detection limit of lauric acid was 0.3 mg/1. 

Blanks were prepared using irradiated seawater with 



Table 2.1 

Procedure for the extraction and analysis of lauric 
acid from seawater. 

1. 4 ml samples were extracted with 2 ml CH2C12 in a 
glass vial, the aqueous layer discarded. 

2. To the organic layer was added 2 ml reagent 
consisting of 1 M acetic acid [CH3COOH], 1 M 
triethanolamine [N(CH3CH2OH)3], and 27 mM cupric 
nitrate trihydrate [Cu(N03)2 x 3H20] (Sigma Chem., 
Analytical grade) in the ratio 9/1/10 (vol/vol/vol). 

3. The sample was shaken for 3 0 seconds and allowed to 
settle for 5 minutes, and the aqueous layer again was 
discarded. 

4. To the organic layer was added 750 ul of a methanolic 
solution of 7.4 mM sym-diphenylcarbazide 
[ (C6H5NHNH)2C0] (Sigma) and 750 ul of a methanolic 
solution of 0.39 mM 1,5-diphenylcarbazone 
[C6H5N=NCONHNHC6H5] (Sigma). 

5. The sample was shaken for 10 seconds and the 
absorbance measured immediately using a 
spectrophotometer (Perkin Elmer 46) with matching 
glass cuvettes and a wavelength of 550 nm. 
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reagents added. No lauric acid could be detected in the 

blanks. 

To determine the extraction efficiency and loading 

characteristics on XAD-2, cleaned columns were prepared as 

previously described in glass tubes of dimensions 5.7 cm x 

1.0 cm I.D. and 3.0 cm x 0.8 cm I.D.. Ten liters of 

irradiated seawater containing 4.0 mg/1 lauric acid was 

passed through the columns in series using a pump with a 

ceramic head equipped with Teflon or polyethylene tubing 

and a glass wool filter plug (Fig. 2.2), the larger column 

first, at a flow rate of 25 ml/min. 

The columns were eluted by sequential Soxhlet 

extraction for 1 day each in 250 ml of CH3OH or 2-propanol 

followed by 250 ml CH2C12. To analyse for FFAs in CH30H or 

2-propanol, the sample was placed in a 500 ml round bottom 

flask (r.b.f.) and reduced to about 5 ml using a rotary 

evaporator with aspirator suction and a warm water (ca. 35 

C) bath. To this sample was added 200 ml Super-Q water. The 

FFAs were then re-extracted into 50 ml CH2C12 and analysed 

as described in Table 2.1. 

Of the 40.3 mg of lauric acid run through the columns 

25.3 mg was recovered from the first column (96% of this in 

the alcohol extract) and 1.15 mg recovered from the second 

column (87% of this in the alcohol extract). The fact that 



49 

Fig 2.2 

Pumping system used to pass seawater solutions through 
extraction columns. The tubing was Teflon or polyethylene 
and the filter consisted of a tapered glass column 4 cm x 
0.8 cm I.D. filled with loosely packed quartz wool to trap 
large particles. The pump is a piston rotary type with a 
ceramic or Teflon head. 
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some material was extracted on the second column indicates 

that some breakthrough occurred, in this case of the order 

of 5%. The total recovery of 26.45 mg represents an 

extraction efficiency of 66%. Repeated trials produced 

efficiencies of 69 and 79% respectively, comparable to the 

literature value of 67% for palmitic acid (Van Rossum and 

Webb, 1978). The total load of 25.3 mg in the first column 

represents a capacity of 6.44 mg lauric acid/ml resin. The 

material not extracted either passes through the column 

without being adsorbed or is not removed from the column 

using the elution procedure. Measurement of lauric acid in 

the column exhaust solution (0.34 mg/1 at the beginning and 

0.66 mg/1 at the end of the experiment) indicates that 

perhaps 10-12 % of the total lauric acid passed through the 

column without being extracted. 

The degree of breakthrough of some compound of 

interest on solid phase extraction columns will depend not 

just upon the availability of suitable adsorption sites, 

but also on the flow rate through the column and the column 

aspect ratio - two factors that affect the residence time 

of water in the column and are thus of importance in mass 

transfer. The aspect ratio is the ratio of a columns length 

to its internal diameter. Figure 2.3 shows the breakthrough 

curves for varying flow rates through columns of aspect 
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Fig 2.3 

Flow rate breakthrough curves for lauric acid on XAD-2 
columns with a volume of 3.93 cm . 

(a) Aspect ratio 20 

(b) Aspect ratio 5 

(c) Aspect ratio 1 
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ratios 1, 5 and 20, with the column bed volume remaining 

constant at 4 cm3. This figure shows that columns with 

higher aspect ratios have higher extraction efficiencies 

for the same flow rate as columns with a lower aspect 

ratio. In all cases the extraction efficiency was 100% at 

flow rates of less than 8 ml/min (2 bed volumes/min) . The 

higher aspect ratio columns had slightly higher 

breakthrough flow rates, which may be due to a decrease in 

channeling. 

2.3.2 Reverse phase C18 Sep-Paks 

2.3.2.1 Introduction 

The RP-C18 Sep-Pak is a commercially available 

octadecyl-silane bonded reverse phase silica based 

adsorption column. The packing material has a nominal bead 

size of 50 um, but the beads range in size from 20-150 um 

as measured under a light microscope. The beads have an 

irregular shape rather than being smooth spheres, unlike 

the XAD-2 resin beads. The size of the columns is fixed at 

1.3 cm x 1.0 cm I.D. (volume=1.02 cm3). They consist of a 

one-piece cylindrical polyethylene outer envelope with 

plastic frits on the ends to enclose the packing. End 
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pieces of a smaller diameter extend from the columns. The 

diameter of these extensions is suitable for the attachment 

of a Luer syringe tip, which is used for cleaning and 

elution of the columns. 

These columns have been used to isolate both DOM and 

organo-metallic compounds in seawater (Mills and Quinn, 

1981, 1984; Mills, et al. , 1982, 1987, 1990; Zhou and 

Wangersky, 1985; Donat, et aJL., 1986; Slauenwhite and 

Wangersky, 1991) and have the advantage of being easy to 

use and in exhibiting low blanks for both organic and 

organo-metallic complexes. They have been shown to isolate 

10-40% of DOM and 10-70% of the total copper dissolved in 

seawater (Mills, et a_l. , 1982; Mackey, 1982; Zhou and 

Wangersky, 1985; Donat, et al., 1986; Slauenwhite, et al., 

1991). 

There is still some dispute about the mechanism of 

retention involved in reverse-phase columns. Many workers 

claim the most important mechanism for removal of organic 

compounds by C 1 8 is solvophobic selectivity arising from 

hydrophobic interactions between the solute and the non-

polar stationary phase (Tanaka, et al. , 1978; Melander and 

Horvath, 1982; Jandera, 1986). Other workers have 

demonstrated, at least for relatively small non-polar 

solute molecules, that partitioning is the dominant mode of 
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retention (Dill, 1980; Dill et al., 1988; Sentell and 

Dorsey, 1989) , and that the bonded C18 chain acts as a 

pseudo-solvent. There is also some evidence that steric 

considerations may play a part, as demonstrated by the 

selectivity of planar polyaromatic hydrocarbons (PAHs) for 

longer bonded hydrocarbon chains such as the octadecyl 

moieties of a C18 Sep-Pak over shorter bonded chains 

(Hemetsberger, et al. , 1979; Tanaka, et al. , 1982; Jinno, 

et al., 1987). 

2.3.2.2 Extractant cleaning 

The C18 Sep-Paks (Waters Assoc.) were cleaned by 

sequential elution with 10 ml CH30H and 10 ml Super-Q water 

prior to use (Zhou and Wangersky, 1985). This cleaning 

procedure was found to give satisfactory blanks for organo-

copper (Cuora) complexes and organic compounds. Cleaning 

with an acid solution (0.25 N HCl) as recommended by Zhou 

and Wangersky (1985) was not done because the columns 

displayed an apparent breakdown of the bonded phase, as 

evidenced by the formation of a milky white precipitate 

when an additional elution sequence of CH3OH and water was 

performed after acid cleaning. There is some evidence that 

little breakdown occurs if a much milder acid solution is 
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used to elute these columns. Mills and Quinn, (1981), found 

that cleaning with 0.001 N HCl (Baker Ultrex) was useful in 

removing inorganic copper complexes such as copper 

hydroxide from the columns without damage to the column. 

This thesis is primarily concerned with the CH3OH/H20 

extractable organic complexes of copper, so no acid 

cleaning step was required. 

2.3.2.1 Characterization of C18 Sep-Paks 

To characterize these columns lauric acid was again 

used as a representative compound. The columns were cleaned 

as previously described and seawater solutions of lauric 

acid passed through to examine the breakthrough 

characteristics. The samples were pumped through the 

columns at 10 ml/min using the RP-K ceramic pumping system. 

Elution was accomplished by passing 10 ml Super-Q water 

through the column using a 2 0 ml glass syringe to expel 

entrained salts, followed by passing 10 ml CH3OH/H20 

(50/50, vol/vol) and 10 ml CH2C12 in succession. The 

eluates were then analysed for lauric acid. Repeated 

analysis of the same sample (n=10) demonstrated the 

standard deviation of the total extraction scheme to be 6% 

at the 1.2 mg/1 concentration. 
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The breakthrough of lauric acid on a C18 Sep-Pak is 

demonstrated in Fig. 2.4. The initial breakthrough occurred 

after a load of about 1 mg on the column, though the 

extraction efficiency is still 60% when 22 mg lauric acid 

is loaded on the column. The total concentration of 

dissolved organic compounds in seawater is typically 1 mg/1 

or slightly more, so a seawater sample size of 500-800 ml 

should exhibit negligible breakthrough. This conclusion is 

supported by the work of Mills and Quinn (1984) , who 

determined that Sep-Paks can only process approximately 800 

ml of coastal seawater before significant breakthrough 

occurred. All samples processed through Sep-Paks in this 

study had a volume of less than 800 ml. 

The extraction efficiency of the Sep-Pak columns at 

various flow rates is shown in Fig. 2.5. It is greater than 

95 % for flow rates up to 100 ml/min (100 bed volumes/min) ... 

All flow rate breakthrough efficiencies were obtained from 

a single column over a series of increasing flow rates so 

some of the breakthrough observed at the higher flow rates 

may be due to a saturation of the surface active sites 

rather than limitations on the mass transfer. Additional 

work with Cuorq complexes, (Zhou, 1987), indicates that 

these complexes also exhibit good extraction efficiency at 

flow rates of up to 60 ml/min. 
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Fig 2.4 

Breakthrough curve of lauric acid on a reverse phase C18 
Sep-Pak column. The flow rate through the column was 10 
ml/min. 



60 

CVJ 

(%) HOnoyHlMV3d8 



61 

Fig 2.5 

Flow rate breakthrough curve of lauric acid through a C18 

Sep-Pak. 
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2.3.3 Chromasorb-T Teflon resin 

2.3.3.1 Introduction 

Chromasorb-T column packing material (Supelco Inc.) 

consists of irregularly shaped, porous beads of poly-

tetrafluoroethylene (PTFE, Teflon), a highly stable, 

chemically inert polymer. The individual particles are 

rounded and soft to the touch, being easily compressed by 

finger pressure. The material is very non-polar, which 

makes it suitable for the concentration of hydrophobic 

substances such as saturated and polyaromatic hydrocarbons 

(Josefson, et al., 1984; Liska, 1989; Yunker, et al. , 1989, 

1990) . 

Porous aggregates of PTFE have been used for many 

years as supports for stationary phases in gas-liquid 

chromatography (Kirkland, 1963), but have only been used as 

an adsorbent in their own right for about 10 years. They 

were first used by ^ierten (1978), to isolate proteins and 

t-RNAs from aqueous solution. This packing material is 

useful because it does not suffer from the contamination 

problems caused by resin bleeding or breakdown as is often 

the case with XAD and RP-C18 resins (Picer and Picer, 1980; 

James, et al., 1981; Whitehouse, et al., 1984; Slauenwhite, 
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2.3.3.2 Resin preparation: Packing and cleaning 

The Chromasorb-T resin (20 g, 40/60 mesh, 4-7 m2/g 

total surface area) was cleaned by sequential extraction 

with 3 aliquots of 100 ml CH3OH. Each aliquot was discarded 

after extraction. The resin was gravity packed as a 

methanol slurry in pre-combusted borosilicate glass columns 

of various aspect ratios with glass wool plugs on either 

end. The columns were placed in a Soxhlet extractor and 

extracted with acetone (BDH Omnisolve) for 24 hours and 

storod in acetone prior to use (Josefson, et al. , 1984). 

