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* ABSTRACT A

A new preconcentration method has.been develoﬁed for the
deterﬁination of trace métals frpm qatural'waters. The method is based
on the direct uptake of metal iéns on a column packed with the macro-

¥
porous acrylic este; resin, XAD-7, after intq?fering humic substances
are rembveq on a XAD-7 precolumn. The retained metal ions are subse-
quently eluted with 1% v/v HNO3 and the trace metals determined by
graphite-furnace atomic ébsorption spectroscopy. The effecté of
various parametérs such as pH, ionic strength, anions, orgaﬁic substances,
flow rate, column bed-size and resin particle size on the adsorption and
elution of metal ions were examined. Based on these investigations,
optimal conditions for the group preconcentration of Cr, Fe, Cd, Co, Cu,
Mn, Ni and Pb were established.

, The ﬁethod was successfully applied to various natural waters
and was ;ound to be simpler and iess susceptible to contamination than
‘the Chelex-100 method. In additionehg larger preconcentration factor
was obtained. The accuracy and pftcision of the XAD-7 method were
é;gnd to be at least competitive with thé_Chelex—IOOImethod.

The mechanism of adsorption was investigated and adsorption
isotherms and distribution ratios of selected metal ions were measu&ed;_
The adsorption process is complex and likely involves-charge;dipole
interactions,

A simple model was developed to illustrate the rationale of

the method of standard additions in a preconcentration procedure. It

was shown that a high degree of spike reaction with the sample matrix

iii
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and a reasonable degrq? of analyte separation are vital for the success-
ful application of standard additions. If the degree of separatfon is
very high, the method of standard additions is not required and only a

-

simple calibration curve 1s necessary.
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I. INTRODUCTION

.

AN
%

I.1 Geﬁeral

Over the years, growth in world population-and in industrali-
zation has introduced an increasing number and amount of waste materials
into the natural environment. For various reasons, efforts to control
the resulting pollution have not kept pace and severe contamination

of land, water and air has occurred in various locations on the

globe_u

'This thesis is concerned with the determination of trace heavy
me;;fgvin natural waters since contamination of rivers, lakes and
coastal waters is of particular interest. The detrimental effects of
waste materials are significant in inland water systems because of the
traditional roles of these systems as sources of water supply for human
activities and as receiving bodies for effluents. Many of the pollutants
enter the biological food chain and are concentrated in fish and other
edible aquatic organisms. Since rivers carry pollutants.either in dis-

solved, colloidal or particulate form to oceans, there is a concern with
coastal waters as well, especially at a time when the oceans are be- )
coming important suppliers of protein for the growing world population
(1,2).

There are various sources of pollution in the aquatic ecosystem.
Pollutants can be introduced directly into the aquatic environment from
%ndustrial, domestic and agricultural effluents as well as from water-

borne chemical spills. In addition, atmospheric emissions such as acid

rain and pest-control sprays are also important sources of aquatic pollutants.



Some pollutants can upset the ecosystem without being directly harmful to
human beings. Others, such as polycyclic aromatic hydrocarbons,
pesticides, radioactive materials and trace heavy métals can place
human life at risk.

Trace heavy metals* are of significance in two respects.
First, trace metals, in contrast to many organic pollutants, are not
usually eliminated in waters by natural processes such as bio-
degradation and evaporation. Second, most trace metals can be accu-
mulated in bio-organic substances through chemical and biological pro-
cesses. These accumulated trace metals enter and often move up the
biological food chain and endanger human health. To facilitate the
development Bf preventative and corrective measures for metal pollu-
tion in the aquatic environment, it is important to monitor trace
metals in the aquatic ecosystem. This importance is reflected by the
rapid growth of studies pertaining fo their concentrations (horizontal,
vertical and seasonal) and speclation in natural waters.

The trace metals of primary significance in aquatic studies

and to which reference is often made (e.g., 1-5) are cadmium,

copper, chromium, iron, lead, manganese, mercury, nickel, tin and

zinc,

* Trace metals are conventionally considered to be those which exist

at concentrations lower than 1 mg/L (1) in the aquatic environment.
The term "heavy metals' is used in the connotation of toxicity. Thus,
even the toxic element Be (atomic number = 4) is classified as a heavy
metal (3). Since heavy metals exist at trace levels in natural waters,
the terms "trace metals' and "heavy metals" are often used synonymously
(4). For purposes of this thesis, the term "trace metals' will be used
to mean ''trace heavy metals'",



1.2 Determination of Total (Soluble) Trace Metals in Natural Waters

In natural. waters, metal &ons are distributed between "soluble"
and particulate phases. "Soluble" constituenfs, as defined by Stumm and
Bilinski (6), are those that are not retajned on a 0.45 um membrane filter
{1 um = J0-4 cm). Soluble metal constituents include free aquated metal
ions, inorgénic metal-ion complexes, oxygenated metal anions, inorganic
Jon pairs, low and high molecular-weight complexes (e.g., complexes of
hpmichénd fulvic acids) and highly-dispersed colloids. The sum of these
"soluble" species for copper, for example, is referred to as total
téoluble) copper. Many studies on trace metals in aquatic systems aye
copgﬁzp?d with the total (soluble) metal content regardless of the
chemical forms into which the metal ion is speciated. This section is
concerned with the quantitative determination of total (soluble) trace
metals. : ¢

A particular metal-ion species may have more environmental impact
than the total (soluble) metal ion concentration (7) and a considerable
effort has been made (e.g., 8-11) to estimate the concentrations of
"soluble'" metal ion present in‘particular forms. = These studies are!
briefly described in.Section I.3.

The concentrations of trace metals in natural waters can vary
with surface location, depth and season.gnd are often distorted by
localized pollution effects. In general, trace metal abundances are
highest and show the largest variation in nearshore mid-latitude fresh
water systems where the bulk of human activities is located; concen-~

trations are the lowest and most stable in open ocean deep seawater

(1,4).

LIS



It is now recognised by investigators that errors associated
with analytical methodology have, in the past, resulted in the reporting
of "high" values for trace metal ions in natural waters. These high

values were mainly the effects of contamination arising from sampling -

T o

and storage techniques, impurities in chemical £eé§ents used and in-

adequate detection limits of the analytical measurement methods. Table

I illugtrates the general decline in reported trace metal concentrations
.

in seawaters in the last two decades. The trend to lower values is

mainly the result of reduced contamination (i.e., lower analytical

sample blanks} and lower detection limits which é?%se from lower blanks

and improved instrumentation. The subjects of sampling and storage of

.water samples and of contamination control are well-documented (1,18,15).

Because of the low concentrations of trace metals that can pre-
vail in natural waters, particularly in open seawater (nug/L  and lowerj,
few analytical techniques are useful for the direct determination. .
Neutron &ctivation analysis (1) and anodic stripping (20-22) are excep-
tions but'nuclear reactors for the former are not routinely avaiiable
and anodic stripping is not highly selective. These mefhods are
used less frequently than spectfoscopic.methods.

At the préseht time, the two‘most important techniques-for the
determination of trace metals in natural waters are graphite furnace
atomic absorption spectrophotometry (GFAAS) and inductively-coupled
plasma atomic emission spectrometry (ICPAES). These techniques are most
frequently used in conjunction with a "preconcentration! gtep in which

the trace elements are both isolated from the matrix and concentrated,

prior to measurement,

-



TABLE I. Decline in the Reported Concentrations of Trace

-

Metals in Seawaters, 1962“r 1981

Concentration (ugik}_/

Element 1962(12)a 1967(13}b 1972(14)c 1973(15)d 1980(16)8‘1981(17)f

Cu 1.8 2.8 2.03 0.50 0.71 1.03

Fe 6.7 10.8 - 0.58 1.00 1.0

cd i - 1.38 7 0.05 0.049 0.020
Ni - 1.5 0.78 0.65 0.17 . 0.33

n - 13.8 11.8 10.8 4.51 0.44
Co - 1.2 <0.01 < 0.01 <0.02 0.018
Pb - 3.8 0.90 ., - 0.49 0.22

Mn 4.0 - - - - 0.71

Atlantic Ocean deep seawater (31°47'N, 65°11'W)

Pacific coastal water (Southern California coast)

Atlantic coastal water (Liverpool Bay)

Indian Ocean deep seawaterr(Gulf of Aden)

Atlantic coastal water (Nova Scotia)

Nearshore seawater (Nova Scotia)



Occasionally, GFAAS has been used for the direct determination
of metals such~as Fe, Cu, Mn, Cd, Cr and Zn in natural waters, when the
concentrations lie within the instrumental detection limits. However,
the direct approach is generally limited to freshwater samples. In sea-
water, not only are concentrations generally lower but also matrix
interferences arising from non+specific absorp;ion (e.g., light-scatter-
ing from covolatization of salt) renders direct analysis by GFAAS almost -

_impossible (23). Attempts'to compensate for salt-matrix interference
by techniques like matrix modification (24), sebective volatization (25)
and capacitive discharge (26) often impoverish the sensitivities and
detection limits, and precision and accuracy are often poor.

ICPAES is less sensitive and less specific than GFAAS. Con-
sequently; detection limifs for various trace metals b& ICPAES (27,28)
are about ane order of magnitude poorer th;n by GFAAS (29). This
limitation effectively precludes the application of ICPAES to the d%jpct

\deterﬁination of trace metals in natural waters. Detection limits for
some trace metals by ICPAES and GFAAS are shown in Tabie II, together
with concéntrations in two water samples. |

The 14tk of amalytical instrumental techniqu?s which offer the’
necessary sensitivity and/or freedom from matrix interferences for the

direct determination of trace metals in natural waters has led to the

use of chemical preconcentration procedures. These are discussed below,

(i) Methods of Preconcentration

The term "preconcentration' in analytical chemistry describes a

process by which the concentrations of analyte elements in a sample are

"



TABLE II. Detection Limits of Some Trace Metals by

r ICF}ES and GFAAS and Comparison to
_ Concentrations in Two Natural Water Samples
Det;ction limits (ug/L) Concentration (ug/L)
a Niagara Atlantic
Element  ICPAES(28)" GFAAS(29) River {30) Ocean (17)
;/f,,’!F" Cd 4.0 0.0025 0.052 0.033
Mn 1.0 © 0,14 2.84. 0.018
Zn 2.0 ¢.030 1.42 0.28
J Cu 3.0 0.38 3.5 0.12
Fe 3.0 0.33 86.7 0.20
Pb 2:0 0.65 0.59 J ) 0.095
it 10.0 1.0 1.56 0.27
Co 6.0 0.80 0.21 . 0.003

Based on 20-puL volume injection, pyrolytic graphite furnace .
tube and interrupt -flow mode, data converted from pg/l1%

adsorption to ug/L (ppb). /
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enriched to make possible their-quantitatibe measurement with reduced
error. Some methods of préconcentrapion also provide isolation of the
analytes from the matrix which, in general, is desirable. For example,

in the determination of trace metals in seawater by GFAAS or ICPAES,
isolatiin of the trace metals from the salt matrix is -a prerequlsite. ¢ ‘
Also, chemical techniques used in preéoncentration can lead to simple
matrix-matching of ‘the ana{yte sample to the Ealibration.standards;

. - . P
this, of course, is a very favourable condition.

The need for precon-
centration in trace element analysia has only Fo the application
of existing methods of preconcgﬁtration b o/to the develoﬁﬁent of
new ones, which is the main topic of this thesis.

The preconcgntration methods uséd for trace metal determination

in natural waters are outlined below. Excellent and mor® extensive

reviews are' provided by Leyden (31), van Grieken (3la) and by Bachmann (32).
(a) Volume réduction. Solvent evap&raﬁioi is an obvious preconcen-
tration method. The technique hzs been }pplied to the arc-emission
spectrographic (33) and X-ray spectromﬁtrié (34) determination of trace
metals in freshwaters. Since matrix problems are amplified by evapour-
étion, the method offers little applicability, especially for seawater

analysis.

(b) Coprecipitation/ﬁPcrystalszation. All precipitates tend to carry
) : B
down substances which would otherwise be soluble under the conditions

of the precipitation. This phenomenon has been applied to the precon-
centration of trace metals from natu{al waters (¥): The analytically
useful precipitation methods are of two types; cocrystallization and

» .
coﬁqecipitation. In cocrystallization, the trace metals are incorpor-



a

-

—,

ated into the lattice of the precipitates. This process is often very

specific, although cocrystallization techniques using reagents such

as thionalide {35} and 5,7-dibromo-8-hydroxyquinoline (36} have been

found to simultaneously preconcentrate several elements at-the trace level. In
the case ofcoprecipitation, the trace metal ions are adsorbed onto the
surface of a host (carrier) precipitate. Among host precipitates used
for this purpose are the hy@rous oxides of Fe(III), AI(III) and MnkIV)
and the sulphides of Cu(II) and Co(II) (37-39).
Theoretically, coprecipitation and cocrystallization methods

offer large preconcentration factors. In practice, however, the net

-

/ughin in concentration may not be large if the analyte must be stripped

from the host Rrecipit;te before analytical measurement. Furthermore,
it is often»difficult to obtain a host-precipitate relativély free

from the element being concentrated. “This problem of contamination i
the majgr drawback of coprecipifhtion[cocrystallizatio§ techniques.

qu this and other reasons above, these methgds have not been as widely
u;ed recenflf‘as in the past for trace-metal preconcentration.

(c) Electrodeposition. Electrodeposition gas the advantages of pro-
viéing large pr;concentratiqn factors and isolation of the analyte
elements from the matrii. As well, few reagents are required and so
contamination probiems are reduced. Trace metals have been electro-
deposited from various aqueous solutioms onto a.tungston filament (40),
a carbon réd (41);”5 hanging‘ﬁercury drop (42), an iridium wif; (43)

and a graphite electrode (44), prior to measurement by GFAAS. Unfor-

tunately, these techniques are characg&rized by poor reproducibility.
- ) foe '
A

- . -
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Anodic stripping voltam?etry is the most widely used electro-
chemical technique for the direct preconcentration and subsequent mea-
surement of trace metals from natural waters (20-22). In the precon-
ce;tration step, the trace metal ions are deposited cathodically
(usually on a hanging mercury electrode); in the measurement step, the
concentrated metals are oxidized and the anodic currents measured.
Relatively poor sélgctivity is the major disadvantage of this techﬁique;
(d) Solvent extraction. Solvent extraction (liquid-liquid) is an
important technique for the precoﬁcentration of trace metals and the
method is well-known and understooﬂ (e.g., 45,46). A large variety.of
chelating agents are available as extractants, €.g., 8-hydroxyquinoline
(oxine), diethyldithiocarbamate (DDTC), ammonium pyrrolidinedithio-
carbamate (APDC), dithizone and acetylacetone (ACAC). These are un-
selecéive Teagents and in a particular pH range will extract several
metal jons simultaneously. Hence, such reagents are termed 'group"
extractantsl The use of such group extractants, when combined with a
highly selective measurement technique such as GFAAS, leads to high
efficiegey in trace metal determinations.

| There are numerous examples of the application of solvent ex-
traction to the preconcentration of trace metals from natural waters
(e.g., 1,13,16,45-50). 1In general, preconcentr;tion factors in the
range of 10 to 20 are readily achievable but factors greater than 20
require rather high values of the distribution ratio, D, if the ex-

traction is to remain above 90%. The well-known relationship among

these factors is given by the following equation in which the precon-
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centration factor is Va/Vo, the ratioc of the volumes of the aqueous and
organic phases:

% Extraction = 100D (1)

D + Va/Vo
Preconcentration factors may be improved by back-extraction of the metal
ions from the organic solvent into an aﬁueous solution of HNO3 (16);
however, this procedure may increase the analytical blank of the
method,- which is already susceptible to contamination owing to the
several reagents (i.e., buffer, chelating agent, organic solvent) re- .
quired in the extraction step. Problems cauged by dissolution of the
organic solvent (e.g., MIBK) in the aqueous phase are solvgd bf the pre-
saturation of the aqueous phase With the organic solvent (13,16,50).
(e) I&n—exchange. Ion exchange is another important preconcentration
technique. Cation-exchange with sulfonic acid resins is of little
value for the preconeentratién of £race metals, owing to the presence
of large amouwits of Na+, K+, Ca(II) and Mg(II) in natural water
gystems. Anion-exchange procedures are useful for concentrating those
me%al ions whiqh exist as chloro-anions in high chloride mediwm. This
method is limite& in scope (e.g., 51). The most useful ion-exchange
resin for preconcentration has proven to be the chelating resin,

Chelex-100, a copolymer of vinylbenzyliminodiacetic acid, styrene and

.

'divinylbenzene (16,52-55).
An important factor with chelating resins is that they must
- have a low affinity for the alkali and alkaline earth ions at the pH

for preconcentration of the trace metals. Chelate ion-exchange methods



can be applied in either a batch-equilibration mode or, more often,

in a column-percolation mode. The batch-equibration approach is used
mainly in conjunction with X-ray speﬁtrometric (56) or neutron acti-
vation (37} analysis. The column approach is used primarily in con-
junction with GFAAS (i6,53] and ICPAES (54). Recently, a combinatién
batch equilibration/column ;ercolation technique was developed by
Sturgeon and coworkers (16,52). This useful technique yields quantita-
tive recoveries of the metal ions even at high percolation rates, owing
to the prior batch equilibration of the sample with the resin.

Large preconcentration factors ({e.g., 50 or higher) should be
obtainable by cheiate-ion exchange, being limited only by the size of
- sample available. However, the anticipated large factors have not
been achieved generally, primarily because of the relatively largé
volume of eluant (e.g., 25 mL of 2.5 M HNOS) required to strip the
column quantitatively (16,58). This can be attributed to the rather
strong interaction between fhe metal ions and the chelating groups.
Furthermore, the use of relitively concen&rated acid solution increases
the reage;t blank of the method:

Although a number of conventional chelate ion-exchange resin
have been synthesized (59,60), a more recent approach to chelate ion-
exchange has been through "ligand immobilization". In ligand immobili-
zation, a chelating ligand is fixed (i.e., immobilized)} on the surface
of supporting substrates such as fesins, activated charcoal or silica
gel. The chelating agent can be appended either by adsorption or by

chemical reaction. The ligand-immobilized substrate can then be used,
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usually in a column configuration, to preconcentrate trace metals.

Among the more interesting studies involving adsorption immobili-
zation are those in which commercially available resin beads such as
Amberlite XAD-2 and XAD-4 (copolymers of styrene-divinylbenzene) (61,62)
and polyurethane foam (63) were used to adsorb chelating agents such as
a ﬁyridyl-substituted triazine (615 and dithizone (63). A
characteristic of such substrates is the low capacity (e.g.,.1-100 upeq
of metal ion/g of resin). Exchange capacities of 1 to 3 meq/g are
typical for conventional chelate izn-exchénge fesins.

Several studies have been reported on the chemical immobilization
of chelating agents on support materials and on the application of
the resulting exchangers to the preconcentration of trace metals in
natural waters (17,64-68). 8-Hydroxyquinoline is often used as the
ligand (17,64,67) and typical substrates ére silica gel (17,68), XAD-4
Tesin (66) and controlled pore glass (QA). Immobilization by chemical
reaction produces substrates with capacities in the high ueq/g range.

Ligand-immobilized substrates and chelate ion-exchange resins
have similar characteristics and as preconcentration media, they share
similar advantages and disadvantages. The main differences are thaf
ligand-immobilized exchangers can be tailored to special applications,
but have lower capacities, especially those prepared by adsorption. The
latter also suffer from bleeding of tﬁe ligand. However, in trace-métal
preconcentration, a high exchange capacity is not required and since
the ligand-immobilized substrates can be regenerated easily, bleediné
may not always be a major préblem.

(f) Adsorption. Preconcentration by adsorption is a less common method.
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The mechanism is similar to that of coprecipitation but the solid sub-
strate (adsorbent} is brought ditrectly into contact with the sample
solution, instead of being precipitated out of solution.

Activatéd charcoal and tungsten wire have been used as adsor-
bents. The adsorbed metal ions can be determined directly by neutron
activation analysis or by GFAAS; alternatively, they can be stripped
with acid and determined‘by GFAAS (69-72).

In another approach, meta] comp%exes (e.g., oxinates) are
formed in solution and then these complexes are preconcentrated by
adsorption, usually by percolation through a column. Typical adsorbents
are activated charcoal (73), silica gel (74), and XAD-2 resin (61,75).
(g) Other methods. There are a few miscellaneous preconcentration
methods which do not warrant discussion here except by reference
(e.g., 76,77).

Recently, studies pertaining to the compgrison of preconcen-
tration methods have been made (16,78,79). Based on these studies and
the foregoing discussion, one concludes that a good-preconcentration.
method should provide a large preconcentration factor; give a good
éeparatipn from the sample matrix; be subject to minimal contamina-
tion; be able to concentrate several metals simultaneously {(ice., a
"group'" method); and be simple and inexpensivé. Based on these
criteria, it would appear that column pe?colation techniques based on
chelate ion-exchange or adsorption are the most useful. Clearly,
however, there is a need for the development of more advantégeous

preconcentration methods,
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One final and fundamental point must be made about preconcen-
tration, particularly with regard to water samples containing natural
complexiné agents such as humic and fulvic substances {1,8-11,80) and
halides and carbonates (1,5,6). With such samples, each preconcentration
method may lead to different analytical results because each method
displaces the bound metal to a different extent. The degree of
~ displacement depends on the relative stabilities and labilities of'the natural
complexes and of the complexes or species formed by the preconcentration
process, As noted, the preconcentration process could involve coprecipi-
tation, electrodeposition, chelate ion-exchange, solvent extraction or
adsorption. Obviously, the presence of natural ligands poses a serious
matrix problem. To compensate for effects of the complexing matrix in the
preconcentratioﬁ step, the standard additions method is often used. How-

ever, the standard additions method cannot be used without thought. This

topic is discussed in the following section.

(11) Method of Standard Additions: Effect of Lacomplete Reaction

of Sgike

The standard additions method (SAM) is nowadays routinely used
and reference to it can be found in many text books on instrumental
analysis (81,82). The method, which is intended to compensate for
any effect of the ﬁpmple matrix on the analytical responséf:}s based on
the assumption that the analyte spike added in increasing amounts to
aliquots of the sample behaves identically to the sample analyte through-
out the analytical procedure and is affected to the same extent by any

chemical interference. The blank value is determined in the absence
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of the sample analyte in a closely matched matrix and is subtracted to
yield the analytical result. \\\\\

As mentioned previously, natural waters contain a multitude of
ligands. Consequently, metal ions are highly speciated in forms that
include the free (aquated) metal ions, metal compleies of varioys
stabilities and labilities, and colleidally adsorbed ions (1,5,7-11,80,
83-85). In such complicated systems, the analyte spike may not be com-
pletely equilibrated with the sample before the preconcentration step
and as pointed out by others (8,9,16), the application of SAM in fhese
circumstances can lead to an erroneous estimate of the total (soluble)
analyte concentration. To date, however, the magnitude of the potential
error has not been demonstrated. Since SAM is such an iﬁbortant
calibration procedure in trace element determinations, study was given
to this problem in the present work. In Section III.4.(iv), RESULTS
AHE,DISCUSSION, the relationship between the analyte cquentration
taken, the analyte concentration recovered, and the degree of reaction
of the spike with the matrix componenté is illuézzgied by means of a

simple model.

I.3 Metal-Ion Speciation in Natural Waters

(1) Metal-lon Species in Natural Waters

In natural waters, metal ions exist in many physico-chemical
forms which together make up the total concentration (1,5,7-11,80,83-86).
Some of the possible soluble forms of a divalent trace metal are shown ™
in Tablé III. Since by convention (6), "soluble' métal'is defined

és all metal species which pass through a 0.45um filter, most celloidal

- -
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Possible Physico-Chemical Forms of Metals in

Natural Waters (85)

Physico-chemical Approximate

form Examples diameter (nm)
Particulates retained by 0.45um filter > 450
Simple hydrated cd (1{20)62+ 0.8
metal ions
Simple inorganic Pb(H20)4C12 1
complexes
Simple organic Cu-glycinate 1-2
complex
Stable inorganic PbS, ZnCO3 1-2
complexes
Stable organic Cu-fulvate 2-4
complexes

. : 2+ 2+

Adsorbed on inorganic Cu -Fe203, Pb -Mn02 10-500
colloids
Adsorbed on organic Cu2+—humic substances 10-500
colloids
Adsorbed on mixed Cu2+-humic substances/Fe 10-500

organic/inorganic

colloids

203
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particles will therefore be included in the soluble form.

It has been established that the potential toxicity of trace
metals is controlled to a large extent by their physico-chemical forms
and that the toxicity of a particular form is probably related to its
abili?y to react with a biological membrane-}3,4,7,86). For example,
Cr(III) in trace amounts is an essential element while Cf(VI) is highly
toxic; As(III) is much more toxic than As(V); and alkyl leads are
dangerous peéause they are lipid-soluble. In natural waters, certain
free (hydrated) metal ions are toxic to organisms because of their
high mobility across a biological membrane while stable complexes and
species associated with colloids are usually less toxic or non-toxic.
Obviously, measurement o e total (soluble)} cqncentration of trace
metals in natural watern, thle important, does not provide adequate
information about their environmental impact. Speciation measurements

are thus necessary to establish metal toxicity on aquatic organisms.

)

(ii) Methods of Speciation

Trace-metal speciation in natural waters has been based on the
use of two distinctly different techniques: computer modelling and
experimental measurement (85,86).'- N -

~ Computer modelling involves the ﬁse of known stability—constant‘
data, together with the known concentrations of various ions and Sus-
pended solids in natural waters, to'compute the equilibrium concen-
trations of the various species (e.g., 87-89). However, there is doubt.
about the data obtained by computer modelling b:;ause of the lack of

reliable thermodynamic data. For example, there is not mueh knowledge

of metal ion interactions with many of the natural ligands; indeed, the
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nature and concentration of these ligands are only partially known
(8-11,80,83-86). —

Accurate experimental measurement of trace metal species is a
most difficult taskJBecause of the low concéntrations involved and
matrix interferences: Furthermore, because of such effects as localized
pollution, the various sp?cies of a trace q}ement may not ﬁe in
equilibrium with each other. But even.if they are, any procedure
applied to the sample may disturb the various equilibria and alter
specigtion, although if the -equilibrium changes are slow and the
separation is rapid, the disturbance may be minimal (85,86). It-is ’
clear, then, that the results of speciation studies are method-dependent
and for this reason, they are operationally defined.

The main procedures used to study t;ace metal speciation are
anodic stripping voltammetry (ASV) (e.g., 8,20,22), chelate ion exchange
(e.g., 8,9,84,90), dialysis (e.g., 91,92), biocassay (e.g., 93,94) and
UV-irradiation (e.g., 8,84). A detailed discﬁssion of individual
speciation schemes is beyond the scope of this thesis. An example of

a speciation scheme based on the complementary use of ‘ex-100, ASV

and UV-irradiation (8) illustrates the mechanics and ncepts of trace-
metal speciation in natural waters. Tﬂis scheme involn“s ASV measure-
ments of labile and total metal concentrations on samples of original
natural water, water passed through a Chelex-iOO column, UV-irradiated
water, and UV irradiated. water passed through a Chelex-100 column. It
is assumed that metal ions in labile complexes are electroactive.
Also, the assumption is made that upon oxidation with HCIOleN03, all

\
metal species are made electroactive (i.e., the total metal concentration
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can be determined by ASV)}. One function of the Chelex-100 separation step
is to distinguish between metal species which are retained on the resin

~
and those associated with colloidal particles, which are not retained.
Any metal in a complex which is weaker than the Chelex-100 complex is
assumed to be retéined by Chelex-100. The purpose of UV-irraidation is
to destroy organic matter, thegpeby releasing.the Qrganically bound metal
species; metal species which gre associated with inorganic colloids,
however, would not be released by UV-irradiation.

“A summary of the various classes of metal defined by the speciation

scheme and of 'Some metal species which correspond to each class is given

‘in Table IV. Based on this table and on the ASV measurements on the four

aforementioned water samples, concentrations of some individual metal .
species in natural water can be determined. A major drawback of this
scﬁjpe is that pH adjustment is required‘for the ASV measurement (pH 4.7).
Thi% adjustment obviously will distort metal-speciation equilibria before
the ASV measurement. However, the authors'emphasize that the various
metal classifications of the scheme are 0perationai classifications and

cannot be taken to represent the original sample exactly.

I.4. Adsorption and XAD-7, a Macroreticular Polymeric Adsorbent

Adsorption occurs as the result of surface forces between a solid
adsorbent and an adsorbate (e.g., a gas,.liquid, solute or colloid). The
nature of these forces is not completely understood. The extent of

5
adsorptionsdepends on the physical agd chemical characteristics of the

. !
adsorbent and the adsorbate. © .
Since the 18th-century obsérvations of C. W. ‘Scheele and Abbe F.

Fortana on the-adsorptibn of gases by charcozl, there have been many

v
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TABLE IV. Summary of Sbeciation Scheme by Florence and Batley (8)

21

b é:ij::;al particles

inorganics

A

Lol

Electroactive Removed By Chelex=100
. b
Metal® before UV after UV before UV after UV Example of
species irradiation irradiation irradiation irradiation possible species
M, MAl yes yes yes yes Zn2+, CdC142-
ML1 Cu-glycinate
MA2 yes yes no no Pb-Fe203b
ML2 yes yes no yes Cu-humic acidb
. .
. MA3 no no yes yes PbS, ZnCO3
Cu(OH)2C03
ML3 no ye yes yes Cd-cysteinate
In-citrate
MA4 no no no no Pb-Mn02b
ML4 no yes no yes | Cu-humic acidb
- . N I
M hydrated metal ions
MLl : labile organic complexes
MAl : labile inorganic complexes . v
ML2 : labile organic complexes + labile metal adsorbed on organics
MA2 : labile inorganic complexes + labile metal adsorbed on inorganics
ML3 : non-labile organic complexes '
MA3 : non-labile inorganic complexes
ML4 : non-labile organic complexes + non-labile metal adsorbed on organics
MA4 : non-labile inor

ganic complexes +'Q?n-labile metal adsorbed on
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attempts to develop a theeretical basis foy adsorption. Experimentally,

it is known that for a given gas and a uNit weight of a given adsorbent,

s the amount of gas adsorbed at equilibrium\i4 a function of the final
(equilibrium) pressure and temperature:

: A, -
F/é/'“ I‘=F(P',TJ/ . (2)

- ~

the ung of ‘adsorbed gas per gram of adsorbent . \\\_,///
% ' :

where T =
P = the equi}ibrium pressure
" T = the ab3olute temperature : s \\’\)

When the pressure of 2 gas 45 varied at constant temperature, a
JJ g p

gra hZSE\the amount of gas adsorbed versus the equilibrium pressure is
P . _ , 1

the amount ;dsorbed becomes prOportioﬁal to a power of the equilibr
‘pressuré smaller than unity. At still higher préésufes, adsorption
) inéreaseS'onY§ sfighgly until a region is reached where adsorption is
essentially independé%& of tﬁe.pressure (Figure 1). Tﬁe same situ-
.,ation is often observed in the adgorﬁzion of.a‘solute from solution onto
a solid surface. The cénvex nature of thé édsorption isotherm has been
:described by the Freundlich equation (95):

o

' or |
7 i < - e logl"

where % and n are characteristic constants, and [M] is the equilibrium

—_
i

= ¢[M]" (n<1) ' (3)

log? + nlog[M] » (4)

~ » -
pressure or concentration.
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This simple equation is not exact in that it does not show that
I' approaches a linear function of [M] at low pressure or concentration,

a common experimental observation. Also, it does not yield a limiting
vayue corresponding to rmax' another common experimental observation.
It is also insensitive and leads to imprecise results.

In 1916-18, Langmuir (96-98)’proposed a theory for adsorption
based on the following aséumptions: (1) the forces in adsorption’afe
similar in kind to those invofved in chemicalubonding; (ii) points of
residual valency exist on the surface of a crystal; (iii) adsorption
consists of fixiﬁf the adsorbates onto these peints; and (iv) sinée these
points of re;idual valency can hold one atom or molecule of the adsorbate,
the adsorbed layer can be only one atom or molecule thick. Using these
assumptions and the principle that at equilibrium thé rate of adsorption

and the rate of desorption are equal, Langmuir derived the well-known

equation which bears his name:

. r (M]
I = max - (S)

(1/K)+[M]

Fmax is the limiting adsorption value and K is the heterogeneous equili-
4
brium constant (i.e., the ratio of rate constants for adsorption and

desorption, respectively). This equation can be written in six

linearized forms (See Appendix I1). Ohe of these is shown here:

- . e

"

1._ S (6)
P '
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The Langmuir equation is superior to the Freundlich equation in

that it mathematically describes the convex adsorption isgtherm {(Figure 1)
well. From its general form (equation 5), it is seen that at low values

,of [M] (i.e., [M]<<1/K), T approaches a linear function of [M]; at high
values of [M], T approaches a limitipg value, T . The equation can be
rewritten into linearized forms from which values of rmax and K can be
easily obtained. For example, in equation (6}, Pmax and K can be obtained
from the slope (l/Fmax.K) and intercept (l/rmax) of the linear, regression
plot bf_i/F vs 1/[M]. Thermodynamic quantities for the experimental

adsorption process can also be calculated from the temperature depen-

dence of the K values, i.e.: ' ,’,/
AG® = -RTInK ‘ (7N
v ‘ AH® _ -81nK : *(8)
R §(1/T) '
-] -] . .
ag® o AH°-8G _ | )
T

The Langmuir equation was oriéinélly dével?ped and verified for
. _gas-solid adsorption processes. - Its application to solution adsorption
processés may not be appropriate, however, -since the solution adsorption
process is much more complex. For example, the displacement of solvent
moleculeg from the solute and adsorbent surface must surely be involved.
A detailed discussion on the application of tﬁe Langmuir eqﬁation to
solution adsorption is presenfed in Section III.2.(iv) of this thesis.

v
The phenomenon of adsorption islused for many practical purposes;

for example, for the pﬁrification of drinking water, wines and oils; for

the decolourization of liquids; for the removal of toxic and radioactive



materials from industrial wastes; and for the elimination of toxic gases
(99-101).

Adsorption processes are also important in analytical chemistry.
For example, silica gel, activated charcocal, alumina, Fuller's earth,
carbonates and pélymeric resins are often used as columm-packing materials
in adsorption chromatography (102-108), and as separation/preconcentration
media in trace analysis (69—?5, 109-113). The use of adsorbents as separa-

tion/preconcentration media di}fers from adsorpti;n chromategraphy in
that the latter ipvolves the introduction of a sample onto ; column where
a continuous flow of mobile phase has been initiated. Separation of com-
ponents having different partition coefficients is achieved by many
adsorption/desorption steps down the length of the column. The separated
components are carried out by the mob11e phase and quantitated by a
detection. device. In the separation/precoﬁcentration process, either a-
batch equilibration or a column percolation approach can be used to

strip the anaiyte species from the sampl? matrix components. Often, many
‘analyte species are strippgd simultaneously, the separétion being fron
the matrix rather than from,eéch other. The c;ncentrated analyte species
are then either eluted from the adsorbent or, are determined difectly on
the adsorbent. Air and water samples have been treated in this way
(e.g., 69-75,109-116).

Recently, a new class oY.adsorbents macroporous organic resins,
have found use in liquid chromatography and in separat1on/preconcentra§1on
(317,118). These ;;:;rlals are cross-linked polymers and have no
ionic functional groups. ‘The most popular of these adsorbents are the
commercial.products XAD-2 and XAD-4 (polystyrenedivinylbenzene copolymers)
and XAD-7 (a methylmethacrylate polymer). The structures of these

resins are shown in Figure 2 and some physical and chemical properties



27

. _CHZ—CH "CHZ— CH -

Q

~CH—CHy — EH—

XAD-2, XAD-4 (see Table V for difference in properties)

._'.- [] ] _ - ] _ _ /_J
(=0 C=0 C=0
i I i “
O O O
1 [ |
CH3 CH2 CH3
i
O
' N .
; 0w
“CHp=C ~ Chp € = Qi C = CHy- _
cs0 - H C=0 . TS
o 1
O O
| . _ !
CH S CH
' 3 . XAD-7 3

- . ' ¥ §
Figure 2. Structures of XAD.-Z, XAD-4 and XAD-7 resins (117,118)
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of these resins are listed in Table V. These Tesins have good physical
durability and thermal stability (up to 150°C for XAD-7 and 250°C for
XAD-2 and XAD-4). They are stable over the éntire pH range and are
inert to organic solvents. In addition, they do not contract or expand
with changes in solvent and have excellent flow characteristic§: These
are attractive characteristics for analytical column materizls.

The adsorptive properties of the XAD resins are derived from a
combination of macroreticular porosity, pore-size distribution and large
surface area (117,118). The nature of the adsorptive forces is not
campletely understooﬁ; For_EﬁD-2 and XAD-4, the m-electrons on the
benzege rings (i.e., sites of residual valency) are likely involved.
For XAD-7, the carbonyl cr’ester group could be the site of residual
valency. In addition, adsorption couLdf@}so be aided_by van der ﬁaals'
forces between the surface of the resins and the adsorbates.

The XAD resins retain weak organic acids, and bases and
*

'amphoiytes. Organic ions and dipolar ions are adsorbed and counter

A

ions are retained as a diffuse double layer (119). Some examples of
the analytical applications of the XAD resins are éiven in Table VI
and Table VII. These refins have d ound use in environmental '
applicatiqns (e.g., for the remo:;;T::\f}%an;: pollutants from indus-
trial effluents and natural wa¥er; (130-132 5..

Of particular réle&ance to this work is\ the appliqatibn of .the
XAD resins to the preconcentration of trace metals. Only a few studies

have been reported (61,62,75,129). 1In all but one

metals were adsorbed either as preformed metal complex® ,75) ot

were ‘chelated to organic ligdnds which had been immobilized on the
A
§ .
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TABLE VI. Application of XAD Resins in Adsorption Chromatography
Application Resin Analyte Reference
Drug analysis XAD-2 drugs of abuse 120
XAD-2 narcotic antagonists 121
XAD-7 analgesics 122
Separation of XAD-2 steriods 123
biological
compounds XAD-2 cabalamines 124
XAD-2 bile acids. 125
Separation of XAD-2 benzene sulfonic acids 126
organic o
compounds XAD-2 substituted benzenes, 118
XAD-4 anilines, phenols,
XAD-7 sulfonic acids
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w
TABLE VII. Application of XAD Resins as Separation/Preconcentration
" e D\l s
Agents in Trace Analysis
4 '
Application .Resin Compounds Adsorbed Reference
Air analysis XAD-2 polychlorobiphenyls (PCBs) 111
XAD-2 low molecular weight compounds 114
XAD-4 such as benzene, acetone,
XAD-7 heptane, butyl acids
Water analysis XAD-2 polynuclear aromatic 115
' hydrocarbons (PAHs)
XAD-4 halogenated hydrocarbons 116
XAD-2 humic and fulvic ) 127,128
XAD-4 substances
XAD-7
XAD-2 preformed complexes of 61,75
trace metals
XAD-2 trace metals 61,62a
XAD-4
. [ )
XAD-7 Au(III) 129

2 Resin precoated with chelating agents.

&
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resin by adsorption (61,62). XAD-7 ha; not been used either for the
adsorption of qrganic metal complexes or as a substrate for ligand
immobilization. Presumably, this is because of the weaker adsorption
of organic Iigands on XAD-7. There is one report, however, on the
adsorption of a metal (Au(III) in 1M HCl) onto XAD-7, without the

mediation of an organic liqrnd (129}).
&

y A%
I.5 Aim of Research '

For ecological and environmental reasons, the concent?ations of
trace metals in aquatic systems need to be monitored. Because of low
csncentrations and interference problems from the matrix, the determin-
ation of these metals is not straight-forward.. Therefore, prerequisite
to. the instrumental measurement is a preconcentration step that can
alleviate both problems simultanecusly. At the present time, there
are only a few simple‘precoﬁcentration methods applicable to trace

metals in natural waters and each suffers from some disadvantages.

Clearly, there is a need for the development of improved or new methods.
Previous work in this laboratory showed that the ligand meso-
tetra(p-sulphophenyl)porphine (TPPS,, Figure 3) reacts in neutral

to basic solutions with Mn(II), Co(II), Ni(II), Cu(II) and Zn(II) and

that the resulting complexes can be extracted as a group into MIBifand

then measured by GFAAS (49,50). In a breliminary study, it was found
that TPPS4 metal complexes could also be preconcentrated by adsorption
onto XAD-7.__ In the course of this study, it was noticed thqt inoggani:
cally bound metal ions (e;g.L:aqub and chloro complexes) were directly
retained on XAD-7 without the use of an o;ganic ligand. This‘dis—

- oy . L
covery was surprising and was deemed to be potentially significant.
: [ *
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Figure_S. Structure of porphine. TPPS4 has {Cj}-sosﬂ

substituted at a-§ positiops )
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For example, preconcentration methods based on the direct uptake of
metal iﬁns onto XAD-7 wéuld be very simple, efficien; and economical.
Also, the elimination of the ligand would reduce the risk of contamin-
ation which should also lead to improved accuracy, precision and
detection limits. Consequently, it was decided to {;vestigate the pre-
concentration of trace meta?s* by direct uptake onto XAD-7. The
investifation involved fourrstagest (i) preliminary étudies on the
conditions for uptake of metal ions on XAD-7; (ii) studies on the
mechanism of difectﬂuptake onto XAD-7, (iii) studies on column
operation; and (iv) application of the XAD-7 resin to preconcentration
and speciation of metﬁl-ions in natural water samples.