Immediately prior to use these columns were washed with a 

minimum of 100 bed volumes of Super-Q water, using the 

pumping system shown in Fig. 2.2. 

2.3.3.3 Characterization of Chromasorb-T 

The ability of Chromasorb-T to adsorb a compound from 

seawater is inversely proportional to the hydrophobicity of 

that compound in seawater. The mcst non-polar compounds, 

such as hydrocarbons and their derivatives, are those most 

easily adsorbed. To provide a comparison with the XAD and 

RP-C18 results, lauric acid was again chosen as a reference 
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compound. Samples of seawater saturated with lauric acid 

were pumped through the columns using the ceramic pump 

setup as shown in Fig. 2.2. A 500 ml sample of saturated 

lauric acid was pumped through the system without a column 

in place to saturate any active sites in the pump head and 

tubing. The effective area of ad̂ 3orption for the tubing was 

estimated to be less than 500 cm , whereas the columns used 

for these experiments contained at least 3 ml Chromasorb-T 

(6-11 m2 surface area). The total surface of the tubing and 

pump-head is therefore negligible compared to the total 

surface area of the adsorbent. 

To measure the flow rate efficiency, two columns were 

prepared with different aspect ratios but the same bed 

volumes, as was described for the XAD-2 columns. The 

columns, 1.7 cm x 1.4 cm I.D. (aspect ratio 1.2) and 5.0 cm 

x 1.0 cm I.D. (aspect ratio 5.0), were packed and cleaned 

according to the described procedure. The result on the 

breakthrough curves as a function of flow rate for these 

two columns is seen in Fig. 2.6. As was seen with the XAD-

2, the column with the higher aspect ratio has a higher 

extraction efficiency for lauric acid at all flow rates 

examined. Though the column with the higher aspect ratio 

seems more efficient over the flow rate range examined, 

neither column was particularly effective overall in 
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Fig 2.6 

Flow rate breakthrough curves for lauric acid through 
columns packed with Chromasorb-T Teflon. 

(a) 5.0 cm x 1.0 cm I. D. 

(b) 1.7 cm x 1.4 cm I. D. 
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extracting lauric acid at any but very low flow rates. The 

lack of strong retention of this compound on Teflon is 

likely due to its relatively high polarity. To further 

characterize this resin a different, less polar, 

representative compound was chosen. 

Phenanthrene, a compound of low polarity but 

relatively high solubility in seawater, was chosen as an 

alternative reference compound. A saturated solution of 

phenanthrene (C14H10) ^
n seawater was prepared by a slight 

modification of the column generator method of May (1978). 

A generator column was prepared by washing 100 g of silica 

gel (200/400 mesh, BDH) with 3 portions of CH2C12 of 100 ml 

each. The gel was then dried in a vacuum desiccator and 

activated by heating in a muffle furnace at 450 C for 12 

hours. This process also removed adsorbed organic material 

from the gel. Fifty grams of this silica gel was placed in 

a 500 ml r.b.f. with 800 mg C14H10 (Sigma Chem.) in 100 ml 

CH2C12. The solvent was removed by a rotary evaporator, 

leaving a uniform coating of C14H1Q on the silica gel. The 

beads were dry packed in a stainless steel column 60 cm 

long x 0.5 cm I.D. with stainless steel frits on either 

end. In preparation the column had been cleaned by passage 

of 100 ml CH30H followed by 100 ml CH2C12 and then dried 

with a stream of nitrogen gas purified by passage through a 
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trap of activated charcoal (Fisher Scientific), 5A 

molecular sieves (BDH, Analytical Grade) and anhydrous 

calcium chloride (Fisher Scientific). In use, seawater that 

had been irradiated with ultraviolet light for 4 hours was 

passed through the column using a high performance liquid 

chromatography (HPLC) pump (Waters Assoc, Model M-45) at a 

flow rate of 2 ml/min. This procedure saturated the water 

with phenanthrene. Theoretically it is possible to 

calculate the concentration of C14H10 in the solution 

knowing the temperature and the salinity (Whitehouse and 

Cooke, 1982), but for this work the temperature was not 

held constant so the solution was analysed for C14H10 each 

time. 

To measure the C14H1Q in the effluent of the generator 

column, 100 ml was collected in a 250 ml glass separatory 

funnel equipped with a Teflon stopcock. To this solution 2 0 

ml CH2C12 was added. The flask was shaken and the organic 

layer transferred to a 50 ml r.b.f.. The volume of solution 

was reduced to approximately 5 ml on a rotary evaporator 

under gentle heat (< 35 C) and aspirator vacuum. The 

remaining sample was transferred quantitatively to a 2 0 ml 

glass centrifuge tube and evaporated to 100 ul in a warm 

water bath (35 C) under a stream of purified nitrogen (N2) 

gas. 
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To measure the Ci4H10 ^n this sample a 15-20 ul 

aliquot was applied to a Chromarod and the sample 

quantified by thin layer chromatography using an Iatroscan 

TH 10 Mark III Analyzer (Iatron Laboratories) . This 

analyzer was coupled to a flame ionization detector 

(TLC/FID) with signal recorded by a Hewlett-Packard 

recorder (HP 3390A). Chromarods are quartz rods 0.5 mm in 

diameter and 10 cm long, covered with bonded quartz 

particles 5 um in diameter. The rods, 10 to a set, are 

placed in a stainless steel frame and developed in paper 

lined glass tanks into which an appropriate developing 

solvent has been added. This technique is usually used to 

separate and analyse a mixture of compounds of differing 

polarities. It has been used, for example, in the 

separation and quantification of drugs (Ranny, et al., 

1982), organo-metallic complexes (Zhou and Wangersky, 

1987), and lipids (Vandamme, et al., 1978; Crane, et al. , 

1983; Parrish and Ackman, 1983; Delmas, et al. , 1984; 

Sebedio, et al., 1985). 

A calibration curve was prepared by selecting a set of 

10 rods that had a similar response to a given quantity of 

C14H10. In this way the inter-rod variability was kept to 

less than 10%. The TLC/FID method produces non-linear 

calibration curves, an example of which can be seen in Fig. 
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2.7. The operating conditions of the latroscan, a hydrogen 

flow of 173 ml/min and a scan rate of 4.2 mm/sec, were 

chosen to maximize the FID response. 

The standard (ci4Hio' Sigma, Analytical Grade) and 

samples were spotted at one end of the rods using a 

Hamilton repeater syringe. All samples and standards were 

spotted, 0.5 ul aliquots at a time, at a point about 2 cm 

from the end of the rod. The total sample spotted did not 

exceed 20 ul. The conditioning, developing, and measurement 

sequence that was used is described in Table 2.2. 

To measure the efficiency with which Chromasorb-T 

extracted C14H10, 100 ml of seawater saturated with C14H1Q 

(salinity = 31.23 p.s.u., concentration C14H10 = 0.529 

mg/1) was passed through a 5.0 cm x 0.8 cm I.D. column at a 

flow rate of 3 ml/min. Salt was expelled by passing through 

the column 100 ml Super-Q water. The column was then eluted 

with 20 ml CH30H followed by 20 ml CH2C12. The CH3OH 

extract was evaporated to 5 ml using a rotary evaporator, 

and the concentrate transferred quantitatively to a 250 ml 

separatory funnel. To the funnel was added 100 ml Super-Q 

and 50 ml CH2C12. The funnel was subsequently shaken and 

the organic layer was transferred to a 100 ml r.b.f.. Both 

CH2Cl2 extracts were then concentrated to 50 ul using the 

rotary evaporator combined with the N2 flow evaporation, 
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Fig 2.7 

Non-linear calibration curve for phenanthrene (C14H10) on 
Chromarods using the TLC/FID technique. 
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Table 2 .2 

Spot t ing and development scheme used to analyse 
phenanthrene (C14H10) using the TLC/EJD technique. 

1. Blank scan rods twice to clean and ac t iva te s tat ionary 
phase. 

2. Apply standards or samples with Hamilton syringe. 

3. Focus twice in 100% acetone to produce a narrow band 
of material at lower end of rod. 

4. Condition rods in 37% relative humidity chamber for 5 
minutes. This chamber is a sealed glass vessel, the 
bottom of which was covered a saturated solution of 
calcium chloride (CaCl2 x 3H20). 

5. Develop twice for 20 minutes each time in 100% hexane. 

6. Allow rods to dry for 5 minutes in the Iatroscan and 
scan entire rod. 
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and the extracts measured using the TLC/FID system. 

Triplicate measurement demonstrated the overall efficiency 

of the extraction as 80 +/- 14%. This is in very good 

agreement with the data of Yunker and coworkers (1989), who 

reported a recovery of 81 %. There appears to be some 

irreversible adsorption occurring in these columns, because 

when a known amount of C14H10 is applied to the column in 

methanol the recovery is still only 85%. 

Breakthrough volumes were determined on an 8.3 cm x 

0.8 cm I.D. Chromasorb-T column using the pumping system 

shown in Fig. 2.2. Breakthrough occurred (Fig. 2.8) when 

between 300 and 400 ml of a 0.377 mg/1 solution of C14H1Q 

in seawater was passed through the column at a flow rate of 

3 ml/min (0.7 bed volumes/min). This corresponds to an 

estimated loading maxima of 0.03 6 mg/ml Chromasorb-T, which 

is similar to the value of 0.040 mg/ml as found by Josefson 

et al., (1984). A sample of 100 ml of 0.409 mg/1 C14H10 in 

irradiated seawater run through the 8.3 cm x 0.8 cm I.D. 

column at 58 ml/min (13.9 bed volumes/min) did not exhibit 

a measurable breakthrough. In use, the flow rate through 

these columns was always less than 50 ml/min. 
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Fig 2.8 

Breakthrough curve for phenanthrene through a Chromasorb-T 
column of dimensions 8.3 cm x 0.8 cm I.D. and a flow rate 
of 3 ml/min. 
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2.3.3.4 Blank measurements 

When the Soxhlet extraction cleaning procedure was 

used, the blanks for these columns were free of measurable 

hydrocarbons. There was, however, a significant amount of 

contamination of a material somewhat more polar than 

hydrocarbons as judged by its relative immobility in the 

hexane extract. Since Teflon is a chemically inert material 

these columns can be cleaned further by the use of strong 

oxidizing agents to eliminate adsorbed organic moieties. It 

was found that if the columns were soaked in a mixture of 

chromic acid/sulphuric acid that very low blanks occurred 

for all classes of organic compounds. If this reagent is 

used to clean the columns it must be completely purged 

before column use to prevent oxidation of adsorbed organic 

compounds. 

2.3.4 Silica immobilized 8-hydroxyquinoline: 8-OHSG 

2.3.4.1 Introduction 

The isolation of trace metals dissolved in seawater is 

usually accomplished by chelation with an organic compound, 

followed by the extraction of tue organo-metallic complex 

in an organic solvent, or by using a co-precipitating agent 



combined with redissolution and analysis of the 

concentrates with atomic absorption spectroscopy (AAS) 

(Brooks, et al., 1967; Boyle, et al., 1976; Bruland, 1980; 

Moore, 1981; Ealls, 1985; Kremling and Hydes, 1988). An 

alternative approach is to use a chelator bound to a solid 

phase which is packed in a column. Seawater can be passed 

through the column and the metals eluted with an 

appropriate solvent, usually an acid (Landing, et al., 

1988; Orians and Bruland, 1988; Yeats, 1988). One bound 

chelator, which is particularly effective at typical 

seawater temperature, salinity, and pH is the 8-

hydroxyquinoline (oxine) molecule. This chelator has been 

bound on various solid phases which have free -OH groups on 

the surface. Such solid phases include glass beads (Hill, 

1973), organic gels (Landing, et al., 1988; Orians and 

Bruland, 1988) and porous silica gels (Sturgeon, et al., 

1981; Wangersky, et al., 1988; Slauenwhite emd Wangersky, 

1991). 

The solid chelator used in this thesis is the 8-

hydroxyquinoline molecule bonded to a porous silica gel 

solid support (8-OHSG). The oxine molecule contains sites 

of non-bonding electron pairs that coordinate to a large 

number of metal ions, the metals of the transition series 

having particularly high stability constants, as shown in 

t 
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Table 2.3. 