These studies are described in the following Sections of this

thesis. ‘-‘ - \/

L

L}
* - ' - .
The trace metals were: Fe(III), Cr(III}, -Mn(II), Co(II), Ni(1I),
Cu(iI), Cd(II) and Pb(II). Zn(II) was excluded from this group
because of problems arising from contamination from reagents and the -
laboratory environment.
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IT. EXPERIMENTAL SECTION

~ -

IT.1 Laboratory Apparatus, Resins, Reagents, Test Solutions

Adsorptiﬁn of trace metal ions from solution onto the walls of
laboratory glass ware has been studied by several iﬁvestigators (e.gjf
133-135). The loss of trace metals to adsorption is more severe at
lower concentrations and higher pH values. Ad orption loss is signi-
ficantly lower if polypropylene or polyethylene laboratory ware is
g?ed. In view of the low concentrations (5 ﬁglL)‘used in this work,
polypfobylene vessels such as volumetric flasks, beakers, funnels and
test-tubes were employed whenever possiyle. Also, test water samples
;ere stored in large polypropylene or polyetﬁylene bottles and were

~adjusted to pH 1.6 - 1.7 (see below).

A horizontal laminar-flow work station_(pench-top model ,
Canadian Cabinets, Ottawa, Ont.) was used to provide a clean-air workiﬁg
environment. The unit contains a high efficiency particulate air

“

filter (HEPA filter) which is claimed to remove 99.97% of particles
of 0.3 micron or larger. Tﬁe preparation of solutions and the
ioading and stripping of colunms‘here done in the work station.

The delivery of small vﬁluges was made with Eppendorf
pipettes (fixed-volume, multi-volume and continuous digital typesj.
The éccurac? of these pipettes ranges from 1.2% at 5 uL to 0.5% at
1000 uL; the precision ranges;from 0.5% at 5 yL to 0.15% at 1000 uL.
Both accuracy and precision w ‘; adequate for the work of this thesis.
The pipettes were calibrated Periodically\;ccording to the manu-
facturer's instructions.

Y J 35 ‘ .
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The borosilicate glass columns used for loading of resin were
obtained %rom Bio-Rad Laboratories (Mississauga, Ont.). These Bio-Rad
Econo-Columns wére either 20 ecm x 1.0 cm i.d. or 10'cm Xx1.0cmi.d.

. .

with a 35 um bed support and nylon stopcock. In normal use, metal

lons were stripped from the ‘wesin-loaded column with 1% v/v HNO3 and no
‘ v

memory effects from adsorbed ions could be detected.

The acrylic ester resins were either AmberlitéGD XAD-7
(Rohm and Haas, Philadelphia, Pennsylv?nia) or Bio—Beads SM 7 (Bio-Rad
Laboratories). The latter resin is XAD-7 which has been further.
pu;ified by Soxhlet extfﬁction with meéhanol before marketing. Experi-
mentally, no difference was observed in’the adsorption characteristics
.between the two brands of resins. The hydrated reéin is in the form
of hard opaque beads with particle size of 20-50 mesh. Smélleﬁ

partlcle sizes of 60- 80 60-100, 80-100 and 100 200 mesh were égtalned -

senﬁé&% Q /

by grinding with ifﬁfStle and mortaignd sieving through

Tylar sieves.

\\\\CQEEET?natEd with polar organic and inorganic impurities (136,137) ‘and
must be further purified before The resins were washed batchwise -

with dilute HNO, (5% v/v) and th washings were/ checked for tkgce metal

3 )
) - R
cgﬂfent by GFAAS. Washing was ceased when content in the '
' effluent could no longer be distinguished from that in the HNO3

(~ 0.1 - 0. /ug/L Fe). «The resin was then rinsed in turn with dilute

aqueous ammonia (2-3% v/v) and dlSEllled delonxzed water (DDW). Finally,
it was washed by suct1Jn with methanol several times and dried in an

oven at 90°C. The dried resin was stored in a bottle. After the batch
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equilibration studies (see below), the resin was regenerated for future
use by the above purifibag@ggrpgocedure. Procedures for packing, con-

ditioning and regeneration of the columns are described in Section II.2.

: ~
The Chelex-100 resin (sodiuq:ign form 100-200 mesh) was

-obtained from Bio-Rad Laboratories. Its use is described in Section

I1.2.

)

- *
Al chemicalspused in this work were of reagent grade or better .

Aqueous solutions were prepared with distilled' deionized water.
Distilied water was passed either through a Barnstead Ultrapure
Cartridge (Sybron Corporation, Boston, Mass.) or a Milli-gg® system
(MiliiporQHCorporafion, Bedford, Mass.). The water was checked
periodically for trace metal impufities_by GFAAS. -~

. sQiine solutions (0.80, 0.75, 0.50 and 0.20 M NaCl) 4nd
electrolyt

stock solutions (1.0 M NH, OAc, 1.0 M NH4C1 and 1.0 M NH,NO

4 4 3)
were prepared by dissolving the éppropriate amounts of salts in DDW.

The electrolyte sclutions were used with either dilute HNO, or dilute

aqueous ammonia for buffering purposes. Trace metals were removed

¥

-

from the saline and electrolyte solutions by passage through an XAD-7

or Chelex-100 colpymn. * The quality of these reagents with regagé to

trac? metal impurities in the preparation of dilute working solutions

was kgund to be satisfactory. | -

\\ngmic-absorption gfade standard stock solutions of Cd(11),

)

X For example, HNO., HCl and ammonia were of Baker Instra-Analysed
grade (Baker Chemical Company, Phillipsburg, New Jersey).

g
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Co(II), Cu(I1), Mn(II), Ni(II), Pb(II) and Fe(III) (1000 mg/L,

1% accuracy) were obtained from the Fisher Scientific Company (Toronto,

-

Ont.) CrtiII), Na' and Ca(II) standard stock solutions (1000 mg/L)

were prepared from Cr(NOSJS, NaCl and CaClz. Metal-ion working solutions

and calibration standards for GFAAS were then prepared by dilution of
the above stock solutions. ¢

Aqueous stock solutions of Cu(II)-TPPS Co(II)-TPPS4 and

4’
Pb,(II)-TPPS4 were prepared from the metal porphyrins previously syn-
thesized and purified in this laboratory (49). Working solutions were

prepared by appropriate dilution.

Humig,substances (sodium‘salu) were obtained from the Alérich
Chemical Company (Milwaukee, Wisconsin). A stock solution of 16000 mg/L
was prepared by dissolution of the appropriate amount of humic sub-
stances in dilute aqueous amménia {(~ pH 11). Stock solutions at other
pH values (e.g., pH 8, pH 6, e;c.,) were prepared by:-lowering the pH

of the okiginal stock solution with HNO ;.

fraction settled out and was removed by filtration (0.45 um membrane filter,Ha,

On standing, an undissolved

-Millipore). WOrking ;olutions at various pH values were obtained by dilution.
The séﬁwater reference material, NASS-I,-was oBtained from the
National Research bouﬁéil of Canada (Ottawa, Ont.). It is a Bermuda
Atlant&c Ocean (32°10'N, 64°30'W) deep seawater with a salinity of
35.07%. It was acidified to pH 1.6 to preserve the integrity of the
trace metal content (18).
A Sandy Cove coastal seawater was obtained from the'A;Iantic

Regional Laboratory (Halifax, Nova Scotia). This sample had been

previously filtered through a white-sand filter and acidified to pH 1.7.

L

L R



39

Three freshwater samples were obtained from the Canada Centre
for Inldnd Water (CCIW) (Burlingt;n, Ont.}. These samples included a
Hamilton Harbour sample and two lakewater samples, 6ne a nearshore
sample (Station 14) and the other an offshore sample (Station 302).
The water samples were centrifuged to remove suspended partiéulaﬁes and

acidified to pH 1.7.

I1.2 Instrumentation and Technigues

(i) General

‘PH_measureménts were made with a Fisher Accumet 520 pH meter
equipped with an Orion 91-05 combination electrode. The meter was
standardi‘ with appropriate Eisher (NBS) buffers prior to use.

Infrared spectra of purified XAD-7 and of XAD-7treated with 1% v/v ' - -
HNO were obtéined with a Perkin-Elmer Model 283 double-beam spectro-

3

‘photometer. The resins were prepared as KBr discs. " -

(ii) Atomic Absorption and Flame Emission Measurements

Atomic Spectrometric methods are the most frequently used
instrumental methodé for %he determination of metals at trace levels.
Several monographﬁ (e g., 138-140) which deal witH the principles and
the applications of atomic absorption/flame emission spectrometry are
available.

In the'present work, GFAAS was used to determine the percent :
adsorption aﬁdzelution of metal ions on XAD-7 columns, and to obtain
- adsorption isotherms and distribution ratios in batch studies. GFAAS
was also used as the analytical finish technique in the analysis of
various natural waters.

The atomic absorption equipment consisted of a Perkin Elmer

’
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Model 373 double-beam spectrophotometer with automatic D_-arc background

2

correction and a 057-0705 premix burner-nebulizer, a Perkin Elmer Model

2200 graphite furnace atomizer/controller unit and a strip-chart

®

recorder. Perkin Elmer Intensitron hollow cathode lamps were used

as the radiation sources.

For flame atomic absorption measurements, a premix air/acetylene
s .

flame Qqs used with a regular 4ingle slot, 4-inch burner. The rate of

nebulization was set at around 3 m
‘ >

both regular and pyrolytic graphite t

in. For graphite-furnace operation;
es were used. The latter ﬁro-
vide longer life and somewhat better sensitivities. The temperature
settings f;r the drying, charring and atomization cycle, together with
the analyticai.wavelengths for the eight elements of interest are

given in Table VIII. The time settings for each individual step in the
drying, charring and atomization cycle were selected according to the
volume of the aqueous sample inj7cted. For examplg, a 5-uL or 10-uL
volume injection required 20 sed for drying, 20 sec for charring and

5 sec for atomization. For 1ar§er injections, moderately longer times
were required (29). Volume injections of 50 pL and higher were

seldomly used owing-to poor atomization-}éprodhcibility (29). Pre-

purified argon was used as the purge gas and tap water was used as the
. ’ !

furnace coolant.

40

Flame emission spectrometry was used to investigate the adsorption

of afkstj and alkaline-earth ions (Na+ and Mg(II)}_on XAD-7-and their
effects/on the adsorption of trace metal ions. The equipment consisted
of the Perkin-Elmer 373 spectrophotometer with the 057-0705 burner-

nebulizer. An air/acet}lene flame was used.

\‘
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“TABLE VIII. ‘Analytical Wavelength and Temperatgre'Settings for the Drying,

Charring and Atomization Cycle in GFAAS.

Temperature Settings, °C

Analytical ‘ .
Element Wavelength,nm Drying Charring Atomization
Fe 357.9 100 . 800 2500
Cr | 248.3 . 100 | 800 2500
Ni - .232.0 ~ : lOO 800 2600
Co ) 240.7 100 3 800 a 2600
Cu 324.8 - 100 800 . 2500
Mn o 279.5 100 800 2500
Cd - - 228.8 100 250 2100
Pb 283.3 or 100 , 1500 2300
217.0 '
2
- s
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N N
(iii) Radioisdtope Tracer Techniques | (

4\

Radioisotopes were used as tracers in investigations on-the

adsorption behaviour of trace metal ions on XAD-7 from solutions of high

NaCl concentrations (simulated and natural seawaters). The high salt

contenﬁ.precluded the application of the GFAA%Dtechnique. Procedures

for the use of tracer techniques are available in the literature

(e.g., 141-143). , -

6 51Cr(III) were used as representative of divalent

and trivalent ions, respectiveiy. 51Cr(III) was prepared by reduction

of a 4.2 x 10_5M SICr042- in saline solution (Frosst Chemical Company,

6

4Cu(II) and

Montreal, Qu i) with HCI/HZOZ' 4Cu(II) was prepared by irradiation

of Cu(N03J2 in the MéMaster Reactor (n,y reaction). One hundred ul
of a Cu(NOs}2 solution (1000 mg Cu/L) was evaporated to dryness in a

_quartz vial and irradiated for 6 hr at a flux of 2 x 1012 neutrons i )

cm  sec . The sample was cooled for 18 hr. The 51Cr(IIjﬂ and 64Cu(i1)/
were dissolved .and/or diluted to the appropriate concentrations with

o
1% v/v HNO:S- SN ~ R . ¢

Activities were measured by gamma-ra /;pectrometry. A Nal well- ‘\
Nl .
o  Counter in conjunction With a single-channel analyser (Nuclear Chicago)

or a multichannel analyser (Canberra Model 30) was uégd,( 64Cu(II) was

detected byfthe 0.511 MeV y-ray radiation associated.wifth the positron },///"f’\
' ' [

annihilation process. 51Cr(III) was detected by the 0.323 MeV y-ray ’

radiation. Typical counting times were 100 sec. Corrections for

ﬁackground radiation and half-life were made. )

~

—

(iv) Column Percolation Procedure

J

A

A column percolation procedure wﬁg‘used in preliminary studies

1
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on the adsorption of metal ions on XAD-7. The conditions for the

“ ¥

adsorption of metal ions were later optimized and the optimal XAD-7
column procedure was then used for the preconcentration of trace metal

ions in the analysis of various natural water samples, ,
The packing and conditioning of the XAD-7 column was ' carried
ocut as follows, 'R borosilicate glass column was slurry-loaded with .
an appropriate weight and mesh'size of the purified XAD-7 res;;u;;HBBW.
For a i x 3 cm bed, 0.5 g of resin were £aken; for a1l x 6 cmbed, 1 g

ere taken. For.a new cslumn, about 200 mL of 5% v/v HNO_, were passed

3

7" through the column to remove metal contaminants. The excess acid was

removed by washing with 5% v/v aqueous ammonia and DDW'until the
effluent pH }as's-g. Next, the XAD-7 column was backwashed witﬁ'bDw to *
achieve a uniform packing.  Prior to-the percolation of a sample Br a
test solution, the column was treated with about 53 mL of the appro-
priate hugfer Solution. Retai::a metal ions were éluted with dilute
HNO3 (see below). After comﬁietion of an experiment, the column was
rinsed with aqueous ammonia‘:and DDW and stored for the ne#t experiment,

A coiumn of Cﬂélex-loo was also used as a preconcentration ‘
medium. Operation of this cgiumn was as described by Kingston (35)
and Sturgeon (163; The resin was purified batchwise by_washing
Successiveiy with‘S M HN?s,'A M HC1 and DDW. It was converted to the
ammonium ion form with 1 M'ammonia and rinsed with ndw. The boro-
silicate column was then Siurry-loaded to a bed size of 1 x 6 cm.

-

Hfb 5-mL portions of SM HNO. were passed through the column followed

3
by two 5 mL portions of 4M HCI, 5 mL of DDW and 5 mL of 2 M ammonia.
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(e
The column was backflushed and then washed with DDW to remove excess

base until the effluent pH was 8-9. Before percolation of a sampfe,

‘ the column was treated with about 50 mL of the appropriate buffer

solution. After am experiment, the Chelex-100 column was rinsed fith

\dilute ammonia and then DDW.

The configuration of the qwifmns used in this work is shown in
=

Figure 4.

(v) Elution Recovery Procedure

Dildte Ht: or HCl was used to strip the metal ions after
thei uptak e XAD-7 column. The volume of the eluant .

required was dependent on the size of the column, The eluant was

analyzed by GFAAS for metal ion recoveries on the test solutions

and natural water samples.

-

(vi) Batch Equilibration Procedure

[ f

: ‘ {
This procedure was usecL)t’ obtain addorption isotherms and

distribution ratios of metal ions_hn iAD~7. Aliquots (25.0 mL) of the
metal jon at various concentrations were placed in polypropylene
test-tubes conta}ning 0.500 g sf the XAD-7 resin. ~The stoppered test-
tubes were then agithted at room temperature on a_ Burrell mechanical
shaker for 4 hr, which was shown to be.adequate for the attainment of
adsorption equiliQFium. The aliquots were anaiysed by flame AAS or
GFAAS to obtain equilibrium concentrations. The amounts of metai ions

adsorbed were obtained by difference.

For proton adsorption on XAD-7, the procedure involved the
o

addition of 0.500 or 2.00 g of XAD-7 resin to 100.0 mL of dilute HNO3
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Sample solution

polypropylene
reservoir (v 120 miL)

borosilicate glass
colum (1x10 cm or
1x20 cm)

resin

35 um bed support

L]

nylon stopcock

-
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solutions‘(lo_o M to IO_SM). Equilibrium was attained within 20 min.
The amount of protons adsorbed was then calculated from the difference
between the initial and equilibrium pH values. For these adsorption -
studies, a jacketed 250-mL Pyrex beaker fitted with a lucite cover

with holes for electrodes, a N, inlet, and a thermometer was used.

2
The solution was stirred at a constant rate and temperature control

was provided by a GCA 250 water circulating system.

I1.3 Preliminary Studies on Direct Preconcentration of Metal Ions on

an XAD-7 Column

During work with the adsorption of metal-TPPS, complexes on

XAD-7 (see Appendix I1), it was discovered that undomplexed metal ions

were retained directly on the resin. Preliminary studies .on the

———

direct retention were then undertaken. The test ions and concentrations

-

used were: Cd(II) and Mn(YI), 1.00 ug/L; Cu(II), Pb(II), Fe(ILI) and
Cr(TII), 5.00 ug/L; Co(II), 10.0 ug/L, Ni(II), 20.0 ug/L; total metal

ion déoncentration, 52.0 pg/L. These concentrations were selected

-

mainy{;:? the basis of GFAAS sensitivity. Columns with 1 x 7. cm

resin beds (1.3 g of 20-50.mesh XAD-7) were used. -

(a) Effect of pH: 100.0-mL aliquots of 0.010 M NH,OAc adjusted from,

4
pH 1.0 to 12.0 (with dilute HNQS’ dilute HQAc, aqueous ammonia or

dilute KOH) were spiked with trace metal ions to the desired concen-

trations. The test solutions were then_pdssed through the columns at

! flqr rate of 1 mL/min. The column effluents were collected and -

analysed by GFAAS. The percent retention for each ion was calculateﬁ

at each pH value.
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(b) Effect of anjens: ‘The effect of NH40 , NH4N03, NH4C1, NH4SCN;“
NH4Br {(each 0.010 M) on the retention of metal ions was determined at
various pH values. For example, 100.0-mL aliquots of the electrolyte
solutions at pH 2.0 were spiked with the metal ions. The solutions
were percolated and the column effluents collected and analysed by
GFAAS as above. The percent retention-was calculated for each ion.
. ' S
The experiment was repeated at pH'5.0, 8.0 and 9.0. ‘
(c¢) Effect of flow rate: 100.0-nL ayiquots of 0.010 M NH40Ac at
. I

pH 5.0 were spiked with the metal ions and the solutions passed thraugh

the columns at flow rates ranging from 0.86 to 5.6 mL/min. ' The column

-effluents were collected and analysed by &fAASland the Percent Tetentign

was calculated at each flow rate. The experimgnf_ﬁas repeated at

pH 8.0.

v
(d}) Elution of retained metal ions: Various solvents were tried:
25%, 10% and 1% v/v HNOS; 1% v/v HCl; 1% v/v NH4N03- (elution raté:vlmL/mi;;T‘;
Elution profiles for the various metals wege obtained and from these,
the yolume of eluant rqu&red for quantitative elution was determined.
Although the percent recovery could be obtained from the elution pro;
files,-the summqtion of errors over the aliQuots could lead to a large
overall error. Therefore, more acéurate percent recovery values were
obtained as follows.. A test solutjon éonta?ning 0.200 pg/L each of Cd(M)
and Mn(II); 1.00 pg/L each of Cu(II), Pb(II), Cr(ILI) and Fe(III}, Ehd 2.69 ug/L
cach of Ni(II) and Co(LI) in 0,010 M Nil,OAc at pH 8.0 was prepared. A
100.0-mL aliquot was paﬁsed through the column at 1 mL/mfﬁ’;ﬁﬁ‘théd‘

retained metal ions were eluted with 10.0 mL of 1% v/v HNO3 (1 mL/min).

The eluant was analysed by GFAAS to yield percent recovery of metal

~
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1355. The experiment was repeated at pH 5.0.