2.3.4.2 8-OHSG preparation, packing and cleaning 

The 8-OHSG packing material used in this work was 

prepared according to the method of Sturgeon, et a_l. , 

(1981), as modified by Slauenwhite, et al., (1985), using 

Porasil B (37-75 um. Waters Assoc.) as the solid support 

for the stationary phase. After the resin was prepared, it 

was washed with 3 x 100 ml portions of 1 N HCl (BDH, 

Analar), 100 ml 1 N HCl/0.1 N HN03 (Baker, Ultrex), and 500 

ml Super-Q water, after which it was ready for use. Nujol 

mull infra-red spectroscopy was used to verify the chemical 

integrity of the solid phase. 

Columns were prepared by removing the packing material 

from a used Sep-Pak column, leaching the polyethylene 

sleeves in 5 N HN03 for 3 days, and repacking them with 8-

OHSG in the form of a slurry in Ultrex 1 N HCl. The columns 

were then resealed using Teflon tape. The columns were 

given a final cleaning by passing 100 ml of 1 N HCl/0.1 N 

HNO3 (Baker, Ultrex) through them at a flow rate of 2 

ml/min. Flow was provided by an all glass syringe. 
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Table 2.3 

Critical stability constants for the complexation 
of selected metals with 8-hydroxyquinoline at room 
temperature and two different ionic strengths (Z). 

ION log K logK 
(T=298K, Z=0.1) (T=298K, k,=0.5) 

H+ 

Mg2+ 

Ca2+ 

Sr2+ 

Ba2+ 

La3+ 

Sm3+ 

Th4+ 

Mn2+ 

Cu2+ 

Fe3+ 

Ag+ 

Zn2+ 

Cd2+ 

Ga3+ 

4.99 

4.31 

2.82 

2.11 

1.62 

5.9 

6.8 

10.5 

6.24 

12.1 

13.69 

5.2 

8-52 
i 

7.78* 

14.5 

5„09 

3.91 

2.44 

1.55 

1.26 

13 

—.___ 

* T=293K, Z=0 

Reproduced from: Critical Stability Constants. 1975. 
Smith, Robert M. and Arthur E. Martell (Editors). Plenum 
Press, New York, U.S.A. Vol 21: p.223-224. 
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2.3.4.3 Characterization of 8-OHSG 

To characterize the capacity and breakthrough 

characteristics of these columns a representative suite of 

trace metals was chosen for analyses. The metals selected 

were Cu, Zn, and Cd, chosen for their importance in 

oceanographic geochemical studies (Boyle, et al., 1976; 

Bruland, et al., 1978a; Bruland et al., 1978b; McKnight and 

Morel, 1979; Bruland, 1980; Sholkovitz and Copland, 1981; 

Kremling and Hydes, 1988), and for their importance as 

toxic contaminants in the sea (Sunda and Guillard, 1976; 

Thomas and Seibert, 1977; Sunda, et al., 1978; Chakoumakos, 

et al., 1979; Rueter, et al., 1981). 

The pumping system shown in Fig. 2.2 was again used to 

pump the sample through these columns, but the ceramic pump 

was replaced with a diaphram pump with a Teflon head 

(Fluorocarbon Saturn Teflon Pump, Model SP4000 2) because 

the ceramic pump head could contaminate for trace metals. 

The columns were eluted by first rinsing with 20 ml 

Super-Q water, followed by elution with 10 ml 1 N HCl/0.1 N 

HN03 solution (Baker, Ultrex) (Sturgeon, et al., 1981) with 

flow at 5 ml/min. The eluates were stored frozen in 30 ml 

polyethylene bottles with screw caps and analysed by 

graphite furnace atomic absorption spectrophotometry 



(GFAAS) (Perkin Elmer 403) fitted with an HGA-2200 graphite 

furnace, deuterium arc background corrector, and AS-40 

autosampler. Sample solutions were held in either acid 

washed polypropylene cups or 7 ml Teflon vials prior to 

injection. 

The recovery efficiencies of the trace metals were 

determined by spiking 1 1 seawater samples from the 

Northwest Arm in Halifax, a marine inlet, with 10 ug of 

each metal. These samples were pumped through the columns 

at 10 ml/min, eluted and measured as described. The 

recoveries (Table 2.4) are in excess of 95 % for these 

trace metals. The somewhat high yield using zinc is 

probably due to contamination. 

The column reproducibility was tested by passing 500 

ml of filtered (Nuclepore, 47 mm, 0.4 um) seawater through 

each of 10 different columns and comparing the copper 

concentrations extracted by them. The concentration of 

copper in the 10 samples was found to be 7.58 +/- 0.97 nM, 

an inter-column variability of 13%. This value is 

comparable to the single column variability of 12% found by 

Sturgeon, et al., (1981). The chelation capacity of the 

columns used here was found to be 0.069 mmol/g, similar to 

the values of 0.057 mmol/g (Sugawara, et al., 1974) and 

0.070 mmol/g (Sturgeon, et al., 1981). 
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Table 2.4 

Recovery e f f i c i e n c i e s of Cu, Cd, and Zn from sp iked 
Northwest Arm seawater samples with 8-OHSG columns. 

* 
Metal Load Recovery Efficiency 

(nmol) (nmol) (%) 

Cu 161 151 +/- 8 94 +/- 5 

Zn 156 195 +/- 31 125 +/" 20 

Cd 91.2 87 +/" 5 95 +/" 6 

* 

n = 4 
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The breakthrough volume of these columns was 

determined by spiking filtered seawater to a concentration 

of 10 ppb each of Cu, Cd, and Zn and pumping the samples 

through the columns at a flow rate of 10 ml/min. The amount 

of these metals in the effluent from the columns was 

monitored using cobalt co-precipitation with ammonium-1-

pyrrolidihecarbodithionata (APDC) according to the method 

of Boyle and Edmond (1975) , using concentrated HN03 as the 

solvent. The column efficiency for Zn extraction (Fig. 2.9) 

was better than 95% for volumes up to 7 1 passed and the 

same for up to 10 1 for Cu and Cd. When the concentration 

of trace metals was doubled in the samples there was still 

only 5% breakthrough after 10 1. This indicates that the 

trace metal concentration alone is not the only contributor 

to the breakthrough; the presence of other ions such as 

Ca2+, Mg2+, and Na+ may play a role. Even though these 

metals do not complex strongly to 8-hydroxyquinoline, their 

concentration is much larger than that of the trace metals 

and so they may be controlling the breakthrough. A sample 

volume of 7 1 allows a concentration factor of 700 times, 

which is sufficient to analyse most trace metals by GFAAS. 

The flow rate breakthrough curves of each of these 

metals was studied. The values for Zn (Fig. 2.10) are too 

scattered to give any meaningful measure of the efficiency, 
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Fig 2.9 

Breakthrough curves of trace metals through 8- CHSG 
columns. All metal concentrations were 10 ppb and the 
solutions were pumped at 10 ml/min. The horizontal stripe 
represents 95 % efficiency. 
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Fig 2.10 

Flow rate breakthrough curves, of trace metals on 8-0ESG. 

(a) Copper 

(b) Cadmium 

(c) Zinc 
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but it can be seen that both Cu and Cd are removed from 

these columns at 8 5% efficiency at even 100 ml/min. 

Efficiencies of 90-95% can be expected at the 50 ml/min 

flow rate - a rate that is reasonable for shipboard 

extraction. This will allow a concentration factor of 300-

600 times without using excessive ship time. 
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Chapter 3 

i 

Temporal Variations in Complexed and Uncomplexed Copper i 
and Cadmium During a Phytoplankton Bloom i 

3.1 Introduction ! 

Several mechanisms have been proposed to control the ' 

concentration of trace metals in seawater since Goldberg { 
1 

(1954) and Krauskopf (1956) found that these metals were ] 
! ( ! 

undersaturated re l a t ive to t h e i r l eas t soluble compounds. i 

Krauskopf i n i t i a l l y proposed a method t h a t involved S 
! 
! 

adsorption onto iron and manganese oxide and hydroxide 

particles. He also suggested removal by major ion sulphide 

precipitation in conjunction with organic reactions. In our 

current understanding, the primary control of trace metal 

speciation appears to be biologically mediated, 

particularly by uptake or chelation by phytoplankton blooms 

(Bruland, 1980; Bruland and Franks, 1983; Wangersky, 1986; 

Kremling and Hydes, 1988; Kremling and Pohl, 1989). 

This hypothesis was proposed to explain trace metal 

profiles, such as cadmium and zinc, which in the open ocean 

exhibit the classical nutrient-like behavior of depletion 

in the surface water by phytoplankton scavenging and 

regeneration at depth. (Bruland, 1980; Moore, 1981; Knauer 

and Martin, 1981; Jeandel, et al., 1987). Sediment trap 

data showing trace metal enrichments in falling biogenic 

91 
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particles (Brewer, et al., 1980; Balistrieri, et al., 1981; 

Anderson, et al.,1983; Noriki, et al., 1985) also provide 

support for the idea that primary productivity is a major 

controlling factor in the speciation and residence times of 

these trace metals. Copper is thought not to follow 

nutrient-like profiles, but rather is influenced primarily 

by scavenging processes in the intermediate and deep waters 

(Bruland, 1980; Bruland and Franks, 1983). This is thought 

to be the result of the high degree of complexation of 

copper in seawater by organic ligands (e.g. Duinker and 

Kramer, 1977; Mills, et al., 1982; Van den Berg, 1984; 

Kozarac, et al., 1989; Hirose, 1990). 

In addition to the effects of phytoplankton blooms on 

trace metal speciation, there are, conversely, the effects 

of the trace metals on phytoplankton. Several studies of 

the toxicological effects of metals such as copper on 

phytoplankton (Sunda and Guillard, 197 6; Anderson and 

Morel, 1978; Gavis, et ai. , 1981) have suggested that 

phytoplankton can decrease the concentration of toxic free 

copper ions by releasing organic chelators that coordinate 

the copper and thereby detoxify the water. The studies that 

have examined the copper speciation during phytoplankton 

blooms have, however, not shown whether an increase in the 

amount of copper complexed by organic matter has occurred 
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during the bloom (Foster and Morris, 1971; Mills and Quinn, 

1984; Anderson, et al., 1984; Osterroht, et al., 1984). The 

study of the interaction of trace metals and the local 

biological activity is therefore an important aspect of our 

understanding of trace element geochemistry. 

3.2 Temporal variations in Complexed and Uncomplexed Copper 
During a Spring Bloom in Bedford Basin. 

To understand the influence of primary productivity on 

marine trace metal distributions it is convenient to 

examine a system with large temporal variations in 

production, particle loads, and chelator concentrations. 

One way to accomplish this is to follow the effects of a 

phytoplankton bloom on copper in seawater. As the bloom 

progresses through its growth and senescent stages the 

fluctuations in copper speciation and concentration can be 

measured and compared to the biological activity. 

Phytoplankton blooms in temperate latitudes are 

characterized by a rapid increase in the rate of primary 

production, resulting in a depletion of biologically 

essential nutrients in the surface waters. The bloom 

eventually stops because of nutrient limitation, and most 

of those organisms that are left quickly die and sink out 

of the water column unless heterotrophic qrazing is very 
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high. 

To study the effects of a phytoplankton bloom on 

copper speciation and concentration in the natural 

environment, copper organic complexes and uncomplexed 

copper were measured in the surface waters of Bedford Basin 

during the spring bloom of 1987. The problems of trace 

metal measurement, particularly contamination (Chapters 1 

and 6), are alleviated by the use of solid phase extraction 

columns attached to the Johnson-Wangersky in situ pump. In 

situ preconcentration of copper and organo-copper complexes 

was used, for the first time, in a temporal study of trace 

metal distribution and speciation. 

The primary objective of this study is to determine, 

as a time series, the changes in dissolved copper, both 

complexed and uncomplexed by organic ligands, during the 

course of a phytoplankton bloom. A second objective is to 

determine whether the in situ pump can be used in a routine 

fashion for the reliable extraction of trace copper from 

seawater. 
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3.2.1 Methods 

3.2.1.1 Sampling Site 

Bedford Basin is a small marine inlet with an area of 

17 km2, a volume of 5.6 x 108 m3, and a maximum depth of 70 

m. The sampling station (Fig. 3.1) was near the Compass 

Buoy, located in the center of the basin. Circulation in 

the basin is estuarine, occurring through a shallow inlet 

with an effective sill depth of 20 m and maximum width of 

375 m. Tides in the basin are semidiurnal and range in 

amplitude from 0.6-2.0 m. The major fresh water input is 

the Sackville River in the northern end of Bedford Bay, 

discharging from 104-107 m3/day (Environment Canada, 1981-

1987). Freshwater drainage from the surrounding urban areas 

of Halifax, Dartmouth, Bedford and Sackville, especially 

during the spring, is also significant. 

\ 3.2.1.2 Sampling and Analysis 

All materials that come into contact with samples to 

be analysed for trace metals were scrupulously washed and 

leached for at least 2 days in 5 N nitric acid (Baker, 

Reagent) and rinsed with distilled, deionized water 

(Millipore Super-Q) before use. Sampling for copper was 
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Fig. 3.1 

Bedford Basin, Halifax, Nova Scotia with sampling station 
(9) used in this study. The sampling depth was 5 m. 
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Fig . 3 .1 



performed from February 23 to May 8, 1987, using the 

battery operated, messenger activated Johnson-Wangersky in 

situ pump (Johnson, et al., 1987) attached to a hydrowire 

from the research vessel M.V. Siqma-T. The pump was 
i 

deployed at 5 m depth. The inlet of the pump was a 50 cm 

Teflon tube leading to a polycarbonate filter holder. The 

filter, Millipore HA (47 mm diameter, 0.45 uM pore size) , 

was cleaned by leaching for 2 days in 2 N hydrochloric acid 

? (Baker Ultrex) with subsequent washing with Super-Q. The 
i 

! 

sample, 300 - 600 ml, was pumped through the filter and the 

<( two extraction columns in sequence at a flow rate of about 

' 10 ml/min. The first column was C18 Sep-Pak, a reverse 

phase adsorbant which has been shown to extract organic-

copper complexes (Foster and Morris, 1971; Mills, et al., 

i 

I' 1982; Mills and Quinn, 1984; Donat, et al., 1986; 
I i 

M Slauenwhite and Wangersky, 1991). These columns were 

trj obtained commercially prepared (Millipore Waters) and were 

cleaned and eluted as was previously discussed (Chapter 2) 

except that they were eluted with only 6 ml of the 

CH3OH/H20 solvent instead of 10 ml. The eluates were stored 

frozen until analysis in 30 ml polyethylene bottles with 

\\ 
11 11 

i\ screw caps, 

The second column consisted of porous silica gel onto 

which had been chemically bonded 8-hydroxyquinoline (8-
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OHSG, Chapters 2 and 6), designed to extract copper passing 

through the C 1 8 column. This column was prepared and 

cleaned according to the modified method of Hill (1974) 

(Slauenwhite, et al., 1985). Elution was accomplished with 

10 ml of 1 N hydrochloric acid/ 0.1 N nitric acid (Baker 

Ultrex) mixture. The samples were stored frozen and then 

analysed, without further preconcentration, using a Perkin-

Elmer 403 atomic absorption spectrophotometer with a PE 

2200 graphite furnace and AS-1 autosampler with uncoated 

tubes. The analysis was performed using manufacturer's 

recommended instrument settings. Precision was 5-10 % for 

all samples analysed in this manner. 

Salinity, nutrients, POC, and chloropigment samples 

were collected in acid rinsed 5 1 Niskin Go-Flo bottles. 

Salinity was measured using a Guildline Salinometer with 

the appropriate standard. Nutrients and chloropigments, 

measured to trace the course of the phytoplankton bloom, 

were analysed by the spectrophotometric and 

spectrofluorometric methods respectively (Chapter 2) , 

outlined by Strickland and Parsons (1972), and adapted for 

the small sample sizes. Nutrient samples were acidified to 

pH 2 with HCl and stored frozen until analysis. POC was 

analysed by a dry combustion method (Wangersky, 1976), 

using a 2000-4000 ml sample filtered through Gelman GF/C 
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glass fiber filters. The filters were stored frozen and in 

the dark prior to analysis. 

3.2.2 Results 

The chlorophyll and POC data suggest that tl'.e 1987 

spring bloom occurred as a single sharp pulse (Fig. 3.2a 

and 3.2b), similar to the classical spring bloom in 

temperate Atlantic Ocean waters. The chlorophyll started to 

increase rapidly on Day of Year (DY) 72 from 2.9 nM to a 

maximum of 24 nM on DY 84. The POC increased from 150 ug/1 

to 1700 ug/1 during this same time period. Complementing 

these data, the reactive silicate and phosphate showed 

steep declines in this same period (Fig. 3.2c and 3.2d). 

The concentration of phosphate dropped from 1.5 uM to 0.5 

uM on DY 72 while silicate dropped from 8 uM to 1 uM, 

results indicative of a diatom bloom. This was confirmed by 

microscopic examination. The peak of the POC and 

chlorophyll maxima coincided with the nutrient minima. 

After the peak of the bloom, the POC and chlorophyll 

concentrations decreased rapidly, and the phosphate levels 

increased slightly. The decrease in POC and chlorophyll was 

probably due to the organisms undergoing nutrient stress 

followed by death and settling out of the water column. The 
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Fig. 3.2 

Temporal variation of chlorophyll (a) , POC (b), reactive 
dissolved silicate (c), reactive dissolved phosphate (d) , 
Sackville River runoff (e) , and salinity (f) in Bedford 
Basin during the spring bloom. 
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increased phosphate levels could have been due to fresh 

water inputs or to remineralization of the phytoplankton 

remnants. As the bloom accelerated, the fresh water input 

from the Sackville River increased as well (Fig. 3.2e), 

with significant fresh water inputs beginning by DY 80. The 

fresh water input from the river, increasing by 20-fold 

during the next 10 days, was reflected in the surface 

salinity (Fig. 3.2f) which decreased from 30.54 to 26.62 

p.s.u. at the peak of the fresh water runoff. 

The total concentration of extractable copper 

([Cu]tot), defined as the sum of the C18 and the 8-OHSG 

extractable copper, remained relatively constant at about 5 

nM until DY 85-90, when the total approximately doubled 

during the next 10 days (Fig. 3.3a). The peak of total 

copper concentration occurred on DY 96, when the 

concentration reached 10.5 nM. The organic complexed copper 

and unbound copper also showed significant increases on 

these days (Fig. 3.3b); the complexed copper increased from 

2.5 nM to 4.9 nM and the unbound copper from 2.5 nM to 5.9 

nM. 

3.2.3 Discussion 

Progression of the Bedford Basin bloom can be divided 
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Fig. 3.3 

Temporal variation in total dissolved copper (a) and 
organic bound copper (Q) and unbound (X) extractable copper 
(b) from Bedford Basin. Total copper is the sum of bound 
and unbound copper. 
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into two distinct phases. The first phase of the bloom 

occurred between DY 47 and DY 80, and was marked by an 

increase in primary production, as demonstrated by the 

increased POC and chlorophyll concentrations and the 

concomitant decrease in nutrient concentrations. The second 

phase of the bloom occurred after DY 80. While the diatom 

bloom was still progressing and then peaking in this phase, 

the dominant process was the increased fresh water flux, as 

indicated by the decrease of surface salinity. 

The copper data during the first phase showed no 

measurable variation in concentration or speciation. The 

concentration of total dissolved copper remained constant 

at about 5 nM, indicating no significant uptake onto 

phytoplankton. The concentration of 5 nM is a typical near 

shore copper concentration, despite the fact that 

metropolitan Halifax dumps all of its sewage in the raw 

form directly into Bedford Basin and adjacent Halifax 

harbour. In this area most of the metal contamination seems 

to be rapidly transported out of the water column. Sinks 

can include incorporation into the sediments or dilution 

and flushing by tidal mixing with incoming Atlantic Ocean 

shelf waters. The organic bound copper (Cuorg) was constant 

at 2.5 nM as was the unbound copper (Cu^^) . Of the total 

copper in these waters, 50 % is extractable by the C-ig 
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technique. This proportion remained constant throughout the 

bloom, demonstrating that this phytoplankton bloom did not 

have an important influence on the relative amount of Cuorg 

in the water column, as measured by the C18 extraction 

method. 

This result is interesting because it is known that 

diatom blooms in culture exude organic compounds during a 

bloom that are not the result of cell lysis. These organics 

can complex copper, and are extractable by reverse phase 

techniques (Fogg and Westlake, 1955; Mantoura, 1981; Zhou 

and Wangersky, 1985; Seritti, et al., 1986). However, other 

workers studying changes in copper complexation during a 

phytoplankton bloom using reverse phase techniques report 

little change in the actual amount of copper bound by these 

extractable organic ligands during a bloom (Foster and 

Morris, 1971; Anderson, et al., 1984; Mills and Quinn, 

1984; Osterroht, et al., 1985). These results agree with my 

results using in situ extraction. It seems, from all these 

studies, that there is no clear and simple relationship 

between the concentration of copper complexing ligands 

([L]) and the relative amount of Cuorcf in a natural marine 

environment. Any small increase in Cuor<_ could be obscured 

in a natural system where there are many variables, such as 

wind mixing, fresh water inputs, and anthropogenic 
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contamination, that also affect the trace metal character 

of a nearshore area. 

Studies have indicated that in oceanic waters Sep-Paks 

can allow a significant amount of copper bound by organic 

moieties to pass through the column (Donat, et al., 1986; 

Mills, et al., 1989). In my study such material would be 

extracted by the 8-hydroxyquinoline column and be 

designated Cuunt). Donat (1986) suggested that the organo-

copper complexes extracted by Sep-Paks are more humified 

than those not extractable. He also suggested that recent 

phytoplankton exudates are not sufficiently humified to be 

extractable on Sep-Paks, and so would not be seen as a 

measurable increase in Cuor_, even if there were an 

increase in the amount of copper being bound by these 

exudates. This may explain the lack of an increase in Cuorcf 

during the first phase of the bloom, despite the fact that 

there was a concomitant increase in the ligand 

concentration (Zhou and Wangersky, 1989) in these waters at 

the same time. Given sufficient time, perhaps weeks, the 

newly produced chelators might have become sufficiently 

humified for increased extractable binding to occur, but 

mixing processes such as tidal dilution may not allow such 

changes to be measured. Bedford Basin can be thought of as 

a pseudo-steady state system with continuous fluxes of 
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Cuorq and Cuunb in and out of the system, as opposed to an 

equilibrium system where all inputs and outputs remain in 

potential contact, as is expected in a laboratory culture,. 

The forces of variation can be expected to have a 

significant influence on the speciation of, trace materials 

in a real environment. 

The second phase of the bloom (after DY 80) is that 

dominated by increased river drainage (Fig. 3.2e). In this 

time period the total copper increased from 5 nM to 10 nM 

with both [Cu]orcf and [Cu]unjD doubling in concentration 

(Fig. 3.3b). This type of result has been observed by other 

workers in different geographic, areas (Anderson, et al., 

1984; Mills, et al., 1984). The correlation between total 

copper concentration ([Cu]^.ot)and salinity is shown in Fig. 

3.4. The plot extrapolates to 45 nM copper at 0 salinity, a 

value comparable to the concentration of 48.6 nM copper 

measured at the mouth of the Sackville River. It is also 

similar to the [Cu]tot measured in other rivers such as the 

Tees (89-157 nM, Taylor, 1,982), Humber (63-110 nM, Balls, 

1985), Yenisey (40-61 nM, Konovavlov, 1969), Amazon (28.6 

nM, Gibbs, 1977), and Yukon (32.3 nM, Gibbs, 1977). Durum 

and Haffty (1963) reported the range in [Cu]tot for North 

America as 13.4-1690 nM and Martin and Meybeck (1979) 

reported a mean global riverine average of 24 nM, both 
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Fig. 3.4 

Correlation plot of total dissolved copper versus salinity 
from Bedford Basin at the 5 m depth. 
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similar to the measured concentration for the Sackville 

River. The correlation coefficient for this data is r = 

0.87, but because it can be seen effectively as a 2-point 

plot due to the rapidity of the fresh water input, these 

data must not be taken as conclusive, only indicative. From 

this result it is clear that the primary mechanism 

controlling copper concentration in Bedford Basin during 

the spring oloom is fresh water input, with the effect of 

primary production secondary. 