I1.4 Studies on Mechanisim of Retention of Metal Ions on XAD-7

(iY Potentiometric Titrations

Potentiometric titrations with 0.1 F standard NaOH were' done t§
reveal the possible presence of unesterified carboxylic or other akid
- : o \
’ ~ . ’ .
functional grodps on the resin. Such sites could decount for metal-ion

tra caution was taken in the cleaning procedure of the resin

to ensure complete removal of the HNO3 (see Section II.1). Titrations

were ddhe in fhe Jjacketed yessel described earlier. DDW was boilea to

remove diséolve& CO2 and a blanket of N2 gas was maintained over the -
. ra .

solution during the titration (at 22.0 * 0.5°C). Two types of s

titrations were done, a classical potentiometrié and a single-point

jtration. - . \

/H\\\\,;—f’(a) Classical potentiometric titration: 100.0 mL of 1.045 x 1072 F
. P——

/,_\\Egsin (100-200 meéhlisuspended in exactly the same amount of HNO

// v

=

p .
HNO, were t%k:ated potentiomgﬁ?ically with 0.1055 F NaOH. This

titration w&s\followed immed3 by the titration of 10.00 g of XAD-7
~ - '—\\__, .

3
The rate of titrant—addition in both titrations was 1.00 mL/2 wmin except

in the neighbourhood of the endpoint (i.e., 90% to 110%) where the

rate was 0.100 mL/Smin, The titrant was added by means of an Eppendorf .
pipette so that a fii?d volume (i.e., 100 uL) could be delivered with
a high degree of precfsion. ‘The two titration curves obtained were

compared to ascertain any difference in endpoint volumes that could be.
—y -
ascribed to the presence of' free carboxylic (or other) acid groups.

(b) Single-point titration: Because the titration of HNO. in the

3
presence of XAD-7 resin was not done under equilibrium conditions,

I
H
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thereby creating ambiguity in interpretation, a single-point titration

of 1.055 x 102 F HNO., were added 10.52 mL of 0

was done at the endpoiwt. (32 13.00 g of XAD-7 (100-200 mesh) in 100.0 de’g
3 Ciﬁézgé NaOH. The
solution was kept stirred under N, gas cover and the pH was meas&red
with time until no further significant change ggcgred (i.e., until
equilibrium, was attained). .;

Interpretation of these potent%qutréj;titration experiments is
made under RESULTS AND DISCUSSION.

‘ ﬁ»/ ' o
(ii) In red Studies

Infrared spectra of XAD-7 resin and XAD-7 resin treated with “

1% v/v HNO3 were obtained to show possible protonation of the carbonyl
groups. . Acid t;eagméﬁ% of XAD-7 resin,ipvolved the following. To

about 5 g of the XAD-% resin were added A00 mL of 1% v/v HN03, the

mixture was stirred for ope‘hr and then iltered. The resin was washed
with about 150 mL of:i% v/y HNO3 and portions were dried under vacuum

at 80° or 20°C or simply in a desiccator. The ;cid-treated and un- -

treated resin were prepared as KBr discs.

(iii) Adsorption Isotherm Studies

Cu(II) was chogen as the model {Bn forrthese_studies. Because-

retained metal ions can be eluted readily with dilute acid solution,
proton adsorption isotherms were also obtained. The’batch-equilibration
procedure (discussed earliér) was used in which aliquots of the test
\solutions’£;S:00 mL for Cu(II) and 100.0 mL for ﬁrotons) at increasing
concentration of the ions were required. The concentration rgnggi

suitable for a particular set of adsorpiion conditions had to be

determined experfﬁéﬁpally in trial runs. The time required‘for adsorption
. .

¥



" were transferred to polypropyléndyest-tubes containing O.SQp g of

.each at pH 6.0,

50

«

equilibrium for protons was established by monitoring the solution pH

with time. ;or Cu(iI), attainment of adsorption equilibrium was

detePnined by withdrawal of small portions (e.g., 50 uL) of the Cu(I) 3
égaution at fixed time intervals for GFAAS or flame AAS analysis. In
general, 30 min was adequate for the atéainmeqf of.equilibriuﬁ. '

i
The Cu(II) adsorption isotherms were obtained at room temper-

i

ature (22 * 1°C). The effects of various parameters were-determined , GQS

as follows.

(a) Effect of pH: 25.0-mL aliquots of 0.010 M NH,OAc {at pH 6.0)
. -~

4
were spiked with increasing po:fs::rationsof Ch(II); The test solutions

.

el

) ™
XAD-7 (20-50 mesh). After agitation for 4 hr on a mechanical shaker,
¢ ’ [4d

. the test solutions were analysed by GFAAS or flame AAS for equilibrium

Cu(lIl) concéﬁtrations, from which the adsorption isotherm could be
obtained. _ The experiment'was then rgpeated at ﬁH'4.8 and pH 3.8.

Ll
(b) Effect of %hions: The experiment described in part (a) was re-

peated with CufI)-spiked aliquots of 0.010,M NH,C1 and 0.010 M NH,NO

(c) Effect of ionic strength: 25.0-mL afi uots of 0.010 M NHOAc/
q 4

0.050 M NH4C1 (ai pH 6.0) were spiked with increasing concentrgtions

of Cu(II). From this point, the proced

The experiment hen repeated at hig%

(i.e., 0.10 and 0.75 M)7

(d) Effect of. ”particle size: ,The exp

repeated using 60-100.and 160-200 mesh XAD-7.

Meqa of part (a) was

b ]

For proton adsorption, the ing ﬁarameters were studied. )\
,



Effect offné;ticle size: 100.0-pL alianots of dilute HNO3 solutions

ncreasing concentration and 2.007g portions of XAD-7 (20-50 mesh)

were placed~in a 250-mL jacketed Pyrex beaker with a lucite cover. The

-

test solutions were kept under N, cover at 26.0°C and stirred at a

2
constant rate. The proton adsorpt1on isotherm was obtained from the
differences between the 1n1t1a1 pH values and the equilibrium pH values
of the HNO3 solutions. The experiment was repeated for 0.500 g of 60-100
and -100-200 mesh resin. :

(b) Effect of temperature: The effect-of temperature was determined
vrith‘two different mesh sizep: (i) 20-50 ;;sh (2.00~g -portions,
tenperaturg?settings at 7.0, 26.0 and 38.0°C); and (ii) 60-100 mesh
{0.500-g portions at 11.0; 26.0 and 42.0°C). The.experinents were done -
as described in part (a) immediately above.

\

1
. (iv) Distribution Ratios

To determine distribution ratios,; the eight metal iohs were
divideo into groups of four: CrLIII), Fe(I11), NL(ID) and Co(II)
in one group and Cu(II), Cd(II) Nn(II] and Pb(II] in the other
The concentration of eagb—metei—gon’;as 20 ug/L. The_total concentration
of trace metals resenbles that in natural waters. The distribution
ratios were determined at various pH values for 20-50 and 60-100 mesh
resin. The procedure 1nvolved was as follows 25.0 ml aliquots of
0.010 M NH40Ac (adjusted to pH ranging from 1.0 tg 13.0 nith df&ute
HNOS, dilute HOAc, aoueous amnonia, or dilute KOH) were spiked with the
metal ions and transferred to polypropylene test-tubes containing 0.500 g

~

of 20-50 or 60 100 mesh XAD-7. After 4 hr of ag1tat10n the equ111-

brium concentrations of the meta)l ions were determined by(FFAAS and the .

L]

Sk g 2
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distribution ratios calculated at each pH value.

IILS Studies on the XAD-7 Column Operation

(i) Breakthrough Curves T

A breakthrough curve is a graphical representation of [effluent
" concentration/initial concentrétion] x 100% versus effluent volume. |
Experimentally, these curves can be determined by analysis of small
aliquots of effluent (e.g., 0.50 mL) for the analyte at various cumu-
lative volumes of the effluent (e.g., 20 mL, 40 mL, 60 mL, etc.,). The
effects of various parameters on the breakthrough curvés were determined.
(a) éffect of particle size and metal-ion concent;;tion: Three
solutions of 0.010 M NH4CI adjuited to pH 8.0 with aqueous ammonia were
spiked with Cu(II) to concentrations of.S.bO ug/L and 1.00 and 10.0 mg/L
and were then passed through three 1.0-g (1 x 6 cm) XAD-7 columns
.{(20-50 mesh) at a flow rate gf 1 mL/min. The effluents were analysed by
GFAAS at fixed volume intervals. The experiment was repeated with'
60-100\mésh resin.at the same bed sige.

(b) Effect of flow rate: 0.010 M NH,C1 at pH 8.0 was spiked with '°
Cd(II), Co(II), Cu(IT), Mn(II), Ni(II) and Pb(II) to a concentration

of 5.00 pg/L for each ion (total metal ion concentration: 30 ug/L)

and was then passed through a 1.0 g (1 x 6 ¢m) XAD-7 éolumn (ZO—Sb mesh)
at flow rates of 1 to 4 mL/min. Breakthrough curves were obtained for
each metal ion at each flow rate. For Cr(III) and Fe(III), 0.010 M
NH4OAc (at pH 5.0) was spikedito a concentration of 5.00 ug/L for
"each ion. Breakthrough curves for Cr(I1I1} were also obtained at pH 4.3
and 6.3. For low concentrations of Cr(III) (0.50 ug/L), 51Cr(III) was

used to provide the required sensitivity.
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y
tc) Effect of alkali-metal and alkaline-earth salts (i.e., ionic strength,
u): Natural waters contait high concentrations of alkali-metal and alkgline—
earth salts (i.e., u r\:‘0.70 in seawater). The effect Lf ionicosggength on
adsorption of trace metal ions on XAD-7 was investigated. The’ﬁjgh con-
centration of salt necessitated the use of a rgdioisotOpe traces. 64Cu(II)
was chosen as the model ion. Thrée different experiments were done. (i)
.Test solutions of NaCl (u = 0.01, 0.2, 0.5 and 0.8 at pH 8.0) were spiked
with 64Cu(II) (1 ng/L)} and-passed through cglumns (1 x 3 cm, 0.5 g, 80-100
mesh and 1 x 6 cm, 1.0 g, 26-50 mesh) at 1 mL/min. The breakthroﬁgh curve
for each test solution was determined by measuring the ¥y activit;'of 64Cu(IIj

- .
in the effluents. (ii) Test solutions of the same pH, ionic strength and

_64Cu(II) concentration were spiked with humic substances to 10 mg/L. “After
equilibration for 12 hr, the solutions were passed t?;pugh columns ai 1 mL/min
and the breakthrough curves determined as ébove.' (iii) Natufal ;éawater from
wﬁich humic substances had been removed (see Section II.5. {(ii) was used to
prepare test solutions by.dilution with DDW to 2, lb, 25 and SO%.. These
solutions and an uﬁdiluted (100%) solution wexe;adjusted to pH 8.0 and 5piked‘
with 64Cu(II) to 1 ng/L. After 12 hr, the sofhtions were pggsed through
columns at a rate of 1 mL/min and the breakthrough c;rvés determined.
(d) Breakthrough curves for alkali and alkaline-earth ions: Test
solutions containing 10 mg/L each of Na® and Ca(II) in 0.010 M NH4C1

(at pH 8.0) were paésed through 1.0 g (1 x 6 cm) 60-100 mesh and 0.5 g
(1 x % cm) 80-100 mesh columns at a flog rate of 1 mL/min; Breakthrough
curvesifor Na* aﬁd.Ca(II) for each column were detérmined by flame

emission spectrometry.

(e) Effect of humic substances: Because natural waters contain organic
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materials collectively known as humic substances at relatively high con-

centrations (e.g., 10 mg/L) (80), the effect.of this matrix constituent on-

} : - .
the column adsorption of metadN 1ions was investigated. NH4C1 (0.010 M,

$y$-§%9) was spiked with Cdgll),

to concentrations of 5.00 ug/L figr each ion (total metal ion concentration:

Co(I1), Cu(II), Mn(Il)}, Ni(II) and Pb(II)

30.0 pg/L). Humic material was added to a finai—cﬁﬁbﬁptration of 10 mg/L
and the solutlons were left to equ11//:ate for at least 24 hr. The test
solution was then passed through a 1.0 g (I x 6 cm) XAD-7 column (20-50 mesh)
at 2 mL/min. Breakthrough curves for each metal ion were obtained. The

3e;;ériment was repeated at pH 6.3 for Cr(III)'and Fe(III) (5.00 ug/L of each).

(ii). The Two-Column Technique

From the above’exﬁeriments'it'was observed that the presence ‘of
humic substances has a large negative effect on the adsorption of metal
ions on XAD-7., 1t is necessar& to re;%:e this matrix iﬁterference
before the XAD-7 column can be applied to the preconcentratioﬁ of trace
metals in hatural water samples. This was'accpmplished by the following
two-coﬂgmnproced;re. In this proceéure, the.hqmic‘substaﬁces are

: -4

first»%%moved by the percolation of the preacidified sample through a

Erecolumh of the XAD-7-resin at pH 1.6-1.7 (144). The efflueﬁt contain-

ing the trace metals is then buffered to pH 8.0 and passed through the

XAD-7. analytical column to preconcentrate the trace metals. The
following'experiments were performed to demonstrate the application of
the two-column approach. Aliquots of 0.010 M NH,C1 (at pH 8.0, 100.0 mL)

were spiked to a concentration of 20 ug/L with each of Cr(I1I), Fe(III),
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Cd(I1), "Co(Il), QU(II), Mn(II), Ni(II) and Pb(II) (total metal ion con-
centration: 160 ng/L). The solutions were also spiked with humic sub-
stances to a concentration of 10 mg/L and were left to equilibrate for
48 hr. After acidification to pH 1.7, the solutions were allowed to
stand for another 48 hr to ensure dissociation of the metal humates,
just as is done for real samples, Preconcentration at 1 mL/min throuéh
a.precolumn (1.0 g, 1 x 6 cm, 60-100 mesh) followed. The pH ,
of the effluents was adjusted t§'6.3 for the trivalent and 8.0 for
the divalent ions and the effluent; were immediately passed\through
analytical columns (1.0 g, 1 x 6 cm, 60-100 mesh) at a flow rate of

1 mL/min. The adsorbed metal ions were then eluted with 10.0 mL of

1% v/v HNO

3 1 mL/min). The percent recovery 'for the various metal ioms

was obtained by GFAAS analysis of the acid eluant. The experiment was
repeated but without acidification of the test solutions and without
the precolumn treatment. The two sets of recovery data were then

compared to show the effect of precolumn treatment on recovery of the

metal ions in--the presence of humic.substances. ) : ' A

(iii) Eluqion Recovery and Preconcentration Factor
Thé_e}ution volume is important in determining the preconcen-
tration fac£pr that can'be attained. .Therefore, the effect of ;plumn
bed size and resin mesh size on the elution volume was studied.
(a) Effeét of column bed size: 100.0 mL aliquofs of 0.010 M-NH40Ac
(at pH 8.0) were spiked to 1.00 ug/L of Cd(I1) and Mn(II), 2.00 ng/L -'ir
of Pb(II), Cu(I1), Cr(ILI) and Fe(I1I) and 5.00 ug/L of Co(II) and
Ni(II) (total mq}al ion concentration: 20.0 ug/L). The ;olutions,qere

percolated through columns at a rate of 1 mL/min. Three sizes of
' ) f
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column bed were used: 0.5 g (1 x 3 cm), 80-100 mesh; 1.3 g (1 x 7 cm).

80-100 mesh; 2.7 g (1 x 15 cm), 80-100 mesh. The cluant was 1% v/v HNO3H

or HC1 (1 mL/min) and was collacted in 0.50-mL aliquots. The aliquots

were analysed by GFAAS to yield.elution profiles for each column. o
(b) Effect of particle size: The test solutions Qe?ﬁjfrepared exactly

as in the previous section. They were passed through 1 x 6 cm (1.0 g)

columns containing resin of mésh size 20-50, 60-80 or 80-1006. The

eluant was 1¥ v/v HNO3 or HCI. The 0.50 mL aliquots were analysed By

GFAAS as above to obtain elution profiles.

{c) - Removal of entrained salts from XAD-7 columns. The above elution

procedures are applicable to f#cshwater samples. For seawater, the salt

content entrained in the void volume of the column requires removal

T
i

before the elution of the metal ions and GFAAS measurement. NH4N03

(0.010 M) at pH 8l0 was used to rinse thé_columns after percolation of
50.0-mL.of seawater samples previously'bu%fered to'pH 8.0 with‘NH4C1/- -
ammonia. The_Sampies were percolated through a 1 x 3 cm (80-100 mesh)
coluﬁn at a flow rate of 1 mL/min.' The entrained salts were then

elute iph the NH4N03 solution (1 mL/min) which was collected in

0.£b—mb aliduots and analysed by flame emission spectrometry for Na'.

In this way the volume of NH4N03

entrained salts could be detefEiDE&fh\\

(d) Effect of NH _NO, rinsing o;\réébvery Q?d elution profile. It was .
. -

required to rinse the column free of ﬂ\\

4773
necessary to show the effect,’'if any, that rinsing with NH4NO3 has on ‘FJJ
the recovery and elution profile of ions adsorbed from solutions of
high ionic strength. An aliquot.(ZO0.0 mL) of 0.70 M NaCl at pH 8.0
was spiked with 64Cu(II) to 1 pg/mL and passed through a 1 x 3 cm

A~
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%

(80-100 mesh) column at a rate of l'mL/miq. The column was then rinsed y

with 10 mL of 0.010 M NH4N03 (at pH 8.0) and the 64Cu(II) eluted with 1%

viv HNO3 {1 mL/min). The eluant was collected in 0.50 mL portions and

-

analysed by vy-ray sp?EE;amEtxi\to yield the elution profile for 64Cu(II).

I1.6 Applications

(i) Application to Lakewater

,Before application to natural freshwater samples, the two-column
XAD-7 method was tested with a synthetic sample. The synthetic sample
con;§ined 10 mg/L of humic substances; 0.100 ug/L of Cd(II) and Mn(II);
and 1.00 wg/L-each bf Cr(IIl), Fe(III), Ni(II)}, Co(II), Cu(II) and
Pb(II) f(total metal ion concentration: 6.20 pg/L). The solution also

contained NH4C1 (0.010 M) and was set at pH 8.0. After standing for

48 hr, it was acidified to pH 1)7 and left to stand for an additional

48 hr. Both the precolumn and the analytical column contained 0.50 g
of 80-100 mesﬁ XAD-7 resin {1 x 3 cm bed). Aliquots (200.0 mL) of the
acidified synthetic solution were percolated through the precolumn

b ]

at 1 mL/min to remove humic substances. The effluents were then ad-

justed to pH 8.0 with aqueous ammonia #nd passed through the analytical
column at 1 mL/min. The adsorbed metal ions were eluted with 5.00 ﬁ‘

of 1% v/v HNO, and the eluants were analysed by GFAAS to obtain the

3

percent recovery of each metal ion.

Three freshwater samples were obtained from the Canada Centre
for ]nland-Water (CCIW). These samples included a Hapilton Harbour
sample and two Lake Ontario samples, one a nearshore sample (Statidn 14)

and the other an offshore sample (Station 302). The water samples were

centrifuged to remove suspended particulates, acidified to pH'1.7 and

N - >

"



stored in polypropylene bottles. Three different analytical procedures
were applied in the analysis of these samples. Direct GFAAS was used
when permitted by the metal ion concentrations. The other two pro-
cedures involved preconcentration by Chelex~100 and the XAD-7 two-

column method. J
»

-

{a) ,Chelex-IOO method: Purification of the Che}ex-lOO resin and
column packing and conditioning have been previdusly described (Section
"II1.1 and Section II.2.(i)). The resin was used in the NH4+ form in‘a

1 x 6 cm resin-bed column. Aliquots (290:0 mL) of the Station 14 and
302 samples were buffered to pH 5.4 with 0.010 M NH4OAc/HOAc and passed
through Chelex-100 columnsiét a flow rate of 1 mi/min. The reéained

metal ions were elﬁted at 1 mL/min with 25.0 mL of 14% v/v HNO The

T
eluants we;e analysed by GFAAS with reference to standard calibration
curves to give thg concentrations of the trace metals.
{(b) XAD-7 two-column method: v The precolumn and amalytical column were
as previously described for the synthetic samples. Aiiquots (200.0 mL)
of the two preacidified lakewater samples were passed through »
the precolumn to remové.humic substances. The effluents were adjusted
to pH 8.0 and passed thrﬁugh the analytical ‘column. The adsorbed

metal ions were eluted with 5.00 mL of 1% v/v HNOS. As usual, flow'
rates were 1 mL/min. The eluants were analysed by GFAAS using standard
calibration cur;es. The analysis was then repeated using the method

of stdndard‘;dditions. The standard spikes‘were added‘to the aliquots

of acidified lakewater before they were passed through the precolumn.

(ii) Application to Seawater

The seawater reference material NASS-1 (see Section II.1), was

58
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—

usg@ to test the two-column method fer natural waters of high salinity.
The sample had.been previously acidified to pH 1.7 and stored_in poly-
prop}lene bottles. The procedure for processing the sample was as
described previously for nﬁ;/;;kewater samples (XAD-7 two-column method)
except that 500 0 mL a11quo s were used for the Co(II) determination

—

and 10 mL of 0. 010 M NH4N03 were usédd to rinse the analytical

column of entrained salts prior to elution of the absorbed trace
metals, The method of standard additions was not applied to NASS-1
'
owing to the restriction on sample availability.
An Ati;ntic coastal seawater tSandy Cove, Nova Scotié) was-also
analysed. This sampie had been filtered and acidified to pH 1.7 a%,;:)
described previously. For purposes of comparison, ﬁoth the Chelex-100

and XAD-7 two-column methods were used. The Chelex-100 procedure was

as described previously except that the method of standard additions was

used, wherein the standard metal spikes were added to the acidified
seawater aliquots before pH adjustment for the Chelex 100 column.
Also, prior to elution of the ions with 14% v/v HNO , the column was

rlnsed with 10 mL of DDW, followed by 10 mL of the pH 5.4 buffer

-

'The XAD-7 two-column procedure was as described for the NASS-1

,

refgr@nce material except that 200.0-mL aliquots of the Sandy Cove

sample were used throughout. Both the standard galibration curve

and standard additions methods were used.

(iii) The Analytical Blank
; In trace metal determinations, a "blank" control must be
obtained to give validity to the analytical data. Ideally,

the "blank" samples should be identical to the test sample except that
: \J
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the apalyte is not present. All sample matrix components and chemical
reagents shguld be present in the blanlf.. However, as Pointed out b):
others (145-147), it is difficult to match the matrix componeQFs of
natural water samples and therefore an approximation is necessitated.
Often, a volume of DDW equal to the sample volume is taken and ubjected
to the same amounts of external chemical reagents and chemical and
instrumental procedures as the sample. This approximgfgaﬁ was used in
the present wo;k. For example, with the XAD-7 two-column procedure,
the DDW blanklaliquot was acidified to pH 1.7 and passed through the
precolumn. The effluent was then buffered to the appropriate pH and
passed through the analytical column. The an lytical column was
stripped‘with 1% v/v HNO3 and.;he acid eluaft was analysed by GFAAS

to obtain the level of metal-ion contamination (i.e., the "blankJ
values). These solution "blank' values were then used to correct the

trace metal concentrations obtained for-the natural water samples.

For the "blank" sdlutions corresponding to the seawater samples, it

. - t .
was not necessary to approx1ﬁ§¥e the salt matrix becausé the sample
eluant from the analytical column is essentially a sglution of the

fracoémi:als in 1% v/v HN03, aéﬂés‘the "blank'™ solution.

,‘/ | - )
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/ 1II. RESULTS AND DISCUSSION
S

II1.1. Preliminary Studies on Direct Preconcentration of Metal Ions

on an XAD-7 Column
—

" During the initial studies on the preconcentration of metal-
TPPS4 complexes on XAD-7 by adsorption (see Appendix II), it was noticed
that uncomplexed metal ions were directly retained on the resin. This
discovery was surprising and in a subsequent search of the literature,
one report ;as found on the direct retention of metal ions on XAD-7.
In this work, Fritz and Millen (129) reported the extraction of Au(IIf)
from 1 M HCl onto the resin\_/Beé;ntly, Aiken and Walton (108,127)
suggested that XAD;7 possesses a low capacity (in the order of 10 peq/g)
for inorganic ions but’ follow-up studies were not reported.

The direct retention of metal ions on XAD-7 was deemed not

only interesting but also poténtially significant, especially with
regard to preconcentration of trace metal ions. For example,-direct ~

preconcentration on XAD-7 could be simple in that no organic chelaging

agent would be required; it could yield large preconcentration
.

factors because a column approéth would be feasible; low detection
limits should be achievable because a simple approach should lead éo
less contamination; and it should be economical. Consequently it
was decided to investigate XAD-7 as a medium for the direct précon-
‘centration of trace metals. The effect of pH, anions and flow rate,

on metal-ion retention and the means of elution of retained metal

-
.
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ions are discussed below. Complement studies done by batch

Efntioquf meta\ ions on

IX. For a divalent ioif: "

(a) Effect of pH. The effect of pH on the T
a column of XAD-7 resin is summarized 4n T
maximum retention (85-100%) occurred in th .pH‘range 7-9, for tri-
valent ions (Fe(III} and Cr(lII)), maximJdm retention (> 85%) occurred
in the pH range 4-6, although even up to‘pH 10 retention was better
than 80%. In Figufe S, the effect of pH on the retention of Ni(I1),

Pb(I1), Cr(IIl) and Fe(III) is shown. \ : @Sﬁﬁﬁ

Solution pH can affect retention in two ways: (1) by alteration

of the distribution of simple, complexed species among

b

M(oH) "M, M(?tg);“f" and M(NH;) ", each of which may have a
y for the resin, ahd/or,(ii) by altlerati

dif:ferent affi

———

resin in a way to affect its retention properties® for example by

occupatlon of retention sites by protons at 1ow pH and by hydroxyl ions

placement of metal ion species from retention sites by hydroxyl ions, or
o .

by formation of colloidal metal-hydroxide species which are not retained

on the column, even by\physical entrainment. The decline is most
.notable for Pb(11), for reasons not known at this time.

(b} .éffggt of anions. Whether at pH 2.0, 5.0 or 8.0, the effect

‘qf Garious anions is small (Table X}, ;ith the unexplained exception

of the'effe;t of NH4CN$ on the retention of Fe(Iil) at pH 2.0. This

fact suggests that the affinity of the resin for various simple

N . -

*complexes of the mytal ions is about the same at a particular pii.

. .



TABLE IX. Percent Retention of Matal lons

on a XAD-7 Column at Various Solution pH Values®

g
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. Retentiom’ (%) A

f -
v i A

pH Fe(III) Cr(II‘)- Cu(Il) Pb(II) Ni(II) Co(IL) Mn(II) Cd(II)

2.0 2653 11%2 11£1 2655 42 4912 1583 615
3.0 84:2  56%2 3355 3926 2082 2023 23t5 3612
4.0 933 . 9147 06 S324 3055 3953 3624 4022
5.0 89:1  86%2 N:s 5615 5327 S1a7. 5749
6.0 854  85s5 o213 9732 964  88:s  78:2  83:11
7.0 79:3  82%l 88+1 100:1 100:1 100+l . 9426 9317
8.0. 82+¢3  80:2 ' 88+l 1001 100#1 100£1 972  100%1
9.0 83:4 7914 BBx3 93:4  100:1  92:2 984  100%l
10.0 85:1 815 92t1 90%#3 936 87¢1  85:2  91:3
.0 7622 78%2 79+10 53t6 855  79:3 _ 78:5  Bls6
12.0 61#3 682 751 1413 "}'.3:2 7482 643 7913,

r

a

solution containing 1 to 20 of the metal ions
. in 0.010 M NH 4C§’,xfﬁ)w rate 4 ImL/min. Data repre-
) sent awfZage of-at. leastthree results. °

"/ S

1 x 7»m XAD-7 column (20-50 ;j;w 100 mL of test

/ JFQ\
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TABLE X. Effect of Anions on Percent Retention of

Metal Ions on XAD-7 Column at pH 2.0, 5.0 and 8.0%

Retention (%)

Fe(ITI) Cr(III) Cu(II) Pb(II) Ni(II) Co(II) Mn(II) Cd(II) .

e

T

Matrix(pH2.0) \‘
o }\ommn“o»\c 26:3  11£2 1132 26:5 322 9s2 15:3-&6:5 N
ﬂ\ro.olomn“tﬁg\ 1134 1915 5:3 524 8:3  Bs6  4:2 422 )
O.O}OMNH4C 53:6 2844 1122 . 1448 9+3  B:3 1522 623
. 0.010MNH4C1 167 1621 1316 943 422 342 1%:3 ‘8:3‘
O.OIGMNH4Br 20+7 16+3 745 3:1 1124 94 1427 811 :
Matrix(pHS.0) -
0I010MNH,OAc  93s3  91s1  80s6 7324 3046 39s3  36:4 40x2
0.010MNH,NO,  94s2  93x1  91s4 5022 33:9 4112  42:4 3742 .
0.01OMNH,CNS ~ 82+7  93:1  92:4 B88s1 5252 55:1  55:5 4023 ¢
0.010MNH,C1 87+2 8923 9024 5025 37s3 37:3  39:2 3122
0.010MNH, Br 9452 | 92:2  91+4  44s9 3922 39:2 3826 352l
"Matri;‘((pHB.O.) k—' e i
0.010MNH,0AC ~ 82s2 812  89x1 )NQ0:0 100:1 100s?  97:2 9843 j—
" 0.010MNH,NO; 7855  84s4 8422 8833 '93:1 10041 001 9625 Co
}'é 0.010MNH,CNS  87+1  85¢3 8614 -94gB/ 9322 100s) ° 100s}. 9643 ]
0.010MNH,C1 84:7  81:2 881  89s0' Q721 100sl  100sly 97a2 %
O-ﬁ-lf,’.m“dﬁ 83+5 . 7923 88+4 - 82s6 100F1 100:1  [00s1 10021 ) }
< QY o s | ;
? 1 x 7 cm XAD-7 column (20-50 mesh), 100 nmL of olution i
;\ - ¢ containing\ 1 to 20 ug/l: ofzthe metal iong' w raltezgéfl/njh, | ‘ i
- “ . Data repreje ~egage of at least three reilrt}. S \ y .
. .ar a Vallh ; . :
) \ . . . " PR \ _ . .‘ ‘ ;\'._ %
~ . /\-3 - ot . - . o
: N . I ~ T * :
N O v > ¥ g j



flow rates are impractical, however,

‘(d) Elutiom of retained metal ions,

66

The much reduced retention at pH 2 indicates that tbe interaction of
protons with the resin is the overriding factor in strongly acidic
s0lutions. -
(c) EffegtLof fibw rate., The effeét of flow rate (peréolation rqte)
of the sample is 111ustrated in Figure 6. It appe;rs that the flow
rate when varied from 0.8 to 5.6 mL/min, has little effect on
percent retention, provided that the pH is in the optimal range for
the particular charge-type ion (pH 7-9 for divalent jions and pH 4-6
for trivalent ions). At pH 8, only 50-70% of Cr(I1II) and Fe(III)
was retained at flow rates of 1.3-5.6 mL/min compared to 80-85% at’ )
flow rates of 0.8-1.0 mL/min,, 'Thes%rvalues represent o¥g:aIT‘J} </h\\\\\\\\\\
reteéntion over 100 mL of sample, without regard to breakthrough |
volumes. Breakthrough studies are described in Section III.3, (i).
Although the flow rate has no effect in the appropriate pH range for
quantitative retention, 1t may well play a role at low and high pH(values, in
conjunction with the high concentration of hydrogen and hydroxyl ions reéiiied .

to in (a). The time required to, reach equilibrium is about 20-30 min and is

—
e

invariant with pH (see Section I11,2(3ii) below). Since the holdup volume ,’

* T
of the column is 4 mL, and the dead volume 1 mL, the flow rates-of 0.8 to 5.6
: 4 . .
nL/min represent residence times thg_to‘o.s min, %imes far shoyt of equilibrium

- conditions, ngrefore, slower flow rates (e.g., ( mL/30 mia uld well

(e \\ . £

incréase the percent reténtion at the extreﬁggf;f the pH range.4§§hch slow

nd were not examined. ~

As degcribed before, 11tt1e(; “”

retention of metal ions occurs below pH . Therefore, a §olption of

dilute mineral acid‘ﬁhould'be effective fo

he slution of metal ions retained

at higher pH. Elution profileg, for various m l/qons with 1% #/v)HND_ are

A
shown in Figure‘7. In,genéral, qyantitative ution of all met ions ML\\-
: - . ’ _ ‘0 . .
)

* The 4 mL holdup voﬂﬁﬁﬂ\represenf§'t e sum of the vdid volume, pore .
voluq? and dead volume of the col N v ¢ _ N

o £ ; . ' - - .
Ll T 1 (./w ) £ -
\ N
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-
could be accomplishe&twithin a relatively ;mall volume interval
(e.g., 4,0 to 9,0 nL) fof alx 7 con colurm. This fact indicates
that large preconcentration factors could probaﬁjy be aéhipved.
\ Higher concentrations of HNO3 (10 and 25% v/v) ;ere unsatisfactory

owing to'the high blank values. The metal ions could also be eluted

efficiently with 1% v/v HCI but not with 1% v/v NH4N03. Thése obser-

vations suggest that elution is proton specific, which is in accord with

the effect of pH on direct re;:ention. 'id ;,

The final aspect of the préliminary work Nnvolved tésting the
;omplefe rgtention/elutién cycle with a 0.01M NH;bAc solution spiked
with known quantities of all of the metal iomns (0.2 to 2.0 ug/L) togefher.

The recove lues (Table XI) are quite satisfactory, pointing to the

potential usefulness of XAD-7 for the precbncentfhtion of trac® metals,

/o |
at least for simp efug solutions. Natural waters, however,

contain a multitude of organic and inorganic ligands which might compete

with the preconcentration mefium for trace metals, ‘thereby significantly

reducing the retenti £ metal ions. The effects of such complexing

‘ -
: qnpatagces on retentidi recove'ry»-of metal ions are discussed later
* .
in Sections II1.3.(i) add_IIIM3.(ii). b,
The data in Table XI represent a preconcentration factor of .
-

10. This factor is somewhat arbitrary since it is depen&ent,on the
sample size a§/yéll as on the eluant volume. :Thus, a larger sahple
size w;LId lggd/tg-a larger ﬁreconcentration factor provided that thé;

‘ <“\sggp1e faluﬁi doesﬂggt.exceed'the'breakthrough.volume for the metal

jon of’interest_ The volume of eluant in this study was 10 mL but

maller volumes could be used by discarding the 4 mL holdup volume

using smaller resin bed and smaller resin parﬁ}cles. »

timizatfﬁn'éfthe process is discussed in Section TII.3.(iii).’
o, ~ . % .

1 ‘ . i d ’ N -
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TABLE XI. Percent Recovery of Metal Ion/Spikes in DDW"
e .

Metal ion & Recovefy (% d’:J,}
- 3

o

Fe(I11) : : 95210
Cr(II1) 95+ 2
Cu(il) 952 6
Pb(II) 95+ 8
Ni(II) ) 103210
Co(11) ' 99+ 8
Mh(I1) . ) | 954 6
Cd(il) . 10012

b

A

1 x 7 cm XAD-7 column (20-50 mesh); 100 mL of
test solution containing 0.2 to 2 ug/L of the
metal igns.in 0.010M NH,OAc was used, pH 5.0
for trivalent ions, 8.0 for the divalent ions;
flow rate for retention and elution was 1 mL/min;
10.0 mL of 1% v/v HNO,. was used as the eluant/

- Data represent averagé of at least three resplts.




N

71

f/

—~ /. e

IIT.2. Studies on Mfchanism of Retention of Metal Ions o

Based -on theifact that the resin is a polymeric ester (117-119)
[ 3

and that the retentiqg-and elution of -the metal ions is strongly

dependent on pH,. the following possible mechanisms for the uptake of

metal ions can be envisaged.

(1) Catign exchange. XAD-7 is a methyl methyacrylate polymer. If

-
Section~111.2.(iii)), the degree of incomplete met‘ ation would not

- »

have to be large. o
- j / .
{i1) Coordination. Assuming no residual free carboxylic acid groups,

,

Lo the carboiyl grogps coula act a§ donors in-coordination with metal J
- ioms. ' |
‘;(iii) Adsorption. Metal-iohs copld be adsorbed as simple,inorganic
complexes on the surface of the resin and held by van der wﬁals'fprces;
. or\metal ions could be adgorbed on sites of rgsidual valency (e.g.,
the jcarboxyl groups) gnd held by an ion;dipole interaction. The

-

- latter mechanism is similar

coordination but the forces of inter-

action differ ﬁ? degree.

4

/zﬂ\\%gé Saé . .

* H_.
J -~ ¢ - (I: 3 ) .
e o o

c=q. ' C=0 N

| . L\iﬁéyric acid group

0 ’ L - -

I . s '

' CH‘.'5 .




:. the resin by potentiome;:il/:;;;ation were made. The error (precision) -

72 ,

i

L . . s
would be sensitive to pH. The results af\eiperiments-to delineate
the most probable mechanism are discussed below.

- o
(i) Poténtiometric Titration %>

Attempts to identify the presence of carboxylic acid groups on

in'gndpoint detection of these titrations :as about 0.5 mL of 0.10 F

NaOH. Figure 8 shoys the titration of 10.00 g of XAD-7 resin ih‘ "/F:\\
100.0 mL of 0.01045F HNO; with 0.1055F NaOH. The main feature of

Figure 8 is the displacement in pH between the titration curves for

the resin (OJ.and solution blank (4) at edual volumes of NaQH. In T

acid solution, the elevated pH readings in ;he titration of the

resin is due(éé)retention of protons by the resin. After addition of

. T b~

L4

" each increment of NaOH, sufficient time was not allowed for neutra-

lization of the retained protons (as evidenced by a continuous down-
ward drift in pH for each.titration point). Similarly, in basic : :
solutions,- the lower pH for Equqlvolumes of NaOH is due to retention
of hydroxyl ions by the resin. It is obvious that the resin titration
was not done under equilibrium conditions. Whereas the‘énapoint
v
volume for the blank titration was Q.QETBk\of standard NaOH to‘ébtain

-

pH 7.00je same volume gave a non-equilibrium pH of 7.% in the

- L)
. presence of resin. If no carboxylic acid groups are present, the \\

) S0 . g .
equilibrium pH at~9.901mL should be 7.00; if, however, free carboxylic <;\
acid grqups are present, tffe' endpoint volume should be greater th#ﬁ. = \<

 .9.90 mL. Furthermore, the equilibrium pH at 9.90 mL should be

around 4.0, ébnsideraBly lower than © 7.00, 'as shoén by the’ J//;zf’
' . . 4 ;
hypothetical gtirye (dotted line) in Fifure 8, This curve is *
r S A .

-

MR . ) ‘,:‘nh i
.
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calculated for’free isobutyric acid (pKa = 4.84) corresponding to a
resin capacity of 10 peq of metal ion per gram of resin.
The slowness in achieving equilibrium in the titration of the
resin asrnot anticipated. To do a complete titration under equili- —_
brium conditions, it was estimatgd that 24 hours would be required.
Because such a titration is not p ical, a single-point titration
"~ was deviseéd to show whether or not the~endpoint in the titration o%‘
XAD-7 in HNO. would indeed reach an equilibrium pHwvalue of 7.00. : :
The titration curve is shown in %igure 9 which represents a pH/time
profile for the addifion of 10.52 mL of 0.1003 F NaOH (i.e., the
calculated endpoint volume) to 10.00 g of XAD-?Vin 100.0 mL of
- 0.01055 F HNO.. fhis figure indicates the following. Immediately
"after the titrant addition, protons in solutidn are neutralized. . J
bﬁt‘protons retained on' the resin are not. As the retained protons
are desorbed and neutralized with time, the pH decreases to its.”
eq;iliﬁrium value of 7.00. This result shows that there is no
measurable amount of carboxylic acid in the 1b g of resin taken for .

‘ £
analysis. Even a generous error g.O 10 mL in the endpoint vo{yme

would correspond to only ‘1.0 umole of fr;\\ac1d per gram of resin

(0 1003x0.10x10~ /10 0). Slnce the canacity‘of the resin for metal io

=

is in.the-order of 10 umole/g (see Section III.2,(iii), it is not 11ke1y

that retention of métal 1ons is by cation exchange involving carboxyli:' -
acid groups. . - o -~ )
(i1} Infrared Studies * 31

| If metal ions are rejained on XAD-7 by coordinatioh to the i n

carbonyl groups, then g}ution of the metal jons by 1% vf?‘HNO3_§hould . /t::h/
: {; ' . L}

resuly iff protonation of the resin at the c nyl groups. Accord-
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. . «

L — 4 I - J

e -3 Time, min . 15 ' 25
Figure 9. pH/Time profile for a s1ngle point-endpoint titration

of 10.00 g of XAD-7 in 100.0 mL of 0.01055 F HNO3 w1th
10.52 mL of 0.1003 F NaOH



1

(ihgly, evidepce of protonation was sought by infrared spegtroscopy.
The infrared spectra of untreated resin épd of resin treated with 1%
« v/v HNO3 are shown in Figure.l0. The spectra are ideﬁti;@l and nb 3
" shift in the carbonyl band is observed (i.e., no C=0-H band). If
protépation by 1% v/v !{NO3 does not occur, then the carbonyl oxyéen ' -
"\, wWould be too weak a donor to coordinate the metal ions. However, as shown

in the followln sectlon, the proton capac1ty is only 9 umole/g of resin

(20~50 mesh) and this appears to be toolow to allow detection of protonated

- - - . ¥
carbonyl by conagﬂilonal infrare S. Therefore, this experiment is ~

inconclusive, Nevertheless, the at the proton capacity represents only

about 0,1% of the carbonyl grbups does suggest that ‘the forces binding the .

protons to the resin are considerably weaker than covalent forces and may
'S : .

involve longer range dipole-charge interactions more consistent with adsorption.