3.2.4 Conclusions 

Dissolved copper extractable by reverse phase Ci8 Sejo-

Paks and silica immobilized 8-hydroxyquinoline were 

measured as a time series in Bedford Basin using an in situ 

collection and concentration technique. The major 

controlling factor of the copper speciation in the Basin 

was the rapid increase of fresh water runoff from the 

Sackville River. The spring pulse of fresh water caused the 

concentration of the organic bound (Cuor(_) and the unbound 

copper (Cuunt)) , as well as their sum Cutot, to double 

within a day or two. Any subtle biological effects that 

could be exerted upon the dissolved copper speciation were 

obliterated by the fresh water inputs. An important result 
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of my experiment is the demonstration that the Johnson-

Wangersky in situ pump is useful for the routine and 

assessment of trace copper in the marine environment. 

3.3 Temporal Variation in Complexed and Uncomplexed Copper and 
Cadmium in a Mesocosm Tank During a Phytoplankton Bloom. 

The preceding study of temporal variation of copper 

speciation during a spring bloom in Bedford Basin indicates 

that there was no direct evidence that organic ligands 

exuded from phytoplankton significantly affected the 

relative concentration of copper complexed by organic 

ligands. However, studies of blooms in natural environments 

are often complicated by factors such as fresh water run­

off, sporadic wind mixing events, tides, unpredictable 

anthropogenic inputs such as sewage outfalls, and aeolian 

inputs (Foster and Morris, 1971; Mills and Quinn, 3 984; 

Osterroht, et al., 1985; Moran and Moore, 1987). 

An alternative approach is to follow a bloom in a more 

controlled but still pseudo-natural environment, a 

mesocosm. This approach was pioneered by Santschi, et al. 

(1980). The Aquatron Tower Tank at Dalhousie University is 

well suited to experiments on bloom dynamics. A thermocline 

can be set up in the surface layer of the 10.5 m deep tank 

and a culture of phytoplankton added and allowed to bloom 
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and crash. Various chemical and physical variables can be 

followed during the course of the bloom. In this experiment 

the effects of a bloom on natural levels of copper and 

cadmium was investigated. These metals were chosen because 

they represent very different chemical reactivities in the 

marine environment; copper is strongly complexed by 

dissolved organic compounds, whereas cadmium shows little 

evidence of organic complexation and more affinity for 

particulate matter. The two metals thus represent a sharp 

contrast in what could be expected in terms of their 

chemical reactivity during the course of a phytoplankton 

bloom. 

3.3.1 Methods 

3.3.1.1 The Tower Tank 

The mesocosm experiment was performed from August 24 

to September 11, 1987 using the Tower Tank facility at 

Dalhousie. The Tower Tank is a PVC coated cylindrical 

vessel 10.5 m deep and 3.7 m in diameter, with a total 

volume of 117 m3. An opaque vertical plastic divider was 

used to separate the tank into two halves, allowing for a 

simultaneous control experiment to be conducted, but 
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without illumination. The tank and divider were thoroughly 

cleaned and rinsed with fresh water and the.i with seawater, 

sandbed-filtered from a depth of 15 m from the Northwest 

Arm continuously for three days, after which the tank was 

filled. 

Both halves of the tank were spiked with nutrients (N, 

P, and Si) to ensure sufficient concentration to maintain a 

bloom for several days. The nutrient solution was prepared 

by dissolving 40 g of NaN03, 5 g Na->HP04, and 50 g of 

Na2Si03 9 H20 in 4 1 of Super-Q water, which was then 

slowly added to the tank as the tank was being filled. 

After this the tank was thoroughly mixed by bubbling. 

Continuous illumination was provided on one half of the 

tank using two 1000 W phosphor-coated metal halide and two 

400 W mercury vapour lamps, maintaining 10-40% of normal 

noonday summer insolation from the edge to the center of 

the tank. The heat from these lights induced a thermocline 

at 0.5 m at the start of the experiment, which deepened to 

2 m by the end. The other half of the tank, covered with 

opaque plastic sheets, served as a control. After 1.5 days 

of illumination, 1.5 liters of a culture of Chaetoceros 

gracilis (7 x 107 cells/ml) were mixed into the surface 

water, resulting in an initial cell count of 3.3 x 105 l"1 

as measured by Coulter Counter. A transparent plastic sheet 
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covered the illuminated half of the tank to minimize dust 

contamination. 

3.3.1.2 Sampling 

Water samples (2 1) were withdrawn daily via a PVC tap 

located on the outside of the tank. The tap was connected 

to a polyethylene tube extending into the center of the 

tank at a depth of 1 m. The tube had 2 inlet ports 

approximately 0.5 m apart to ensure representative sampling 

with minimum patchiness. The variables measured in this 

experiment were primary production, DOC, POC, chlorophyll, 

salinity and dissolved and particulate copper and cadmium. 

Samples were collected in 2 liter acid cleaned 

polyethylene bottles. All glass and plasticware used in 

this experiment were cleaned as described in Chapter 2. The 

flux of sedimenting material was measured using sediment 

traps, which consisted of polyethylene buckets 19.5 cm deep 

with a circular opening 20 cm in diameter. The traps, 

suspended at the 6 m depth of the tank with polyethylene 

twine, were removed and the contents filtered daily. 
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3.3.1.3 Analytical Methods 

Seawater samples from both the surface water (1 m) and 

from the sediment traps wer^ nitrogen pressure filtered at 

5 psi through acid cleaned (1M Ultrex HCl for 2 days) 

Nuclepore 0.4 um polycarbonate membranes (Nuclepore Corp., 

Pleasanton Calif.) held in 47 mm acid cleaned Teflon 

holders (Cole Parmer). To ensure the cleanliness of the 

whole operation the nitrogen gas was prefiltered with 0.2 

um Teflon membranes. Samples were then passed through a 

Sep-Pak C18 reverse phase cartridge (Waters Assoc, Milford 

Mass.) and a column of 8-hydroxyquinoline immobilized on 

Porasil-B (Waters Assoc, Milford Mass.). Both the 8-OHSG 

and the Sep-Pak columns were prepared, cleaned, and eluted 

as was previously described (CHAPTER 2). Analysis for 

copper was accomplished by GFAAS (Perkin-Elmer 403 

spectrophotometer with Perkin-Elmer 2200 furnace and AS-1 

Autosampler) using uncoated graphite tubes and the 

manufacturer's recommended instrument settings. The 

precision was 5 -10% for all samples. 

Particulate trace metals were determined by leaching 

the Nuclepore membranes for 2 days in 3 M HN03/1 M HCl and 

then 200 ul of concentrated HF was added and the filters 

leached for a further 2 days at 30 C. The leachates were 
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analysed by GFAAS without further preconcentration. 

DOC was measured with an automated UV-photo-oxidation 

system (Gershey, et al., 1979) and POC determined using a 

dry combustion method (Wangersky, 197 6) (CHAPTER 2) . 

Primary production was determined by measuring 14C-NaHC03 

uptake rates using 5 ml in situ samples (Lewis, et al., 

1985) . Silicate and phosphate were analysed by the 

colorimetrLc methods described in Strickland and Parsons 

(1972). Water temperature was monitored using a 

thermocouple temperature probe. 

3.3.2 Results 

3.3.2.1 Primary Production and Biomass 

During the Tower Tank experiment a single mono-species 

diatom bloom occurred (Fig. 3.5). After a lag of 6 days, 

primary production increased rapidly, going from 2 ugC/l/h 

to 15.5 ugC/l/h during tho next 4 days, peaking on day 10 

of the experiment (Fig. 3.5d). The production then 

decreased to a level somewhat higher than the pre-bloom 

production (6 ugC/l/h). POC and chlorophyll concentrations 

followed much the same course (Fig. 3.5b and 3.5c), 

increasing rapidly during days 6-10, then decreasing to a 
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Fig. 3.5 

Temporal response of dissolved organic carbon (DOC) (a) , 
particulate organic carbon (POC) (b), chlorophyll (c), 
primary production (d) , dissolved phosphate (e) , and 
dissolved silicate (f), during the course of the bloom. 
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concentration higher than the pre-bloom concentration 

during days 10-12, after which they maintained a relatively 

constant concentration. Dissolved reactive silicate and 

phosphate (Fig. 3.5f and 3.5e) decreased as the bloom 

progressed, phosphate decreasing from 8 uM to 4 uM from day 

8 to 11 and the silicate from 15-9 uM during this time 

period. The initial phosphate concentration of 8 uM was 

probably due to a source of phosphate contamination within 

the tank, because the added phosphate should have only 

increased the total concentration in the tank to 3 uM. 

Because neither of these nutrients dropped to blank levels 

some other nutrient must have been a limiting factor, for 

example a vitamin, a trace metal, or nitrate. The nitrate 

samples could not be accurately determined because the 

nutrient samples were contaminated. 

The UV-photooxidizable DOC (Fig. 3.5a) increased from 

0.85 mgC/1 to 1.20 mgC/1 during days 8 to 13, when the 

maximum in DOC occurred. The occurrence of the DOC maximum 

3 days after the production and biomass maximum indicates a 

general release of dissolved organic materials in the post 

bloom phase. The measurements on the control side of the 

tank showed no measurable chlorophyll or POC during the 

bloom. The nutrient concentrations remained constant on the 

dark side of the tank: phosphate remained at 5 uM and 
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silicate at 9 uM. Primary production was not measured on 

the control side of the tank, but because of the 

experimental conditions and the other results on the 

control side, must have been zero. 

3.3.2.2 copper 

Dissolved organic copper extractable on C18 ([Cu]orc.) 

and inorganic copper extractable on 8-OHSG (CCu]unb) 

speciation during the course of the bloom (Fig. 3.6) are 

shown. Over the first four days there was a significant 

drop in Cuunk which was not accompanied by a rise in Cuor_. 

This is likely due to some adsorption effect onto the walls 

of the tank. After this event there is a small increase in 

Cuorq during the remainder of the bloom, which seems to be 

reflected by a small decrease in Cuunk. The total 

extractable dissolved copper, defined as the sum of the 8-

OHSG and C18 Sep-Pak extracts, did not change appreciably 

over time, remaining relatively constant at an average of 5 

nM, a typical near-shore oceanic value. The percentage of 

total extractable copper adsorbed on Sep-Paks (% [Cu]orc.) 

increased from 50 to 80%; much of the change (50-65 %) took 

place in the first four days (Fig. 3.9a). After the first 4 

days this proportion increased from 65-80%. 
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F i g . 3 . 6 j 
r 

Temporal response of organic copper e x t r a c t a b l e on r eve r se 1 
phase C 1 8 Sep-Paks ( C u o r q ) ( • ) and 8-OHSG e x t r a c t a b l e 1 
copper (Cuunk) (A) during trie course of the bloom. f 
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3.3.2.3 cadmium 

The dissolved 8-OHSG extractable cadmium concentration 

remained relatively constant during the first 8-9 days at 

0.46 nM, and then declined rapidly to a level of 0.14 nM 

(Fig. 3.7a). Particulate cadmium was less than 0.05 nM 

until day 10, when the concentration increased to 0.27 nM 

and stabilized at 0.18 nM (Fig. 3.7b). There was very 

little particulate flux of cadmium until day 13, 3 days 

after the biomass and production peak of the bloom (Fig. 

3.8). The maximum flux obtained was 2 ug/m2/day on day 15, 

after which the flux decreased. There was a continuous 

increase in dissolved cadmium on the control side of the 

tank from Q„33 to 0.46 nM due probably to contamination 

(Fig. 3.7a), thought to be coming from dust, although 

particulate cadmium measured on the dark side of the tank 

remained constant at 0.04 nM. 

3.3.3 Discussion 

3.3.3.1 Copper 

During the course of the experiment there was an 

increase in C 1 8 extractable copper and a concomitant 

decrease in 8-OHSG extractable copper (Fig. 3.9a). About 
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Fig. 3.7 

Depletion of inorganic 8-OHSG extractable cadmium (•) and 
cadmium measured on the dark side of the tank (A) (a) and 
the temporal response of particulate cadmium (b), measured 
during the course of the bloom. 
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Fig. 3.8 

The particulate cadmium flux measured on sinking particles 
during the duration of the bloom. The sediment trap was 
moored at 6 m. 
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Fig. 3.9 

Change in the relative concentration of organic ligand 
bound copper (% [Cu3ora;) during the duration of the 
experiment (a) and a correlation plot of the concentration 
of organic ligand bound copper ([Cu]ora) versus the total 
ligand concentration (L). 
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half of the increase in % [Cu]or occurred in the first 

four days, before the bloom had begun to accelerate. This 

was possibly due to an initially rapid adsorption of Cuunb 

onto the walls of the tank rather than an increase in 

[Cu]org per se. After the initial adsorption occurred there 

is a small increase in % [Cu]or during the final 16 days 

of the bloom (65-80 %) . The data suggest that a small 

fraction (ca. 0.5 nM) of Cuunj3 before the bloom may have 

undergone ligand exchange with organic compounds released 

as a result of biomass production, converting it to Cuorcf. 