(iii} Adsorption Isotherm Studies

The XAD resins are -widely used as separation/concentration
media for organié compoun@s {111, 11}-116, 118-128). Recent studies
have susgésted'that for the non-polar XAD-1, XAD-2 and XAD-4 ‘resins,
organic molecules a;é adsorbed and held by van &er Waals forces.

For XAD-7, which is of intermediate polarity, adsorptlon forces in-
volve both van der Waals and polar interactions (E.g.,'dipoleldipole)

o (117-119, 127, 148-150). Based on these known adsorptive properties

of XAD-7 resin, it seems that metal ionsifould be adsorbed as simple

‘-

inorganic complexes”and/or hydrated ions:and held either'by van der

Waals forces or b; ion~dipple interactions at .the sites of résidual
valency (i.e., the carbqﬁgf groups). To furthef investigate the
inte}actioh betwéen metal ions and the resin, adsorption isotherm
studies were cénducted. .

(a). Adsorption isotherm for Cu(II) and protons. Cu(Ii) was chosen

& . - a . ‘ f >
as the model metal ion for the adsorption isotherm studies. Quali-

. ‘
.

4 . ' ) .
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tatively, the rate of adsorption of hydrated and weakly complexed

Cu(II) on XAD-7 was found to be fairly rapid (Figure 11}. In general,

PSRRI

adsofbtion equilibrium was attained in less thAn 20 min. Adsorp-

tion isotherms were obtained at pH 3.8, 4.8 and 6.0. Above pH 6.0,

.
iaadeamn -

isotherms could not be obtained owing to precipitation of c¢olloidal

4

copper hydroxide from test soiqtions at the higher Cu(II)} concen- i
trations. The isotherms are convex in shape (see example in Figure 12). 1
)

Fmax, the adsorption maximum (and also resin capacity), was found to -
) be stroﬁgly pH dependent (Table XII). This obsefvation ind;cates a ' :
comp@%iéion between Cu(Il) ions and protons for adsorption sites on !
the resin and that the mechanisms for adsorption of Cu(II)- and
protons are similar.
The rate of adsorption of protons is also quite fast, with :
equilibrium being attained within 20 min. The convex isotherm
(Figure 13) yields a T'max value of about 9 wmole/g for proton adsorp-

tion on 20-50 mesh XAD-7. These capacities for protons and Cu(II)

correspond to the value of around 10 weq/g mentioned by Aiken and Walton

(108,177). ' ' *
In view of the large surface area of the macroporous XAD-7

resin (v 450 M°/g) (117, 118), the rather low capacities for Cu(II)

e e+ s s ar. s -
!

. and proton adsorption are surprising. This fact raises the question
that- trace impurities on the structure of the resin could be respon-
sible for ion retention. Although no carboxylic acid impurity sites
were detected, other impurify sites with donoé atoms such as nitrogen
or sulphur might perhaps belinvolved. Alternatively, perhaps

adsorption involves Qp&y the exterior surface of the resin, i.e., Cu(Il)

.,_...._..-—
PR

and protons do not penetrate intoe the vast interior surface of the

T L




Tads, mole/g x 108
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Figure 11. Rate of adsorption of Cu(II) on XAD-7 (20-50 mesh);

30 ug/L (&), 60 pg/L (@) and 200 ug/L (W) of
Cu(II) in 0.010 M NH,OAc, pH 4.8. Similiar adsorption
rates were obtained dat pH 3.8 and 6,0 despite of

differences in Tads #values,
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TABLE XII. Tmax ( Resin Capacity) for the Adsorption

of Cu(1]) on 20-50 Mesh\XAD-7 at Various pH Values®
. 13

Y

. pH : fmax (mole/g)
3.8 1.7 x 1070
1
4.8 _ 1.5 x 107’
6

6.0 6.0 x 107

Values of I'max were obtained from the convex
isotherms by extrapolation.

Bl
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resin. 1If the exterior surface is important and the interior surface is
not, then adsorption should increase as the resin particle size decreases.

Accordingly, the effect of particle size was investigated.

(b) Effect/of particle sice on adsorption. Isotherms for the adsorp-
tion of protons and Cu(lI) on mesh sizes 20-50, 60-100 and 100-200 w;;e
obtained. Tﬁese mesh sizes correspond to pafiiéle size ranges'of
850-300,1250-;;0 and 150-75 um, respectively. Figures 14 15 show

that max incrqases significantly with decreasing particle size. The
increase is approximately ié;proportion to the ﬁecrease Jn the radius

of the particle (Table XIII). For a given weight of resin the émaller
particle size means an increase in the exterior surfa;e area but since
this increa;; is small compared to the interior surface area, the
increase in overall Surface area should be small. Therefore, if
adsorption occurs on both the exterior and the dnterior surfaces, the >
effect of mesh size should not be very significant. The data in
Table XIII, however, show that the effecf of mesh size is indeed
significant. However, a rough calculation shows that the number of
carbonyl groups (possible adsorption sites) on the exterior surface
is about 20 times lower than the moles of ions ads;rbed per gram of
résin. Since the calculation was baSed on perfectly spherical particles,
the actual exterior surface would be considerably higher than calculated

because of flaws and surface irregularities, Therefore, the lower factor is

expected because the minimal surface area was used in the calculation. Overall,

B
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these observations support the interpretation [that adsorption

must occur primarily on the exterior surface gnd that the protons

and metal ions (free and weakly complexed) do{not penetrate the

resin surface to reach interior sites. Limited penetration may arise

4
because adsorption involves only a we§§ interadtion which may not in
itself provide much driving force for thesé hyd g}ed cationic adsorbates
to enter the largely non-polar cavities of the résin. The degree of
penetration does not increase with time since, as described earlier,

' constant adsorpEion (i.e7}! presumably adsorption equilibrium) is att&iqs?

within 30 min or less. ) ,
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Accepting that adsorﬁtion takes place on the extérior surface, _
the question remains as to whether the adsorption sites are tﬂe extérior
carbpnyl_grbups.or_exterior sites of some impurity. Simple éalculation;
however, shows that thé latter situatjon is‘unlikely Eécause it woq;d
mean a high level of impurity. For exﬁmple, if exterior impurity<;ites
‘arg responsible for adserption, there would be about 30 pmole of them

. ¥
on the.exterior surface in one gram of 100-200 mesh XAD-7 (Table XIII).

Since the exterior surface is estimated to be 6.02 % of the Eotal surface
(Table XIII), this would mean a total of 30 x 5000 = 150000 pmole/g
.

of impd}itieq on the resin, and such a value is extremely ‘high.

(¢) Effect of anions. The ?ffect of anions (i.e., 0.0id M acetate,
chloride and nitrate as ammonium salts) on the adsorptioﬁ isotherm of -
Cu(II) was found to be negligible. No signifipant eﬁfeét was observed
at pH 3.8, 4.8 and 6.0 (Figure 16). Therefore, the fact that acetate,
chlorigsipnd n}tra;e have different complexing abilitiesftowards metal
ions does not seem éo be important. The formation of acetic acid from
acetate in acid soiution also has iittle effect on the adsorption of
Cu(II). These isotherm results (by batch equilibration) a;e consistent
with those from the preliminary studies in which no anion affect was-
observed on the retention of metal ions on an XAD-7 column.

(d) Effe;t of ionic strength on.Cu(II1 adsorption, This study was
done in anticipation of the use of the XAD-7 column for the preconcen-

tration of trace metal ions from seawater.“ Because of the alkali-salt
matrix interference on atomic absorption measurements, ammonium
chloride instead of sodium chloride was used for the adjustment of

ionic strength. Experimentally, it was observed that for ionic strength
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varying from 0.01 to 0.76, the ﬁdsorption capacity of Cu(II) on XAD-7
resin (20-50 mesh) decreases from about 6 to 1.5 umole/g (Figure 17).
This efféct is opposite to that observed by Cahtwell and PiSﬁy{llST who -
reported that adsorpfion of the organic dipbgpylguanidium cation

(DPGH+) on a non-polar styrene-divinylbenzene resin (XAD-2) increases
with increasing ionic strength. They attributed this observation to

the stabilizatign of the Helmholtz double layer formed b; the

adsorbed cations, the hydration sheath, and the counter ions. In the
lp esent case, the decrease in-CutII) adsorption Ji%b'ionic'strength_

i dicates that there is:l?tfle double-layer stabilization at higher
ionic sérengths, or that th; double—layén stabilization effect is
oﬁtweighed by increased formation of metél-ion chloro complexes aF
higher chloride concentrationg, i.e., there is a shift in ;quilibrium
from metal-ion adsorption to complexation. Anoth;r'possibility is the
increased competition from ammonium ion for carbonyl sites. The
microscopic adsorption mode}‘for the Cu(II)/XAD-7 pfécégs will be
discussea in further detail in Section III.2.(v). . - .
”—féém a.practical viewpoint, the reduced resin capacities at
higher ionic strengths are still adequate for metal-ion preconcentration

in seawater where the combined trace metal content is only of the order of

10-7 mole/L. . .

(e). Effeox of temperature ;n adsorption. The effecgzdf temperature on
adsorption of protons is shown in Figure l&g Adsorption decreases with
an increase in temperature. This fact probably corresponds to a
weakening of the attractive force between protons and the XAD-7

adsorption sites, i.e., the position of equilibrium is displaced-in

&N
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favour of the solution at elevated temperatures. The dependence of
Cu(Il) adsorption on temperature was not determined but is expecteJ
to be similar to that for proton adsorption.

Various thermodynamic quantities can be obtained from the
temperature dependence of an adsorption process, using thé Langmuir
and thg Van't Hoff equations (see Section I.4., INTRODUCTION). These
thermodynamic quantities can then be used to interpret the nature of
the adsorption interacrf‘on. Such studies are routinely made for
gas-solid adsorption processes., However, adsorption from solution is
a much more complicated process. For example, in the present study,
solution parameters such as pH and ionic strength affect the extent
of Cu(II) adsorption. Furthermore, the adsorption process involves
solwent participation. For such a complicated process, fundamental
assumptions in the Langmuir equation might not be valid and, further-
more, derived enthalpy, entropy and free energy values would at best
be empirical and not easily related to a discrete known adsorption
reaction. For tﬁese reasons, thermodynamic parameters were not

determined in this work, as explained in part (iv) immediately

following. ' J

(iv) Langmuir Equation and Adsorption in Solution

The Langmuir equation (96-98) \
T
T = max. [M i (5)
: , o (1/K)+[M] '

is often used to describe experimental data obtained from solution

adsorption studies. Singe, however, the solution
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adsorption process is more complex than the gas-solid adsorption process
(for which the Langmuir equation was derived}, inappropriate interpretation
of the results can arise. In this section, the chemical, mathematical
and statistical implications of the Langmuir equation are discussed and
some comments on the application of the equation to’solution adsorption,
including the adsorption of metal ioqs and protons on XAD-7 resin, are
presented.

\_/;[ﬁe) Chemical implicatjons. The derivation of the Langmuir equation

) involves geveral iﬁ}licit assumptions: (i) . the adsorbate behaves ideally;
(iii " the adsofption surface is homogeneous, i.e.,'ali adsorption sites
are geometrically and chemically equivalent; (iii) the only interaction
involved is that between the adsorbent and the adsorbate, i.e., there
are no interactions with a third species and no lateral interactions
between the adsorbed molecules; and (iv) the adsorbate is confined to
a monolayer. While some of these assumptions are often difficult to
fulfill for a gas-solid adsorption process, it is obvious that some,
particularly (iii}, cannot be realized for a solution process. In
solution, the participation of solvent’ complicates the process since
more than one type of interaetion ié involved, as shown diagrammatically

below:

adsorbent
(resin)
adsorbate —— S adsorbate 7
{solvent) | : (solute/analyte)

The solvent may compete with the solute for adsorption sites and with

&
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the adsorbent for solute through sqlvation. The Langmuir equation
does not account for the participation of solvent. Furthermore, a
solution-adsorption process could also be inflﬁenced by parameters such
as pH, 1onic strength, and the possible presence of other adsorbates.
Thus, adsorption from solution is, indeed, a complicated process and
" the Langﬁuir parameters (i.e., I'max and K) obtained from the appli-
cation of the equation should be regarded as empirical constants. As
suggested by Hiemenz (151) and Rubin (152), there may not be any
justification for further interpretation of these parameters in

terms of thermodynamic significance. For example, the calculation

of the heat ofyadsorption (AH®°) - an often sought quantity - from

the temperature dependence of the K value may not be at all valid.
Unfortunately, there exist in the literature several examples of
solution adsorption studiesﬁfor which interpre;gtion of thermodynamic
quantities has been extended beyond validity (e.g., 61, 153).

{(b) ©Statistical and mhthematical implications. .

Application of the Langmuir equation involves a Teciprocal
plot of the data. Such a plot is susceptible to errors which arise
from improper inclusion or rejection of experimental data. In
addition, a reciprocal plot tends to give uneven statistical weight
to individual datum points. For these reasons, improper application
of the Langmuir equation to experimental data could lead to erroneous
results. Details of the statistical and mathematical implications
of the Langmuir equation are discussed in Appendix II.

(c) Application of the Langmuir equation to adsorption on XAD-7.

So far, the studies in this work have shown that metal-ion adsorption
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on XAD-7 is quite complicated and that the process is affected by several
solution parameters. Solvent (water) participation in the adsorption pro-

€ess must occur. Solvent interaction with XAD-7 is demomstrated by the de-

gree of swelling (2:1) of the resin. Thus, adsorption of metal ions almost

certainly involves competition with water for the adsorption sites. This igi
situaticon is depicted below:
XAD-7 + mHZO"_—; )(AD-'/(HZO)m . (10)
ML L0 e M(H 0. =YLyl @ec1”, ete) an

M(HZO)H(X+Y) + XAD-T(H,0) o [M(H 0) (" M ap- ~7(H 0)] + (n-psm-qIH,0 ()5

Obviously, the simple Langmuir equation could not possibly describe
the above complicated situation and interpretation of the extracted K values
is opened to question. For example in the'studies on proton adsorptlon on
XAD-7, K values were 0bta1ned as a funct1on of temperature (Table XIV) All
six linearized transformations of the Langmuir equations (see Appendix II)
were used and the K values were ayeraged. These average K values appear to be
reliable in the sense that ;greement among them is satisfactory and the cal-
culated T'max values agree well with the experimental Fmax values. However,
the adsorption reaction to which these K values correspond is notlknown and‘it
does not seem fruitful to calculate AG®, AS® and AH® values.

In summary, adsorpt1on from solutlon is a complex process. App11cat1on -
of the Langmuir equatlon should be regarded as an emplrlcal approach and the
Langmuir parameters as merely empirical constants. Furthermore, the rec1procg1
linear plots are error prone and inclgsion and/or rejection of data igr such
plots should be done prudently. More than one transformation of the Langmuir
equatlon should be employed, and the experimental I'max value should be used to
assess the va11d1ty of the Fmax values obtained from the rec1proca1 Langmu1r

plOtS. “ . r

[RESEEE W



TABLE XIV. Llangmuir Parameters for the Adsorption of Protons

on XAD]E'(GO—SO Mesh) as a Function of Temperature

TemEerature

42°C

96

11°C 26°C
Transformation
used Fmaxb Kc I‘maxb ¢ Fmaxb KC
‘1 1
T Vs TﬁT 26.0 3.17 26.0 1.60 22.8 1.02

l?l vs [M] 30.3 1.63 26.6 1.01 27.7 0.633
r o ovs TPI-T] 26.7 2.79 25.9 1.53 24 .6 0.861

T%T vs % 27.0 2.72 25.7 1.56 23.9 0.908
[M] wvs l;l 29.8 1.74 26.5 1.42 27.5 0.648

-
r )

TﬁT Vs F. ' 28.5 2.18 26.2 1.47 26.2 0.738
Average 28.0+1.7  2,37:0.62 26.1:0.4 1.4320.21 25.4:2.0 0.80+0.15
Experimental 26 - 24 23 -
I'max
? See Appendix II for transformations.

b .
in umole/g
c 4
(L/mole) x 10
d

From extrapolation of the experimental adsorption isotherms (Figure 18).

N
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(v) Microscopic Model for the Adsorption of Metal-lIons

The results above have shown that pH’has a pronounced effect on
the adsorption of metal ions on XAD-7 and that the effect of other
parameters such as ionic strength, resin particle size, anions and
temperature are less significant. Consistent with these macroscopic obser-
vations is the microscopic model for the adsorption of metal ions presentéd in.
Figure 19. The metal ioh is shown held by a charge-dipole interaction

]

between the metal ion and the carbonyl groups, or between the metal 4
ion and water molecules or the hydrated resin surface. Another inter-
qszign is a dipole-dipole attraction between the carbonyl group and
water molecules on the hydrated metal. Anions are attfacted to the

zone of hydration to compete the Helmholtz double layer. At higher y
ionic strengths, water molecules in the hydration layer may be replaced
by coordinating anions such as chloride, hydroxyl and carbonate and

the complexes which result could lower the adsorption of metal ions.
Desorption of metal ions occurs when saturation of the adsorption

sites by protons is approached, or when precipitation of colloidal

metal hydroxides or occupation of adsorption sites by hydroxyl ions

takes place. . ' '

(vi) Distribution Ratios

Methods of separation are characterized by several parameters,

an important one being the distribution ratio, D The distribution

R
ratio here is defined as the ratio of moles of metal ion adsorbed
per kilogram of resin to moles of unadsorbed metal ion per litre of

solution. ‘ ' ,4
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Figures 20 and 21 show Dp values as a function of pH for eight
metal ions. The concentration of each metal was 20 pg/L, ;uch lower
than the concentrations required for the adsorption isotherm studies
and so higher pH values could be reached. The two test solutions
contained groups of four metal ions each, i.e., four sets of D

R

values could be determined simultaneously. The resin mesh size was

60-100.

The maximum Dy values (i.e.,'maxiﬁum absorption) for the
divalent ions occur in the'rangé pH 7-9, énd for the trivalent ions,
pH 5-6. These pH ranges are in good agreement with the previous

findings on the effect of pH on column adsorption of the traée metal
ions (Section TII.1.). Dy values for resin of larger particle size.

(20-50 mesh) were also determined and the pH values for maximum

adsorption of metal ions were found to be t?e same as for 60-100 mesh

resin. e numerical values of DR' however, are lower for the larger

particle size resin (Table XV)}. This facf is in agreement with the
earlier observation that adsorption of metal ions increases with
.. decreasing particle size.

Tﬁe decrease in DR with decreasing pH can be ascrihed to
increased proton adsorption and the eventual saturation of adsorption)
sites by protons. DR values for the adsorption of protons (analytical
concentration, 10"5 M) on 20-50 mesh and‘60-100 mesh XAD-7 were
determined to be 869 and 1912, respectively. .These values are higher
than the maximum DR values for the various metal ions at the corre-

sponding mesh size (Table XV). The stronger adsorﬁtion of protons

on XAD-7 compared to metal ions may be a consequence of the higher

99
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TABLE XV. Maximum D, Values for the Adsorption v

of Metal Ions on XAD-7.

DR(L/Kg)a

Metal Ion pr 20-50 mesh ~_60-100 mesh

Fe(I11) 5.0 142° 295
_Cr(II1) — 6.0 209 320

Cu(II) - 7.0 329 1086

Pb(II) 8.0 369 | 827

Ni(II) 8.0 422 930

Co(11) 8.0 234 | 797

cd(I1) R Y 697 1168

Mn(I1) 5.0 142 708 )

DR values of four metal ions were determined simultaneously;

total metal ion concentration in test solution was ﬁO*ugﬂL.

b pH at which maximum adsorption occurs.
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charge density of the proton and therefore stronger charge-dipole
gnteraction. Charge density considerations'probably explain the adsorp-
tion of trivalent ions at pH values lower than tho;e of the divalenth
ions, since the trivalent ioqs could compete better .with protons for
adsorption sites. : o
At higher pH, the adsofption.of metal ions declines with
increasing pH (Pigures 20 and 21). At these pH values, there is an
increase in the concentration of species such as M(OH)n, M(OH)x+n-x,‘
M(acetate)x+n"x and M(NHs)x+n. of theseAspecies, it is likely that
the zero-charged inso}uble hydroxides (M(OH)n) mainly account for the
decrease in DR‘ In Figures 22 and 23, the DR/pH profiles are shown.

in comparison to the fraction (a) of metal ion present as zero-

/
<:—\\\\Eharged hydroxides as a function of pH. The a diagrams were calculated

~ for IO_SM metal ion (15€)¢ The concentrations used to opfain the

6

DR values were about 10 M. Although changes in the aglalytical con-

“centration of metal ion do cause shifts along the pH fxis, a 10-fold
difference would result in Shifts of no larger than & 0.
Thusz the decline in Dp values and the increase in the fpdction of
the colloidal zéroed-charged hydroxide species with pl¥ may be more
than coincidence. Also, the decrease in DR values /nay be partly the
result of increased adsorption of hydroxyl ions. |
In summary, the DR/pH profiles are_sﬁaped by the competitive
interaction of protons and hydroxyl ions with the XAD-?;résin, by the

charge density of species and by hydrolysis of the metal ions.