An interesting observation is that the trends observed 

here in extractable copper concentration are not consistent 

with the ligand concentration ([L]) data of Zhou, et 

al.,(1989). The [L] remained constant for about 7 days at 

22 nM and then increased rapidly, reaching a plateau of 44 

nM on day 12. The organic copper data showed a nearly 

linear increase with time, and was not correlated with 

biomass or production. It should be noted that even the 

lowest observed [L] of 22 nM was well in excess of the 

total dissolved copper concentration of about 5 nM. The 

lack of a similar response in the % [Cu]orq indicated that 

the actual amount of copper chelated to ligands extractable 

by Sep-Pak C 1 8 is only indirectly, if at all, related to 

the [L] as measured by Sep-Pak C 1 8 adsorption. A plot of 



organic copper versus ligand concentration (from Zhou, et 

al., 1989) shows that there were two different biological 

regimes during this experiment; that before the bloom, 

characterized by low [L] and low organic copper, and that 

after the bloom, characterized by higher [L] and organic 

copper (Fig. 3.9b). The lack of a clear correlation between 

[L] and % [Cu]or indicates there was no simple 

relationship between [L] and organic copper concentration, 

at least on the time scale of this phytoplankton bloom. 

Previous studies of phytoplankton blooms in the 

natural environment have indicated that there was no simple 

relationship between DOC, or [L] as measured by Sep-Pak C18 

adsorption, and the amount of copper actually complexed by 

organic chelates and extractable by this technique (Foster 

and Morris, 1971; Mills and Quinn, 1984; Osterroht, et al., 

1985; Anderson, at al., 1984). Higher organic copper is 

often observed during the spring (Foster and Morris,1971; 

Mills and Quinn, 1984). Because high fresh water runoff 

often coincides with spring phytoplankton blooms, the 

effect of fresh water input could obscure biological 

effects. Fluvial inputs often increase concentrations of 

total copper and other metals in the near shore surface 

waters (Mills and Quinn, 1984; Hanson and Quinn, 1983; 

Kremling and Hydes, 1988). These workers had assumed that 



environmental effects must be eradicating the biochemical 

signals; however, the data from this thesis suggest that 

even in the absence of complicating environmental factors, 

such as river runoff,there is no obvious increase in % 

[Cu]ora as the [L] increased during a bloom. 

There was also no correlation between DOC and % 

[Cu]ora during this experiment. The DOC remained relatively 

constant until day 8, then increased to a peak at day 12 

before dropping back to pre-bloom concentrations (Fig. 

3.5a). This result may be attributed to the release of DOC 

from phytoplankton as the cells die, followed by 

heterotrophic use by bacteria. 

Ogiwara and Kodaira (1989) have shown that the copper 

complexing agents present during the log growth phase of a 

Microcystis aeruginosa bloom were mostly 103 to 104 

molecular weight (MW), whereas, after the peak of the 

bloom, the material was mostly < 10J MW. The conditional 

stability constant of the organic material released during 

the log phase growth of the phytoplankton was found by 

Ogiwara and Kodaira to be 10 times that for the lower 

molecular weight material released after the crash. This 

data is in accord with the my findings in the Tower Tank 

experiment, which showed that the C18 extractable DOC 

released after the crash of the bloom does not readily 



scavenge copper. 

Several workers have noted that the free copper ion 

concentration is the major indicator of copper toxicity in 

water masses, and the complexing of the free copper ions by 

organic compounds renders the ions less toxic (Sunda and 

Guillard, 1976; Anderson and Morel, 1978; Morel, et al., 

1978; Gavis, et al., 1981). In this study (Fig. 3.6), a 

significant drop in the amount of dissolved organic copper 

in the tank during the first four days was observed; it was 

not, however, accompanied by a significant increase in the 

[Cuorcf] , a result we might expect to see if the 

phytoplankton were detoxifying the water by exuding copper 

complexing chelates before initiating bloom conditions. A 

possible explanation of this result is that the copper may 

be complexed by compounds that are not extractable by C18 

Sep-Paks, that some of the inorganic copper may be 

undergoing adsorption onto the tank walls, or that copper 

may precipitate before a steady state situation is achieved 

in the tank. Further work is required to establish firmly 

the hypothesis that phytoplankton exude organic compounds 

to detoxify the cationic copper species before the bloom 

can progress. 



3.3.3.2 Cadmium 

Fig. 3.7a showed a dramatic decrease of dissolved Cd 

at the peak of bloom production. Particulate cadmium 

increased in a corresponding fashion (Fig. 3.7b). This can 

be attributed to scavenging of cadmium from the dissolved 

phase by particulate phases, which may then fall out of the 

surface layer. There was no measurable cadmium in the C18 

eluates, indicating either that cadmium does not form 

dissolved organic complexes or that these complexes are 

formed but not extractable on C18 Sep-Paks. Some recent 

electrochemical evidence indicates that cadmium may form 

some weak organic complexes in seawater (Bruland, 1990), 

but the data are as yet only preliminary. The data 

generated from my experiment demonstrated that organic 

cadmium complexes are not significant contributors to 

cadmium geochemistry in the tank. There is a large increase 

in Cd flux after the crash of the bloom (Fig. 3.8). The 

total amount of Cd present in the sinking particles during 

the bloom can account for about 50% of the total dissolved 

Cd lost in the upper 1 m of the tank. The remainder of the 

lost Cd may be accounted for by adsorption on suspended 

particles or losses due to inefficiencies in the sediment 

trap design. 



The association of Cd with biogenic particles has been 

well established (e.g. Bruland, 1980; Boyle, et al., 1981; 

Moore, 1981; Noriki, et al., 1985). The experiment by 

Noriki, et al., (1985) using sediment traps in Funka Bay, 

found cadmium fluxes on particles after the bloom to be 

several times higher than fluxes caused by falling 

particles during the bloom. They also noted that cadmium 

levels were far higher in biogenic as opposed to non-

biogenic particles and that there was enrichment relative 

to copper (2.5 times) in biogenic particles. This 

correlates well with my data, in which cadmium showed a 

significant affinity for particles in the post bloom phase, 

whereas copper showed no measurable affinity for particles 

under these conditions. 

Kremling and Pohl (1988) measured dissolved cadmium 

across the eastern North Atlantic Ocean continental shelf 

in March and June of 1987. They determined that the Cd 

concentration decreased from 0.075-0.025 nM in the surface 

waters 900 km offshore during this time period, while the 

copper concentration remained constant. They also reported 

a net decrease in the concentration of phosphate from 0.5-0 

uM during this time period in the same water masses. It may 

be significant that if the phosphate loss in the eastern 

North Atlantic were scaled up to the 4 nM observed in the 
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Tower Tank, and the cadmium were removed by a p oportional 

amount, approximately 0.4 nM of cadmium would be removed 

from the tank. This agrees very well with the actual loss 

measured, 0.32 nM. Kremling and Pohl (1989) suggest that 

their data show clear evidence of cadmium removal by 

phytoplankton, in full agreement with the data presented in 

this thesis, although the Tower Tank data must be seen as a 

more unambiguous demonstration of cadmium removal by 

phytoplankton. 

There appeared to be significant covariance between 

the fate of cadmium and that of phosphorus in this 

experiment: the rapid decrease in the dissolved 

concentration of reactive phosphate coincided with the 

rapid decrease in the dissolved cadmium concentration. 

Because the portion of the particulate matter caught in the 

sediment traps was removed every day no study could be 

undertaken to examine the process of regeneration, believed 

to be of prime importance in explaining the nutrient-like 

behaviour of cadmium in the open ocean (e.g. Bruland, 

1980). 

The Tower Tank data indicate that cadmium 

distributions can be significantly influenced by biological 

activity. The aluminum data gathered during the same 

experiment (Moran and Moore, 1988) indicate similar 
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features, although there was a more pronounced removal of 

aluminum onto phytoplankton cells. The results of Santschi, 

et al. (1980) demonstrate the removal of particle reactive 

metals from the water to the sediments during phytoplankton 

blooms. This process could be very important in nearshore 

surface waters and highly productive shelf waters, where a 

significant portion of the cadmium in the dissolved phase 

could be removed from the water column by phytoplankton 

blooms. 

3.3.4 Conclusions 

The Tower Tank results suggest that the increase in 

biogenic particles associated with a phytoplankton bloom is 

an important factor controlling the dissolved concentration 

and speciation of trace concentrations of copper and 

cadmium in the marine environment. 

The copper data showed that the concentrations of Sep-

Pak C18 extractable organo-copper complexes were related to 

the stage of growth of phytoplankton, and that the excess 

of organic compounds released just after the bloom had 

little effect on the organic complexing of copper. The 

cadmium results showed a clear correlation between the 

growth of the phytoplankton and removal of dissolved 
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cadmium from these waters, the greatest removal occurred 

after the crash of the bloom. 

These data must be seen as only preliminary because I 

did not examine such important processes as regeneration 

and zooplankton grazing. Phytoplankton blooms can have a 

significant effect on trace metal concentration and 

speciation in waters where blooms may be important, such as 

inshore and nearshore surface waters. These blooms take 

place on the order of days or weeks; thus trace metal 

chemistry in these waters can be profoundly influenced in a 

very short period of time. 



CHAPTER 4 

Isolation of Aquatic Humic substances from the Northwest 
Arm: Investigation of Pre-acidification Versus Non-

acidification of Samples as well as the Examination of an 
In Situ Acidification Device 

4.1 Introduction 

Humic substances are the major organic constituents of 

soils, sediments, and aquatic systems, and are distributed 

over the entire surface of the earth. This fact alone makes 

an understanding of their geochemical cycles of major 

importance in the understanding of global carbon cycling. 

Humic compounds arise from the chemical and biological 

degradation of organic residues of plant and animal matter. 

The products formed tend to associate into complex, highly 

condensed chemical structures of a wide variety of sizes, 

shapes, and chemical reactivities. Humic substances are 

usually separated into three classes, derived from studies 

in soil chemistry: humin (HU) , that fraction of the humic 

substances which cannot be dissolved in aqueous acid or 

base; humic acid (HA), that fraction which is extractable 

in base but will precipitate in acid; and fulvic acid (FA), 

that fraction extractable in base and remaining in solution 

when acidified (Schnitzer and Khan, 1978). The latter two 

fractions combined are what is defined as humus (HM). 

141 
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In the aquatic environment the concentration of HM is 

related to the primary productivity, which is a function of 

local nutrient inputs and hydrodynamic variables. Dissolved 

organic compounds are most concentrated in the productive 

surface waters and coastal areas. Characterized organic 

compounds constitute only about 10% of the total organic 

carbon in the water column (Williams, 1971, 1975). The 

remainder of the organic carbon is in the form of 

biologically transformed, degraded, macro-molecular, 

refractory material referred to as water humus. The 

refractory nature of this material is evidenced by the 

great age of deep water HM, which can be in excess of 3400 

years (Arhelger, 1974). In marine sediments , typically 2-

60 % of the organic compounds are HM (Yariv and Cross, 

1979) . 

In soils, phenols, polyphenols, phenol radicals and 

quinones derived from the transformation of phenolic 

compounds react with other types of organic compounds. They 

have been shown to undergo reactions with proteins, 

peptides, amino acids, ammonia, and amino sugars (Ladd and 

Butler,1966; Swaby and Ladd, 1966; Stevenson and Butler, 

1969; Haidler and Martin, 1970; Ishiwatari, 1971; Flaig, 

1977). Ishiwatari (1971) demonstrated that ammonia is 

incorporated in humics in fixed acyclic or heterocyclic 
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forms which are stable, complex, and non-hydrolyzable. In 

soils, a series of reactions involving condensation of 

sugars and amino acids, called Maillard reactions, are 

believed to be the main route to the formation of HM 

(Kononova, 1966; Nissenbaum, 1974). In addition to Maillard 

reactions these materials undergo molecular rearrangements 

by aldol condensations, aromatization, cyclization, and 

polymerization (Nissenbaum, 1974). Organic compounds 

artificially prepared in this manner show bulk physico-

chemical properties very similar to natural soil organics 

(Nissenbaum, 1974). 