-~
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II1.3 Studies on XAD-7 Column Operation

(i} Breakthrough Curves

The percent retention (adsorption) values reported in the pre-
liminary studies represent an average extent of adsorption of metal ions
“ein a Wd volume- (i.e.,". 100 mL) of the test solution. A thorough study
rof coldﬁn operation must include the breakthrough curve, which is a

graphical representation-of percent unretained metal ion (i.e., break-
through) versus summed aliquots of sample volume, where the aliquots can
be, say, 10 or 20 mL. The effects of particle size, metal-ion con-
centration, flow rate, organic ligand§ such as humic substances and
(high) ionic strength on the breakthrough’:urve are discussed below.

(a) Effect of particle size and metal-ion concentration. In the pre-
liminary work on column adsorption, only one particle size (20-50 mesh)
of XAD-7 was used. ‘Subsequent batch-adsorption studies showed that

the resin capacity increases with a decrease in particle size. The
effect of particle size on the breékthrough curve of Cu(II)} is con-
sistent with this observation. The results in Table XVI show that a
higher breakthrough volume can be attained %;yfesin of smaller particle_
size is used. In these studies, rather higﬁ concentrations of Cu(II)
were used in order to reach g:eakthrough within a reasonable volume of
sample. For practical purposes, however, the XAD-7 procedure is
developed for the preconcentration of ;g/L lebels of metals. At these
levels, a very large volume of solution-would be required to reach
breakthrough. The experiment was terminated if no breakthrough was
observed after 2.5 L of the sample had been percolated. In pract%ce,

the availability of sample and time restrictions almost always limit
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TABLE XVI. Breakthrough Volumes for Cu(II) on ! x 6 cm XAD-7 Column?

L]

Conc. of Cu(Il), Breakthrough volume (mL)
{mg/L) 20-50 mesh 60-100 mesh
0.00s Not observed Not observed
1.0 Not observed Not observed
10 . T 180 450

2 Column contains 1.0 g XAD-7, flow rate = 1.0 mL/min.
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the volume of sample to less than 500 mL.
(b) Effect of flow rate. The concentration of metal ions used in this
~study was 5 ug/L. For the divalent ions (Cd, Co, Cu, Mn, Ni and Pb);"
the pH was 8.0; for the trivalent ions (Cr, Fe), the pH was 5.0. .fhg
preliminary work had shown that at these pH values, the flow rate for
100-mL test samples had %ittle effect on percent adsorption.

' With thg exception of Cr(III), no breakthrough was observed
for sample volumes of‘uﬁ to 500 mL at flowratesof 1 to 4 ml/min. Thus,
fqr practical purposes, the flow rate of sample percolation can be as
high as 4 mL/m;n for 20-50 mesh resin, For 80-100 mesh resin, howevér,
a flow rate greater than 1 mL/min can not be attained by gravity feed
because of column packing. '

The effect of flow rate on the breakthrough of Cr(III) was
further studied at pH 4.3, 5.0 and 6.3 and two concentrations ‘of Cr(IID)
(0.5 and 5.0 pg/L). Whereas these Cr(I11) concentrations had little
effect on the breakthrough volume at a fixed flow rate, theiiffect of
pH was found to be largeh(Figure 24). At a fixed pH (6.3).the flow
rate also has an effect, although smaller (Figure 25). Over the pH
range 4.3 t0 6.3 and for flow rates from 1.0 to 4.5 mL/min, the break-
through volume is highest at pH 6.3 and 1.0 mL/min. These data likely
reflect the lower competition for resin sites by protons at pH 6.3
and the longer time for interaction with the resin at 1.0 mL/min.

The above results are somewhat different from those obtained
in the preliminary studies (seg Section III.1) which showed that
percent retention of Cr(III) was highest and constant over the pH

range 4 to 6 and that the effect of flow rate was minimal. The
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breakthrough curves show that pH 6.3 is optimal and that flow rate has
an effect.l The difference might be due partly to the fact that a
larger column (1.3 g, 1 x 7 cm). and smaller sample (100 mL) were used
in the preliminary studies, thus reducing the effect of flow rate.
¢
The kinetic problems associated with the determination of

fCr(III) are well-documented (155-159) and the low breakthrough volume
for Cr(III) compared to Fe(III) and thg divalent ions likely results
from a kinetic factor. In the analysis of water samples described
later, the flow rate was set at 1 mL/min to allow for better adsorption
of Cr(III). Although breakthrough would still occur, the method of
standard additions would still permit the determination of Cr(IID),
although with reduced sensitivity.

(c) Effect of ionic strength. The adsorption isotherm studies showed
that as the ionic strength increases, the adsorption of Cu(II} drops

to a lower level (see Section II.2 (iii) and Figure 17) . Therefore, it
was necessary to study the effect of ionic strength on the breakthrough
volume in anticipation of the preconcentration of trace metal ions

from seawater.

Solutions of NaCl adjusted to ionic strengths 0.01, 0.2, 0.5
and 0.8 at pH 8 were spiked with 1 ug/L of 64Cu and the breakthrough
volume for each solution was determined on both a 1 x 6 cm (20-50 mesh)
and 1 x 3 cm (80-100 mesh) XAD-7 column, at a flow rate of 1 mL/min.

No breakthrough could be detected at any ionic stremgth after passage
of up to 500 mL of the solutions. This suggests that high concentrations
of NaCl do not pose a serious problem.

In addition to NaCl, seawater contains other alkali-metal and
. . 11~
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alkaline-earth salts. To examine their effect, the experiment was re-
peated with test solutions containing natural seawater diluted with DDW,
The percentage of naturallseawater was 2, 10, 25, 50 and 100. Humic sub-
stances were first removed to eliminate their effect on the adsorption

of Cu(II) by XAD-7 (see Section (e) below). Each solution was adjusted
to pH 8.0 and spiked with 1 pg/L of 64Cu(II). No breakthrough could be
detected even after passage of up to 500 mL of any of the test solutions

1

through the 1 x 3 cm column. " The results of this experiment show that
the salts in seawater do not seriouéiy[affect the capacity of a 1 x 3 cm
column for the trace metal ions present in up to 500 mL of seawater.

(d) Breakthrough curves of alkali-metal and alkali-earth ions. . In

the preconcentration and GFAAS determination of trace-metals in natural
waters, it is desirable that alkali-metal and alkaline-earth salts not
be preconcentrated to a large degree with the trace metals, Significant
preconcentrations of these high-concentration cations wo;1d not only
reduce the number‘of resin sites for adsorption of trace metals (as
implied in the previous section) but a high concentration of these. )
salts in the acid eluant would also be detrimental to GFAAS measurement
of the trace metals,

| In this experiment, NaCl and CaClz, each at 10 mg/L, were

used to répresent alkali-metal and alkaline-earth salts, The break-
through volume at pH 8. for each ion was determined for a 1 x 3 cm

(80-100 mesh) and a 1 x 6 cm (60-100 mesh) XAD-7 column. For Na+,

I
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the breékthrough volume for each column was less than S mL; for Ca(If),

it was about 20 mL and 30 mL, respectively - much lower thaq that of metal
ions such as Cu(II) under phe same experimental conditions (Figure 26).
The breakthrough volume for Na® probably represents physical entrainment
of dissolved NaCl in the void volume of the column rather than adsorption
of the ion on the resin. The low breakthrough volume of Ca(II) suggests
that it competes less favourably for adsorptioz sites thén Cu(II). Thus,
once the alkali-metal and alkgline—earth salts entrained in the void

" volume of the column Wave been removed,‘the acid eluent containing

the trace metals should be relatively free from salt-matrix interference

for GFAAS measurements. 7 {

(e) Effect of organic (humic) substances.,” The bulk of organic matter
in natural waters consists of humic substances (7-11, 80, 83-85). These
are ;morphous, hydrophilic, polyacidic matkrials of molecular weight
ranging from several hundred to tens of.thousan S. These substances
are strong complexing agents and their presence in natural waters
could have a strong effect on the‘adsorptién-of trace metals on an iAD—?
column. Indeed, it was foqnd that in the presence of humic suﬁstanceé
(10 mg/L)} the breakthroqgh volumes for metal ions are qyite low, even
at their optimal adsorption conditions (Figure 27). |

In a separate experiment in-which Cu(Il) was used as a model
ion, solutions ranging in ionic strength from 0.01 to 0.8'(pH 8) were
spiked with 10 mg/L of humic-materials. At all i;nic strengths, almost
immediate breakthrough of Cu(II) was observed. Tﬁis'experiment

illustrates the detrimental effect of humic substances in solutions of

ionic strength comparable to seawater (i.e., ~ 0.70 (1)).

- ~
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The effect of the humic materials on breakthrough volumes is a
thermodynamic one, rather than a kihetic effect relating to possible

: ¢
low lability of the humate complexes. If the latter is true, then

~adsorption of metal ions should incredse with time to essentially the

same level obtained in the absence of the humics. This was not
observed, however, when a test solution (25.0 mL) at pH 8 containing
30 ug/L of Cu(II) and 10 ug/L of humics was batch-contacted with
XAD-7 resin.* Adsorption of Cu(II) reached 30% after about 30 min
ﬁnd remained at this level for up to 48 hr. The distribution ratio
was 21, which is much lower than the vélue of 329 obtained for Cu(II)
in the absence of humié materials. The rates of adsorption‘in both cases
were about the same, Similar observations were made for Co(fI), €d(II)
and Mn(II). Therefore, it is concluded that the édsorption forces are
too weak to cause complete displacement of the metal ions from their
humate complexes and thus the breakthrough volume is substantially
lowered.

To overcome the detrimental effect of humic substances in

the application of the XAD-7 procedure to the preconcentration of trace

metal ions from natural waters, a two-column technique described in

the following section was devised.

(ii) The Two-Column Technigue

As shown by the results above (and by low results for a Lake

Ontario water analyzed in this laboratory (160)), humic substances must

-
T

- *Before use, the solution was allowed to stand for 48 hr to permit

equilibration of the Cu(II) and humics; 0.500 g of XAD-7 (20-50 mesh)
was then added and the mixture was stirred and sampled for up to 48‘?r.



- absence of humic substances. Therefore; to obtain large preconcen-
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be removed from the natural water matrix before preconcentration by

*

the XAD-7 procedure .

Previous work in this laboratory (144) apg

oy

by/others (127,

128) had shown that humic substances in acidSolutig

n (i.e., pH < 2)
can be removed by passage through a XAD e metal ions -

are not adsorbed on XAD-7 at this lo precongen-

-

tration technique was developed in i the humic sia'Lances are

/)
first removed Py percolation of the acidified water Sample through
a precolumn of XAb-?, and the ‘trace metals in the effluent’are then
preconcentrated (after adjﬁstment to pH 8) on an XAD anélytical
column.

The effectiveness pf this two-coiumn technique is demon-
strated in Table XVII, in which the recovery of metal ions from a
synthetic solution by the two-column method and by the conventional
single-column method are compared, The effect of humic-subséance_
removalfas quite dramatic. Since natural water samples are stored
at pH 1.6-1.7, percolation through the precolumn is.the only

additional step involved and so the simplicity of the XAD-7

procedure is not significantly compromised.

(iii) Elution Recovery and Preconcentration Factor
In the context of the low concentrations pertinent to this

wgrk, the breakthrough volumes on the XAD-7 column are high in the

* Although water samples are stored at pH 1.6-1.7, at which acidity
the metal humates and_fulvates are dissociated, readjustment to
pH 8 for preconcentratioh on the XAD-7 column would cause at
least partial reformation of the complexes. Therefore, the humic
substances must be removed.
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TABLE XVIT, Recovery of Metal lons from Aqueous Solutions Containing

-“, o \D ] ]

7 :
Humic Substances by Si?ffe and Two-column Method?®.

Recoveryd(%)b

Th;;[ﬁ&ﬁﬁént : o : Singli:iylumn * Two-column
. L L
— \1 . o ( - \&a‘/
Fe(III) / : : 58 : ‘ ; 2

Cr(III) 37 - 8
Cu(II) 77 . ’\) 97
Pb(II) el T B - 94
: gﬁ}r) ' 81 - ' 101
. o . _
Co(II) ' 72 99 N
- man ' .93 ' \ 97
ca(in : - 73 99
/ -
. L‘E - ’ - . .
For 1 x 6 cm (60-100) mesh XAD-7 columns and 100 mL of test solutions-

containing 20 ug/L of each metal ion and 10 mg/L of humic

substances. Flow rate = 1 mL/min; pH = 6.3 and 8.0 for the trivalent
and divalent iong, respectively,. Metal ions were eluted with 10 mL
of 1% v/v HC1 (preconcentration factor = 10).

Results represent single determination onlyh
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.was either 1% v/v HNO.,

- column was used and the eluant was e1ther 1% v/v HNO
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tration factors, one'can-é{ggly use a IErge sample'size (e.é., z 1 litre).
Sgtple availability and time restrictions, hoﬁever, often limit the

sample volume to 100 or 200'mL.. A more fruitful approech is to reduce
the solvent e}ution volume. In this regard, the effects of column' size
and of resin particle size eﬁ the elution volume were investﬁgated.

(a) Effect of column-bed size. Elution profiles (i.e., fractional
chromatograms) for feverel hetal ions were determined as a function of
column-bed size. A resiﬁ mesh size of 80-100 was used and the eluant

5 OT 1% v/v HC1. |

’In Figure 28, the effect of column-bed size is demonstrated with

A

ey(II). Similar elution profiles were obtained for the other metal

vions. The volume of eluant required for quantitative elution is reduced
‘ v

as column size decreases. W1th alx3cmcolumn, 4.5 mL of the eluant

is adequate (5 nL in practlce) No attempt was made to reduce the

P

~ volume to less than 4.5 mL by use of an even smaller column, 50 as not

to compromise.the breakthrough volume and to avoid significant volumetric

 errors in the collection of small volumes.

- (b) Effect of'paiticle size, Elution profiles for several metal ions

were determined as a function of resin particle size. A 1 x 6 ch XAD-7

“«_ '

5 OT l% v/v HCI
I

The effect of particle size on elution is. demonstrated with

Cu(II} in Figure 29. . Similar elution profiies'were obtained for the

other metal 1ons The elution chromatograms are essent1ally 1ndependent

\nf\gifj:i:e size and elutlon i§ quantitative between 3 to 8 mL. The

difference in 1nterst1t1al volume due to the .difference:in partlcle

Ve A
51ze is hardly s1gnf¥1cant and does not affect the elut:on proflle

f ‘ | ' Lex
. . 4 .
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1

0.

Normalized absorbance intensity

1.0 — 20-50 mesh
B
0.5 |-
0 1
2 5 8
. l.of ] 60-100 mesh
0.5l
0 l ‘
2
- | .
r
5 =
k

-2 5 8

-~ Volume fraction, mL

particle sizes. Total mass of metal ions on column,
2 ug; mass of Cu(II){on column, 0.2 ug; eluant, 1%
v/v ‘HNO, or HC1; column size 1x6 cm, elution

rate = ? mL/min. : '

Figure 29.« Elution profiles ofFFu(II) from columns of different

1

121
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for removal of the entrained NaCl. No salf matrix interference was
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(¢) Removal of entrained sodium salt from the coluﬁn. In the analysis
of solutions of high ioni¢ strepgth by GFAAS, matrix interference by
light chttering from covolatilized sodium salts (i.e., non-specific
adsorption) is often encountered (23-26). In.seawater, NaCl accounts
for over 90% of the salt matrix and analyt; iéolation.from NaCl is

)

therefore a prerequisite.

- . y +
Previously, it was demonstrated that Na is not,

"ﬂ““”%dsorﬁed on an XAD-7 column. Nevertheless, a significant amount of

NaCl would be trapped in ghe column Qoid~volume and should be removed
prior to elution of thé-{race metal ions. Obviously, washing of the
column -should not lead to premature elution of metal ionms. 'Becausé

0.01 M NH4NO3 (pH 8.0) doés not cause élutién of the metal ions from

the column (Section III.1), it was used here to rinse NaCl from the

column (Figure 30). About 10 mL of the rinsing agent is quite adequate

-

{

encountered in the subsequeﬁt GFAAS measurement ?f the acid eluant.
Figure 31 shows the -eiutW\Cu(II) (in 0.70 M NaCl) is

not affected by prior rinsing of the NaCl with 10 mL of the NH,NO,

’ '

¥ . ) * ' . . .l * Ly \‘
solution. The elution profile is essentially the same as that in

Figure “28.

111.4 Applications l S

The XAD-7 two-column method was applied to both lakewater
and seawater samples. TOptimal conditions for adsorption, élution and
preconcentrafion were selected in accordance with the foregoing
discussion. Thus, the column bed-size was 1 x.3 cm, which allows

quantitative elution with 5 mL of 1% v/v nitric acid. The resin
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Normalized adsorbance intensity

1.0 T

o
7]
|

Figure 31,

TN

Volume fraction, mL

N\
Elution of Cu(II) from 1x3 cm XAD-7 column’
(80-100 mesh) by 1% v/v HNO., after rinsing .
column with 10 mL of 0.01M ﬁH NO_ . ss of

Cu(II) on column = 0.2 ug;\flow Fate\s 1 mL/min.
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!
mesh size was 80-100, which allows i higher column capacity and superior
packing (due’to a narrgcer size range). Flow rates fof® adsoi'ption and
elution were 1 mL/min. Resin sizes smaller than 100 mesh result in
~flow rates that are too low to be practical. The test solution was
adjusted to pH 8 which is optimal for the divalent ions and a little
less so for the trivalent ions. A separate aliquot adjusted to about
PH 6.3 yields a higher recovery of the trivalent ions but requires more
time and sample.

The water samples were stored at pH 1.6-1.7 in polypropylene
bottles. Little adsorption of metal ions onto container walls occurs a
at-this pH over long pef?%&g of time. Also, organic complexes (mainly
humates and fulvates) of the trace metals are effectively dissociated.
As noted above, the sample is ready for passage through the precolumn

. 1
to remove the humic substances.

P
(1) Application to Lakewater

1

Before application to natural lakewater, the two-column pro-

cedure was tested on a synthetic freshwater sample, Recovery of
\ .

the various trace metals in the synthetic lakewater is shown in

Table XVIII. The results for the divalent ions’afd, in generai,
satisfactory. The’result for Fe is somewhat high and not Qithin
experimental error of GFAA§. It is likely the résuit of contamination.
The result for Cr is loﬁ._ The deterﬁindﬁi?n of Cr by the XAD-7 pro-
cedure is a general probleﬁ,and is addressed in more detail below.

The two-column méthod was next applied to two Lake Ontario

water samples, identified by the Canadian Center for Inland Watérs

(CCIW) as taken from Station 302 and Station 14. They were preconcen-
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TABLE XVIII. Analysis of Synthetic Freshwater by XAD-7 Two-Column Method®

Element Ma;s added to 200 mL(ng) Mass recovered (ng)
Fe ' ‘ 200 265 = 17
cro 200 92 + 9
Cu ' 200 240 = 40
Pb 200 224 + 58
Ni ’ .200 ' 196 = 17
Co 200 N 180 ¢+ 6
Mn B 20.0 18.0 + 1.5 .
Cd 20.0 18.3 £ 2.3
a

The precolumn and analytical columes were 1 x 3 cm (80-100 mesh);
test sdlution, 200 mL containing 10 mg/L of humic substances,
electrolyte, 0.01 M NH,C1 at pH 8.0; elution, 5.0 mL of 1% v/v
‘HNO, (preconcentration factor: 40.0); flow rates = 1 mL/min.
Reslilts and standard deviations are based on triplicate determin-
ation. A standard calibration-curve was used.
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~

M

trated 40-fold (200 mL tjo S mL) and measured by GFAAS,  Both the

a
—_—

standard calibrqtion curve method and the method of standard additions

were used. For compqrison purposes, these samples were also precon-

centrated (8-fold)-By the accepted Chelex-100 method Prior to GFAAS
measurement (by calibration curve). As an additional check, those
metal ions of sufficiently high concentration were measured directly
by GFAAS (calibration curve method) without preconcentration. The
data are given in Tables‘XIX and XX. Except for Cr and Mn, the results
by the various mefhods are in satisfactory agreement, considering
the low levels of concentrations under consideration.