In seawater there exists a variety of compounds such 

as amino acids, carbohydrates, and phenolic compounds, 

indicating the possibility of a Maillard type synthesis of 

HM. Although the proposed structure of seawater HM allows 

for the formation of Maillard reactions there is little 

direct evidence for such reactions taking place. Harvey 

(1983, 1984), has demonstrated that organic material 

strongly resembling HM can be formed in seawater by 

condensation reactions between polyunsaturated FFAs, and he 

used this result to explain the greater aliphatic character 

of marine HM as opposed to soil HM. His results, however, 

could not explain the presence of phosphorus, sulphur, and 

especially nitrogen-containing functional groups found in 
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marine HM. 

Soil humic materials typically contain 55-60% carbon 

in the molecule (Kononova, 1966), whereas in marine HM the 

carbon content is 52-56% (Nissenbaum and Kaplan, 1972). The 

hydrogen content of marine HM tends to be greater than soil 

HM due to the greater aliphatic character of these 

compounds. The nitrogen content of marine HM (3-6%) is 

higher than soil HM, reflecting the high protein content of 

the phytoplankton from which this material is derived 

(Miser and Kaplan, 1972). Oxygen is present mostly in the 

form of functional groups such as alcohols, phenols, and 

carboxylic acids. As humification occurs, oxygen is lost by 

decarboxylation and other reactions (Stuermer, et a_l. , 

1978). This process is largely responsible for the' 

difference between HA and FA, with the HAs tending to be 

more humified and therefore have a lower oxygen content. 

HMs are acidic in nature, mainly dye to the 

presence of carboxyl groups. Alkaline permanganate 

oxidation results in several low molecular weight 

monocarboxylic and dicarboxylic acids (Schnitzer and Khan, 

1972; Vasilevskaya, et al., 1977), as well as some larger 

fatty acids present in marine HM (Ogner, 1973). In addition 

to the carboxyl functional groups, HMs contain phenol, 

alcohol, carbonyl, and amide functional groups. These 



functional groups are responsible for the reactivity of HMs 

with other species in the aquatic environment, as well as 

physical properties, such as ultra-violet light absorbance 

and fluorescence. 

Humus interacts with a variety of metals to form 

organo-metal complexes of variable solubilities. For 

complexation the most important functional groups involved 

are carboxyls, which vary in concentration from 2-9 meq/g 

(Schnitzer and Khan, 1972) . Amino acid and quinone 

functional groups are also important in the complexation of 

metal ions. 

The mechanisms of complexation are of several types. 

Surface and physical adsorption on dissolved and colloidal 

organic materials can occur due to Van der Waals polarizing 

forces, but this type of binding tends to be weak and 

superseded by other bonding mechanisms. A common HM-metal 

interaction is ion exchange, represented by the following 

reaction: 

HUMATE-COOH + M+n HUMATE-COOM+n~1 + H+ 

In addition to ion exchange, HMs may chelate metals through 



146 

electron transfer. 

The solubility, mobility, reactivity, precipitation, 

and distribution of trace metals can be influenced by these 

humus-metal interactions. Of particular importance is the 

modification of the solubility and reactivity of the trace 

metal. It has been shown that the solubility of metals is 

increased with increasing amounts of organic matter (Rashid 

and Leonard, 1973). This increase in solubility influences 

the redistribution, mobility, and migration of metals. In 

addition the HM-metal complex can undergo flocculation and 

subsequent bacterial regeneration. The HM-metal complexes 

may also affect the reactivity of metal ions to organisms. 

It is known that free metal ions are often more toxic to 

organisms than complexed ions (Morel, et a_l. , 1978; 

Anderson and Morel, 1978; Gavis, et al., 1981; Anderson, et 

al., 1984); humic materials may provide an important means 

whereby trace metals can be complexed and thereby detoxify 

water masses. 

Humus undergoes reactions with clay materials which 

bind the organic material to the particle. The chemical 

forces involved in this association include bonding to 

adsorbed metal ions on the clay particle, hydrogen bonding 

to the inorganic lattice structure, or coordination bonding 

to iron and aluminum atoms in the lattice (Kononova, 1966; 
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Greenland, 1971; Theng, 1979). Physical forces such as 

those of the Van der Waals type may also play a role. These 

reactions provide a mechanism whereby dissolved materials 

such as metal ions can be transported to particles. In 

addition to physico- chemical adsorption onto clay 

particles, flocculation again may play an important role. 

HMs transported adsorbed on clays from rivers into the 

ocean undergo a change in ionic strength that favours the 

formation of aggregates. These aggregates, consisting of 

clay particles and adsorbed HMs, can then fall out of the 

water column and into the deeper waters or the sediments 

carrying any complexed materials such as metal ions with 

them (Alldredge, 1979; Krank and Milligan, 1980). 

Humus can interact with other organic 

compounds, not just metals, with significant environmental 

ramifications. Important classes of organic compounds 

showing an affinity for HM are pesticides, polychlormated 

biphenyls (PCBs), and polyaromatic hydrocarbons (PAHs), 

products of the industrial society we live in. These 

compounds are often not only toxic but also persistent. 

Since HM has a variety of functional groups it can 

interact with organic compounds in a number of ways. Ionic 

pesticides such as l,l-ethylene-2,2-bipyridinium bromide 

(Diquat) and 1,l-dimethyl-4,4-bipyridinium chloride 
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(Paraquat) and their derivatives readily dissolve in 

solutions containing HM. They react via cation exchange 

mechanisms to form HM-pesticide complexes (Weber, et al. , 

1969). HM can also react to pesticides via charge transfer 

reactions, hydrogen bonding, or ligand exchange. 

The transport of hydrophobic pesticides in the aquatic 

environment is related to their adsorption properties. In 

aqueous solutions containing HM the pesticides can undergo 

coordination and hydrophobic bonding to the hydrophobic 

sites on the HM (Browman and Chester, 1977). In general the 

solubility of hydrophobic pollutants increases directly 

with an increase in the organic matter content (Haque and 

Schmedding, 1974; Haque et al., 1977). 

Saturated alkanes show a marked decrease in solubility 

when when the organic content of seawater samples is 

reduced. Boehm and Quinn (1973), showed that a 30% 

reduction in the amount of DOC resulted in a 75% reduction 

in the solubility of hexadecane. They also discovered that 

HM increases the solubility of PAHs, although data by 

Whitehouse (1981) indicates not all classes of PAHs display 

this tendency. Clearly with ever increasing amounts of 

crude oil being transported and increasing public awareness 

of the effects oil spills, a knowledge of the fate of these 

hydrocarbons, which includes a knowledge of how they 
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interact with DOC, is required. 

Despite the importance of humic compounds both 

as moderators of the chemistry of other compounds and as a 

reservoir of DOC, very little is known specifically about 

them. Most of what we know about them comes from the work 

of the soil chemists. In soil science humic substances are 

classically defined as that organic material extracted in 

dilute aqueous NaOH (either 0.1 or 0.5N) (Schnitzer and 

Khan, 1978). As already mentioned, the fractionation humic 

materials is accomplished using operational definitions 

involving pH. The bulk physico-chemical properties of the 

two HM fractions (HA and FA) , such as light absorption in 

the ultra-violet and visible spectrum, acidic character, 

surface activity, metal interactions, and predominant 

functional groups are similar. HA has a slightly greater 

proportion of carbon, has a greater average molecular 

weight, and is slightly less acidic than is FA on an 

equivalent weight basis. 

Marine chemists have taken these operational 

definitions and have applied them more or less uncritically 

in the extraction and characterization of marine "humic" 

materials. For many of the chemical and physical analyses 

of HMs done in soil work extraction of hundreds of 

milligrams or even gram quantities is required. Because the 
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total DOC in seawater is 1-5 mgC/1, it is clear that 

hundreds or thousands of liters of water must be extracted 

to obtain the humus needed for chemical evaluation. Since 

water cannot be directly extracted with NaOH, other means 

must be found to extract HM from seawater. 

The usual method of extraction is to run a large 

volume of seawater acidified to pH 2 through a column 

packed with some adsorbant material. The column is then 

eluted with a basic reagent and the sample fractionated 

into FA and HA as previously described. The organic matter 

obtained in this fashion is called HM even though the 

operational definition is no longer consistent with the 

original soil work. 

To further obfuscate matters, different workers use 

different extraction and elution procedures to obtain their 

fractions of "humic materials". Adsorption materials have 

included activated charcoal (Jeffrey, 1969; Kerr and Quinn, 

1980) XAD-8 (MacCarthy, et al., 1979; Thurman and Malcolm, 

1981), and XAD-2 (Steurmer and Harvey, 1977; Mantoura and 

Riley, 1975; Harvey, et al. , 1983; Wilson, et al. , 1983), 

and mixed adsorbants consisting of XAD and charcoal resins 

(Fu and Pocklington, 1983). Variations in the elution 

procedures have included the use of ammonium hydroxide 

followed by ethanol (Skopintsev, 1972), 0.2N NaOH (Mantoura 
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and Riley, 1975), 0.1 N NaOH (Thurman and Malcolm, 1981), 

1:1 (vol/vol) CH3OH/2M NaOH (Gillam and Wilson, 1983), and 

pH gradient desorption using phosphate buffers (MacCarthy, 

et al., 1979). In each of these cases the organic material 

extracted was denoted HM, despite the difference in 

operational definition. 

Most of the workers in this field have, however, kept 

one part of the extraction and elution operation constant. 

The samples were always acidified to pH 2 before they were 

passed through the column. The purpose of this 

acidification is to protonate free carboxyl and phenoxyl 

groups on the HM, thereby reducing its polarity and 

increasing adsorption on the extraction resins. Because the 

sample must be brought into the laboratory for 

acidification the chance of contamination is increased and 

it is difficult to automate the system for large scale 

analysis. In addition to this problem there are also the 

logistical difficulties of handling very large volumes of 

water at sea, especially in rough weather. 

Ideally we would like to concentrate the sample on the 

column using in situ techniques to avoid contamination 

problems and to make the sample handling easier and more 

efficient. Several studies have concentrated DOC in situ 

using pumps attached to buoys (Ehrhardt, 1978) or on 
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shipboard samplers fitted with XAD-2 columns (Stepan, et 

al. , 1978; Osterroht, 1974). Ehrhardt (1978) isolated 

significant amounts of acidic materials which fluoresced 

and were not amenable to gas chromatography, though he was 

cautious not to call the extracted material humus. 

This chapter is concerned with the concentration and 

analysis of HM on XAD-2 with reference to the pre-

acidification or non-acidification of the sample. In 

particular I asked whether the quantity and the quality of 

extracted organic materials are the same. In addition, a 

new, simple technique for acidifying seawater samples in 

situ was devised. This technique involves the incorporation 

of a column of cation exchange resin in proton form affixed 

before the XAD column, the idea being that Ca2+, Mg2+ 

cations in seawater will exchange with protons on the 

column acidifying the effluent. In summary, the principal 

aims of this chapter are: 

1) To determine the quantitative and qualitative 

properties of organic compounds extracted with and without 

prior acidification by columns of XAD-2. 

2) To describe the design an in situ pre-

acidification system capable of maintaining constant or 

near constant conditions of pH. 



3) To describe the properties of organic compounds 

extracted by XAD columns using the pre-acidifying column. 

4.2 Methods 

4.2.1 Extraction and Elution of Humus 

Seawater from the Northwest Arm, a marine inlet, was 

taken from the Aquatron seawater system in the fall of 

1987. The seawater (salinity 30.74 p.s.u.) was filtered 

directly from the tap using a Nuclepore 47 mm (0.4 um) 

filter and run into a clean 25 1 r.b.f.. The flask was 

cleaned by washing with soap and water, followed by rinses 

with Super-Q water, 1 M NaOH , and chromic/sulphuric acid. 

After a final rinse in Super-Q the flask was ready for use. 

The extraction columns consisted of Teflon sleeve XAD-

2 filled columns with dimensions of 35 cm x 2.5 cm I.D., 

cleaned as described in Chapter 2. The samples were pre-

treated as appropriate and passed through separate columns 

at 75 ml/min (0.44 b. v./min) . Sample 1 (HM+, 115 1) was 

acidified to pH 2 with concentrated HCl (Baker Ultrex). 

Sample 2 (HM++, 109 1) was run through a glass column (12.5 

cm x 3.2 cm) packed with Chelex-100 (50-100 mesh, Bio-Rad 

Chemicals) in protonic form. As shown in Fig.4.Id, a column 



Fig. 4.1 

Effluent pH of seawater passed through columns of Chelex-
100 in the protonic form. Chelex was charged by passing 2 1 
of 2 N HCl through the column followed by washing the 
excess HCl with Super-Q water. Seawater at pH 8.1 was 
passed through the columns at 75 ml/min using a peristaltic 
pump. 

a) 6 cm x 1 cm I. D. 

b) 10 cm x l cm I. D. 

c) 10 cm x 2.5 cm I. D. 

d) 12 cm x 3.2 cm I. D. 
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Figure 4 .1 . 
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of Chelex-100 in protonic form of dimensions 12 cm x 3.2 cm 

I. D. can keep the effluent acidity of a seawater sample 

relatively constant near pH 2-3 over a volume of 15 1 . 

Columns that are smaller tend to lose their ability to 

control the pH when smaller volumes of seawater are passed 

through, indicating a depletion of the charge of hydrogen 

ions. The Chelex column was charged by passing 2 1 of 2 N 

HCl (BDH Analar) through it and purging the excess acid 

with Super-Q. This column was recharged after each 15 1 of 

sample was passed. Sample 3 (HM-, 174 1) was passed through 

the XAD-2 column without acidification. The pH of the 

ambient seawater was 8.1. 

The columns were first rinsed free of chloride with 

Super-Q water till the eluate showed no cloudiness to a 

silver nitrate test. The columns were then back extracted 

with with 250 ml of 0.1 N NaOH (BDH Analar), followed by 

200 ml of 0.2 N NaOH/CH3OH (50/50 vol/vol). These eluates, 

yellow in colour, were combined and the CH3OH removed using 

a rotary evaporator. The pH of the eluate was adjusted to 

neutrality with Ultrex HCl, and the samples stored in pre-

combusted amber glass bottles with ground glass stoppers at 

2 C until further analysis. 
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4.2.2 UV-Visible Absorption 

The absorption spectra were measured on a LKB Biochrom 

4050 spectrophotometer fitted with deuterium and tungsten 

lamps and quartz cuvettes. The samples were diluted as 

necessary with Super-Q water. HM was measured by comparing 

the absorbance of the sample at 285 nm to a standard of HM 

(M. A. Rashid, marine extract) dissolved in water. 

4.2.3 Fluorescence Spectra 

The fluorescence spectra were measured on an Aminco 

SPF 125 scanning spectrofluorometer fitted with plastic 

cuvettes. The samples were diluted with Super-Q water as 

required. Excitation and emission wavelengths of 351 and 

478 nm respectively were found to give the largest signal 

for these extracts, and therefore were used in the 

fluorescence study. 

4.2.4 Copper Complexation 

The copper binding capacity of the extracted organic 

material was measured using a reverse phase adsorption 

technique (Zhou and Wangersky, 1985) . To a 500 ml 

polyethylene bottle filled with Super-Q water was added 1 
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ml of neutral eluate from each sample. An excess of copper 

(1 mM) was added and the bottles shaken and allowed to sit 

for 2 hours. The samples were then run through a clean Sep-

Pak cartridge and eluted with 6 ml 50/50 vol/vol CH3OH/H20 

into 7 ml screw cap Teflon vials and analysed for copper by 

GFAAS. 

4.2.5 Molecular Weight Fractionation 

Eluates were separated into molecular weight (MW) 

classes using the technique of cascade ultrafiltration. 

Samples were filtered with 0.4 um Nuclepore filters and 

then placed in an Amicon TCF10 thin channel ultrafiltration 

unit, and successively fractionated through filters 

decreasing in molecular weight cut-offs under nitrogen gas 

pressure. The ultrafilters (Amicon Diaflo, 100,000, 30,000, 

10,000, 5,000, 1000, and 500 MW cut-off) were cleaned by 

soaking successively 3 times in 1 1 Super-Q water followed 

by cleaning in 0.01 M aqueous NaOH for 24 hours prior to 

use. After use the filters were soaked for 12 hours in 1 N 

NaOH and stored in 10% ethanol before the next use. 
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4.2.6 Separations using TLC/FID 

Zhou and Wangersky (1987) have investigated the 

characteristics of organic matter extracted by reverse 

phase techniques on Chromarods using TLC/FID. They found 

that several different acid-mobile, base-mobile and neutral 

species were extracted. In my research samples of undiluted 

XAD-2 humus extracts (10-30 ul) were spotted on Chromarods 

and the rods developed and scanned according to the 

protocol shown in Table 4.1. Samples were quantified using 

flame ionization detection against a standard of humic acid 

dissolved in water. 

4.3 Results 

4.3.1 Total Extractable Material 

A summary of the total amount of organic material 

extractable by XAD-2 from the Northwest Arm is found in 

Table 4.2. Sample H+ gave a total recovery of 0.179 mg/1, 

while Sample HM++ gave a similar recovery. Sample HM-

contained less than half this amount of extracted material. 

The concentration of organic carbon initially in the 

samples as measured by ultra-violet photo-oxidation was 

0.63 mgC/1. Sample HM+ and HM++ represent 28 and 30 % of 
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Table 4.1 

TLC/FID development and scanning procedure for humic 
material extracted by XAD-2. 

1. Scan blank rods twice. 

2. Spot 10-30 ul undiluted extract on Chromarods 2 cm 
from end of rod. 

3. Focus twice with acetone. Dry over a hot plate at 
40 C for 10 min. 

4. Condition rods in a 37% relative humidity chamber 
for 10 min. 

5. Develop rods 30 + 35 min in 100% C^Cl, followed 
by 25 + 35 min in 70/18/12 (vdl/vol/vol) 
CH2Cl2/CH3OH/ethylamine, dry in latroscan. 
This removes non-polar lipids and base mobile 
materials like amines. 

6. Scan half the rod. 

7. Develop 35 + 25 min in 70/18/12 (vol/vol/vol) in 
100% CH30H, dry and develop in 70/18/12 
(vol/vol/vol) CH2Cl2/CH3OH/formic acid for 30 + 20 
min. 

8. Dry over a hot plate for 10 min, condition for 10 
min, and scan entire rod. 
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Table 4.2 

Total organic matter extracted by XAD-2 from the 
Northwest Arm. 

Fraction Amount Isolated (mg/1) j 

HCl acidified 0.179 +/- 0.017 ! 
! 
i 

Pre-column acidified 0.189 +/" 0.016 j 

Non-acidified 0.061 +/- 0.011 i 



162 

the total DOC respectively, whereas, Sample HM- represents 

only 10 % of the total DOC. 

4.3.2 UV-Visible Light Absorption 

The results of the uv-visible light absorption study 

are shown by Fig. 4.2. The absorption spectra for each of 

the extracts show similar features. There is significant 

absorption at short wavelengths with a rapid decrease in 

absorption to longer wavelengths. The maximum absorption 

occurs at 22 0 nm for all samples and decreases to 10% of 

this value at wavelengths of approximately 360 nm, and 1% 

at 500 nm. Beyond 500 nm there is no measurable light 

absorption for any of the samples. 

4.3.3 Metal Binding Capacity 

The results of the experiments designed to measure the 

metal binding capacity are shown in Table 4.3.. The binding 

capacity for each of the extracts is 0.4-0.5 mmol/g. 

4.3.4 Molecular Weight Fractionation 

The molecular weight f r a c t i ona t i on r e s u l t s are 

presented in Figs. 4.3 and 4.4. From Fig. 4.3 i t i s clear 
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Fig. 4.2 

Ultraviolet-visible absorption spectra of XAD-2 extractable 
organic material. 

a) HCl acidified extract 

b) Chelex-100 acidified extract 

c) Non-acidified extract 
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Figure 4.2. 
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Table 4.3 

Copper binding capacity of XAD-2 extracted organic 
material isolated from the Northwest Arm. 

Fraction Cu Binding Capacity (mmol/g) 

HCl acidified 0.49 +/- 0.15 

Pre-column acidified 0.40 +/- 0.05 

Non-acidified 0.41 +/" 0.07 
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Fig. 4.3 

Molecular weight distribution of extracted humic materials. 
Samples were quantified by measuring the absorbance of the 
extracts at 285 nm and comparing the absorbance to a 
calibration curve for standard humic material dissolved in 
water. 

HCl acidified extract 

Chelex-100 acidified extract 

Non-acidified extract 
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Fig. 4.4 

Molecular weight d i s t r i b u t i o n of f luorescen t mate r i a l 
extracted by XAD-2 from seawater. 

HI HCl acidified extract 

Chelex-100 acidified extract 

Non-acidified extract 
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that that there is very little extracted material greater 

than 100,000 MW;less than 1 % for all three fractions. More 

than 50 % of the organic material for Samples HM+ and HM++ 

lies between 10,000 and 100,000 MW, whereas 22% of Sample 

HM- lies in this range. All the fractions have about 25% of 

the total organic material less than 1000 MW. Fluorescence 

measurements on the molecular weight fractions (Fig. 4.4) 

give similar results. There is very little fluorescence in 

the fractions greater than 100,000 MW. 35% of the total 

measured fluorescence of Samples HM+ and HM++ was due to 

organics between 10,000 and 100,000 MW. The organics in the 

same size fraction for Sample HM- contained 18 % of the 

total fluorescence. About 30% of the total fluorescence is 

present in the size fraction less than 1000 MW for all 

samples. There was no problem with contamination in any of 

the samples using this technique. 

4.3.5 TLC/FID of Extracted Materials 

In Fig. 4.5 the TLC/FID chromatograms of material 

extracted from each of the eluates are shown. The first 

partial scan of each of the 3 extracts mobilized material 

giving a single peak for each extract with a relative 

retention time (Rf) of 0.15. The second development, in 



Fig 4.5 

TLC/FID chromatograms of XAD-2 extracted organic material 
from seawater. The chromatograms represent the material 
mobile in dichloromethane/methanol/ethylamine (70/18/12, 
vol/vol/vol) and that material mobile in 
dichloromethane/methanol/formic acid (70/18/12, 
vol/vol/vol). 

a) HCl acidified extract (4.06 ug spotted) 

b) Chelex-100 acidified extract (4.27 ug spotted) 

c) Non-acidified extract (2.94 ug spotted) 
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chloroform/methanol/formic acid mobilized the remainder of 

the compounds spotted. Each of the eluates had a poorly 

resolved peak at R^ 10 and double peaks at around Rf 45 and 

50. The major difference was that chromatograms for Samples 

HM+ and HM++ showed a clear peak at Rf 25, which was 

missing in the chromatogram of Sample HM-. 

4.4 Discussion 

4.4.1 Extraction on XAD-2 

The amount of organic material extractable by XAD-2 

from an aquatic system depends on a number of variables, 

such as the qualitative properties of the in situ organics, 

the salinity, pH, flow rate through the column, and the 

elution and purification procedures. The amounts typically 

isolated vary from 10-90% of the total DOM in the water 

sample (Mantoura and Riley, 1975; Pocklington, 1977; 

Stuermer and Harvey, 1977; MacCarthy, et al., 1979; Thurman 

and Malcolm, 1981; Harvey, et aJL. , 1983; Fu and 

Pocklington, 1983; Harvey, et al., 1984). The amount of 

humic material isolated from the Northwest Arm from pre-

acidified samples and using XAD-2 columns resulted in 30% 

of the total DOC being extracted from solution. This result 
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agrees with the work of Fu and Pocklington (1983), who 

demonstrated that XAD-2 can extract a maximum of 40% of the 

DOM from samples taken from the Bedford Basin when the 

samples are acidified to pH 2 prior to extraction. The 

results of my work shows that the Chelex-100 pre-acidifying 

column isolates the same amount of organic material that 

the traditional methods isolate. 

Sample HM-represented only 10 % of the total DOC, a 

result which is again in accord with the data of Fu and 

Pocklington (1983), who suggest that the efficiency of 

absorption without acidification is less than half that at 

pH 2. As mentioned before, the difference in the efficiency 

of extraction may be attributed to the protonation of free 

carboxyl and phenolic functional groups in acidic media. 

This lessens the polarity of the humic molecule and 

increases its adsorption on the resin. 

The results of other workers indicate that the flow 

rate of the sample through the column is important in 

determining the efficiency of extraction for humic 

materials (Stuermer and Harvey, 1977, Mantoura and Riley, 

1975; Fu and Pocklington, 1983). These workers suggest that 

XAD-2 columns extract at maximum efficiency for flow rates 

of 0.1-1 b.v./min. As discussed in Chapter 2 of this 

thesis, not just the flow rate and column volume per se but 