A poimt of note ig that the 8-fold precoﬁcentration factor
associated with the .Chelex-100 method islhot-adequate for the low
level of Co in the samples. The low preconcentration factor is a
direct-consequence of the large volu;e‘(i e., 25 mL) of 14% v/v HNO
required for elutlon of the metal ions from the column.

With regard to the XAD-7 two-column method,'the data oﬁtained
by the ‘method of standard additions confirms the data obtained by
the callbrat1on curve method (except for Cr and Mn). This is a signifi-
cant result because the use of the calibration curve’ method is obviously
preferable since considerable amounts of both sample and time are
spared. These are of?en major considegations. The reason that the
calibration cu:ve méthod can be used with the iAD-? column is due to
the prior removal of humiz ststances'by_the precolﬁmn. The humics
are not‘present to cause inte;ference in the subséquent preconcen-

-~

C T
tration stép carried out on the analytical column. In this respect,
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TABLE XIX. Analysis of Lake Ontario Water, CCIW Station 302
Concentration (Eg/gla
XAD-7 Two-Column Methodd
Element Direct GFAAi; Chelex-100° Calibration Curve SAM
= %, .

Fe 5.14 =+ 0.31 .53 £ 0.72 4.94 + 0.55 .60 + 0.48
. Cr 1.13 + 0.19 .31 & 0.07 0.50 + 0.12 .00 £ 0.12
.Cu 1.18 + 0.19 _ 17 £ 0.41 1.95 + 0.07 .41 = 0.22

Pb P .41 + 0.04 0.64 + 0.18 .78 + 0.09

Ni <3 .38 + 0.11 1.47 + 0.26 .71 £+ 0.06

Co < 1 . < Q.l 0.093+ 0.017 .085=+ 0.018

Mn 0.89+0,08 .72 + 0,04 0.125+ 0,011 B0 + 0.02

cd < 0.1 .031+ 0.002 .004 .047x 0.010

0.038+

0.013 absorbance units (i.e.,

of GFAAS).

Al x6cm (100-200 mesh, N
sample were used.
electrolyte.

0.01M NH

+
H
46Ac

Flow rates

= 1 mL/min.

Means and standard deviations are based on triplicate determinations.

The symbol < means less than the concentration which corresponds to
3 times the absolute sensitivity, 0.0044,

form) Chelex-100 column and 200 mL of
at pH 5.4 was used as the buffer
Metal ions were eluted with 25.0 mL of '14% v/f HNO
(preconcentration factor 8.0).

3

Experimental conditions were the same as those described for Table XVIII.

-

t
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TABLE XX. Analysis of Lake‘Ontario Water, CCIW Station 14
Concentration (ug/L)a i
. XAD-7 Two-Column Method"
Element Direct GFAASP Cherex-100° Calibration Curve SAM

Fe 4.29 + 0.32 4.51 1 0.40 4.20 + 0.18  5.50 + 0.86
Cr 1.56 + 0.23 0.46 + 0.07 . 0.57-+ 0.03 1,17 + 0.04°
Cu ' 7.40 £ 0.11 6.67 £ 0.66  -6.75 + 0.18  6.39 + 0.23
Pb N © 0.28 + 0.04 0.38 £ 0.06  ©0.34 + 0.01
Ni <3 Y 2.32 1 0.32 2.30 £ 0.18 . 1.83 + 0.22
Co - <1 < 0.1  0.032: 0.002 ° 0.031: 0.019
Mn 1.26 ¢+ 0.14 T 1.13 £ 0.03 0.148='_b.ozs 1.07 + 0.02
cd < 0.1 ' 0.026+ 0.002 0.033s 0.011°  0.032% 0.017

Means and standard deviations are based on triplicate determinations.

The symbol < means less than the concentration which corresponds to
0.013 absorbance units (i.e., 3 times the absolute 'sensitivity,
0.0044, of GFAAS). ' y

Experimental conditions were the same as those described for Table XIX.

‘Experimental conditions were the same as those described for Table XVIII.
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it is interesting té note that the calibration curve was also used in
the Chelex-100 procedure The standard. practice in preéoncengration
by Chelex-100 is to use standard additioﬁs bﬁt hgre again, the data
suggest that standard additions may not be necessary. 'In the future,
it would be good practice foé investigators to try both calibration
procedures and if the results yielded by both are in reasonable
agreement, to continue with only the calibration curve method, which
1s more convenient by far.

The results of the direct analysis for (total) Cr and Mn
provided a basis to assess recovery of these metals by the various
preconcentration metﬁods. From Tables XIX and XX,{ it is obvious
that Cr can not be quantitatively recovered by either the XAD-7
calibration,thve or Chelax-100|method*. SeQEfQI investigators
haﬁe attributed low Cr recover& to slow reaction kinetics (155-159)
-and have recommé#ded the methoé\of standard addis}ons as a means of
compensation. With the XAD-7 method, application of the standard
"additions method does yield improved data (compare direct GFAAS and

L J

SAM results in Tables XIX and XX)}. For chrdmium preconcentration,
the standard additions method is mandatory. . )
While problems with the preconcentration of Cr{III)-are well

recognised, the real surprise was the data for Mn (see Tables XIX and

kn natural waters, Cr(III) exlsts in equilibrium with Cr(VI). R
acidic waters, hqwever Cr exists as Cr(III) (155-159 161) S

- -
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XX). The XAD-7 calibration—cur}e method yields jéry low Mn recovery
(11-15%) compared to the Tesults by Chelex-100 and airecg GFAAS.
Siénificangly; the XAD-7 calibratioﬁ curve method yields good recoveries
6f Mn(II) in the séawater samples discussed in the’foliowing section. °*
This observation indicates that Spec1a1 c1rcumstances obtain in the
lakewater samples which affect the XAD-7 calibration curve method but
not the Chelex-100 ca11brat10n curve meth:;\ Becalga_jﬂe XAD-7 '.‘
preconcentration with standard additions is a compensat1ng procedure
the. effect is not observed whenthls calzbratlon method is used

. It is tempting to suggest that the Mn(II) in the lakewater
is partially bound by a ligand giving a Mn(II) complex which is ~
thermodynam1ca11y or kinetically 1nert to XAD-7 but not to Chelex-100.
-This would have to be a ligand which is not removed from the acidified
sample by the precolumn and which would reform the complex when- the
pH is raised foF the analytical column, Also, the ligand would need-
to be specific for Mn(II) because the other ions are not‘hffécted.
It is difficult to imagine such a specifi; ligand-énd so this
possibility does not seem to be a likely one.
B A better possibility is that a higher oxidation state(s) of
or to Mn(III}-

2
followed by disproportionation to Mn{II) and Mn(IV), are processes

Mn is involved. For exaﬁplé, oxidation to MnO

consisteqt'with the oxic nature of the western basin of Lake COntario

from where the samples were taken. Presumably, MnO2 is held by
Chelex-100 but not i:_y XAD-7.
The Mn-pr concentration problem is interesting and worthwhile

t

elucidating becayse important implications with regard to speciation T

4
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are “involved. Thus, the different results by Chelex-100 and the XAD-f
calibration curve method indicate speciation of Mn. Speciation is

also indicated by the different results from the XAD-7 calibration curve
‘and XAD-7 staﬁdard additions pTocedures. Once thé_exact nature of the
Mn speciation is discovered, then the general appli;ability of these
speciating devices could be tested. The outcome could progide an

important contribution to speciation studies.

(ii) Application to Seawater

The two-column method was_tésted with Seawater Referencé
Material, NRC NASS5-1. A calibration curve rather than standard additions‘
was used. Volume of sample ranged grom'ZOO.to 500 mL to give
preconcentratioﬂ factors of 40 to 100, respectively. Preconcen-

tration by 100 is required especially for Co. The preconcentration

was done at pH 8. - - R Cf
: . C e
The results are given ble XXI, together Wlth ﬁ%&jﬂﬁ% .
reference dat/The NRC data regresent the weighte /average of resuth
{

obtained by several dlfferent methods of preconc fion and measure-

\\\\\\%\Tiét. Except for Cr, the results by XAD-7 preconcentration a Q'inhﬁgod
; LI

-

Rl agreement with the NRC data. optimal pH

T the trivilent ions is
? -

6 but the Cr result at pH 6 s not 51gn1f1c tly 1mproved\\ The method

of standard additions is req_ired for C t was not used here becausec;;'7"

o~

_of the high cost of the reference materiual.
: t{///ﬁédpointed put in the previous. section, the two-column cali-
bratfon method returns a reliable value for Mn in seawater. 'This

observation is alg§ apparent in the analysis of the Nova Scotia

/_,\;Jj (Sandy Cove) coastal seawater (Table XXII), in which the three results

P
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TABLE XXI. Analysis of Seawater Reference Material,

NRC NASS-1, by XAD-7 Two-Column Calibration Curve Method

& ]

ﬁ},r—~
Element Concentration® {ug/L) NEC datab (ug/L)
~
' Fe T 0.253 % 0.016 0.192 ¢ 0.036
(0.214 : 0.050, pH 6.0) )
cr A T 0.077 + "0.008 0.186 ¢ 0.016
ol > (0.084 & 0.002, pH 6.0)

Cu : 0.108 + 0.018 © 0.099 : 0.010
Pb . 0.043 & 0.005 0.039 & 0.006
N o 0.245 & 0.044 0.257 : 0.027
Co 0.007 + 0.002 0.004 & 0.001
 Mn | 0.025 .+ 0.004 '  0.022 + 0.007
Cd\\) ' 1 0.025 & 0.003 ' "0.020 + 0.004

F

“

Experimental conditions were the same as those described in Table XVIII
except that the analytical columns were rinsed with 10 mL of 0.01 M_
NH4N0 prior to elution. The results represent the mean and standard
devia%ion for four results, two each with a preconcentration factor of
40 and 100. B ‘ :

~Results expressed as mean : 1.96 standard dewitions.
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for Mn are in reasonably good agreement, Since economy was not a
factor for this particular sample, analytical checks were.done bf #he
XAD-7';wo-c01umn standard additions and the Chelex~100 standard }
- addition methods., 'Presumably, in the seawater samples, the oxidizing
(or coﬁplex;ng] int ferencefs} in Léke Ontaric waters is not present.
The analytical data in Table XXII for the other metals are also in
good agreement, except for the Cr value obtained by th; XAD-7 calibration
curve procedure. The standard additions procedure with Chelex-100 and
XAD-7 yield Cr-vélues in good agreement. '

In summary, with the exception of Cr and Mn in lakewatér and
Cr in seawafer, the‘XAD-7 two-column technique using a standard

»

calibration curve yields reliable data for total (soluble metal) in
these natural waters. Furyhermore? a_;ombination of preconcentration
media {(i.e., Chelex-100 and EAD—?oresiné) and calibratidn methods
(calibration curve and standard additions) can indicate speciation .
‘of a ;etal. Compared to 'the Chelex-~100 method, thé XAD-7 column is
cheaper and eas%pr‘to pack and.condition, the resin does not shrink or
swell with changes in pH or ionic strength, is'stable over the entire
pH range aﬁd doés not deteriorate with time.--Also tﬁe-smaller volume
and lower concentration requlred for elution (5 mL of 1% v/v HNO
versus 25 mL of 14% HNO3 for a 1 x 6 cm Chelex-100 column), leads to
larger preconcentratlon factors and lower.blank values. The

technique is especially attractive for the preconcentration of un-
polluted natural waters (e.g., opén-ocean-Seawater) where trace metals

exist at very low levels (e.g., ng/L levels).
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Table XXII. Analysis of Nova Scotia.(Sandy Cove) Coastal Seawater :

| . Concentration (ug/L)a ) ‘
Element Chelex—loob T XAD-7 TWo-Colummé
SAM- Calibration curve . SAM
Fe 3.9 + 0.08 ° 3.49 0.36(pH 8.0) 4.20 & 0.23
Cr 0.52 + 0.02 015 + 0.02(pH 8.0) 0.45 + "0.06
Cu 1.10 :+ o0.10 1.14 + 0.06 1.18 = 0.06
Pb 0.3 : 0.08  0.35 ¢ 0.07° . 0.36 & 0.02
Ni  0.43 + 0.04 0.42 & 0.04 . 0.37, ¢+ 0.04°
Co <02 ©0.011 = 0.003 0.017 ¢ 0.005
Mn 095 & 0.04  0.83 & 0.08 ' 0.78 & 0.08
cd .- 0.038 + 0.006 0.044 + 0.004 © 0.088't b.007

Means and standard deviations basedon triplicate determinations.
. . e

Experimental conditions.were the same as those described in Table XX,
except that the analytical columns were rinsed with 10 mL of DDW and
10 mL of 0.0IM NH4pAc (pH 5.4) prior to acid elution.

Experimental conditions were the same as those described in Table XXI.
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(iii) Statistical Analysis of the XAD-7 Two-Columh Method

(a)- Detection limits and analytical blanks. The detection limit is the
smallest amount of concentration that can be measured with a high degree
of certainty. The instrumental detection limit is often defined as the analyte
concentration that gives a signal io noise ratio of_; (162, 163). . \
For a complete analytical procedure i%volyihg several steps . such as separa-
tion or preconcentration plus\inétrumental measurement, the detection limit .
of the overall chemical procedire is more useful and is defined as that con-
centration that,corresponds to thg blank signal'plus three standérd deviations
of the signal (19, 163)" Afte:'gu traction of ihe blank, theihetection limit -
is that cgoncentration that correspfnds to three standard deviations of the
blank signal. Thus, in trace and.dltra—trace.analysis, the detection limit
of d particular chemical procedure is often governed by the analyticéllblank
(i.e., the level of contamination) and proper use énd interpretation of
analytical blanks are important in such work.

In this work, analytiéal blanks were obtained by subjecting
appropriate aliquots of distilled deionized water (DDW) to the same
chemical preconcentration procedure as the.aliquots of the real -
sample. Fhe standard calibration curve or stﬁpdard additions method
was used in the GFAAS méasuremeﬁf and the blank values so obtained
were fhen used fo;,éérre;tion of the analytical results. Values of
., the analytical blanks for the XAD-7 two-column and the Chelex-100
procedures are shown in Table XXIII. The values ére the average of
many dé¥erminations over a span of aﬁout eight months and f;;resenf

the average level of contamination that can be expected for the

corre5ponding preconcentration method performed in this laboratory.

The significantly lower values of the XAD-7 method are probably.a -

'*.Mathematically, the detection limit is: - D.L.(conec,) =(Blank Signal) x 3§
- . - Slope
. g.
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TABLE XXIII. Analytical Blank Values for XAD-7

ui‘wo--Column and Chelex-100 Procedures

137

Concentration (ug/L)

Element Chelex-lOOI _‘ XAD-7 Detection limit of a
XAD-7 method
Fe 1.3 + 0.2 0.20 + 0.07 0.21
Cr 0.16 + 0.08 . 0.02 = 0.01 0.03
Cu 0.4 ¢ 0.1 - - 0.09 & 0.02 0.06
Pb 0.4 + 0.1 0.03 + 0.01 0.03
Ni 0.6 + 0.1 0.06 ¢ 0.02 0.06
rCo - . o.004: 0.001. 0.003
"Mn 0.2 + 0.1 0.008 + 0.003 0.009
cd 0.02 + 0.01 0.004 ¢ éo,oo1 0.003

Detection limit .is defined as three standard deviations
of the, blank value.

/‘"

£
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consequencte of the lowerxﬁmounts of reagents require&. For the XAD-7
method, the environment is probably a significant contributer to con-
témination; The analytical work was performed in a laboratory
equipped with é laminar flow clean-air station (see EXPERIMENTAL
SEQTIONi and some environmental contamination should be refiected in
the results. If a clean-room facility yfilding a “class-100" environ-

ment was available, lower blank-values would be expected (19,164).

Although the detection limits of the XAD-7 method (Table XXIII) lie

- well below the concentratibns of metal in the lakewater and coastal

seawater, they approach in some cases the coﬁcentragion in open ocean
{deep) ;eawater and indicate clearly the requirement of a clean-}oom
facility for such levels. \

{(b) Precision. Ip general, the analytical results by_t e XAD-7 -

two-column method with GFAAS measurement carry uncertainties of around

" 10-20% (based on one standard deviation,of triplicateyor quadruplicate

determinations). If the analyte concentrations are extremély low as
: ) - ®
in the NASS-1 spawa;er\yeference (Table\iXI), the uncertainties are °

near the upper end of the range (i.e., 20%),. If the analyte concen-

trations are relatively high as in™the Lake Ontario sample (Tables XIX

t

and XX), the uncertainties are closer to TO%. *he_magnitude of these
uncertainties is of the same order as tho§é*by\g§hé2 precbncentratiqn
métﬁods such a; chelating ion—excﬁange 116,51—58) o; solvent
extraction (16,45-50), in _trace metal applicatioﬁs. *

(¢) Accuracy. Since the XAD:7 two colum; methpd has beén'applied to a

seawater reféfencg material (i.e., NASS-1), the accuracy of the method

can be assessed using the Stugent's/f/test, where

-~

P
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‘t":: IE—HI-'I\ ‘ s
s (13)

the average value of the finite series; -
.

and x
. .
u = the average' value of the infinite series (i.e., the standard
reference résult)J

- s = the standard deviation of the finite series;

n = the number of measurement in the finite seqigs.‘

-

Table XXIV shows that with the excepfion‘of Cr, all XAD-7 results
are acceptable at the 99% éonfidence lével and, with the exception of Fe
and Cr, at the 95% confidence le;el; fhat is, the ﬁASS—l values with the
exceptions notgg; fall within the range defined by the mean XAD-7 result "
¢+ <> for thé 99 and 95% comfidence levels:

(d) F;ést of significant éifference between methods.' In Sections 1II.4 "”ﬂ\\
(i) and 4. (iii, comparisons were made between results bﬁtainéd by the

-

Chelex-100 method-ibd by the XAD-7 method, as well as begyeen reSults
obtained by the XAb-? calibration curve and the standard additions
methods. {see Tables XIX, XX,_XXII)."WhiIe comparison can be made based
on expe?ience';hd common sense, it is desirable to establish a
statistical criterioﬁ;i-Aécordingly, a test of.sighificant‘difference

"(between methods was dqéé using the Student's t test. The two means

- under consideration are iland x, and the associated standard deviations
for the two series are Sy and Sy The fespective number of measure-

. L N
ments made in each series is given by n, and n,. For the two series, a
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TaTe XXIV. Test for Accuracy of XAD-7 Two-Column

Method Using Calibration Curve

3

Concentration (ug/L)

Element ~  XAD-7 two-column ~ NASS-1 "t calculated®
~

Fe 9.233 + 0.016 . .  0.192 5.12

Cr . <.0.077 + 0.008 , 0.184 6

cu 0.108 + 0.018 0.099 B 1.00;>”
Pb 0.043 + 0.005 ' 0.039 1.60

Ni 0.245 + 0.044 0.257 0.54

Co 0.007 + 0.002 ©0.004 ‘3.90
Mn 0.025 + 0.004 0.022 1.50

cd 7 0.025 = 0.003 0.029 . 2.67

\ J :

2 value of t = 3.18 at 95% cd&fidence level and n = 4; t = 5.84 at 99%
level and n = 4.

.)/
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-
value of t is found from - L
‘ X, =X n.n . .
5 n,+n, .
where the value of a poeled.S is given by’ v
= 5\2 -,2
I(x. ,-x.)%+I(x. ,-x.)
S = 1,1 71 i,2 72 (15)
n1+n2—2

In the above procedure, it isrequired that the values of sl_and S, are

c

2
shown not be be significantly different by the F test, where -~
- 2
. sl

The F test and the t test were usedjto compare the results for the
Lake Ontario water (Station 302) obtained by thé XAD-7 standard additions
an& the calibration curve methods (Table XXV). Also, the results for
the Sandy Cove coastal seawater by the Chelex-100 method and both XAD-7

methods were compared (Tables XXVI and XXVII).

L ]
+

As expected, Table XXV shows that the means for Cr and Mn
obtained by the calibratiqp-cunvé method differ significantly from
those obtained by the method of standard additions. The reasons for
this have been discussed earlier. Otherwise, there is no significant.
difference in the means (t tesf) and the standard devi?tions‘(F-testi
obtained by the two calibration methods at the 99% confidence level t,'?
(and, with‘}pe exception of Cu, at the 95% confidence level). A
similar comparison was made for the Station 14 Lake Ontario water.

—_—

With the exception of Cr and Mn, there is no significant difference

R 7

—
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TABLE XXV. Comparison of Analytical Data for Lake Ontario
Water (Station 302) by XAD-7 Calibration Curve and Standard
Additions Methods: Test of Significant Difference
Concentration fug/L)
Element Calibration Standard F t b
curve additions calculated calculated
Fe 4,94 + 0.55 5.60 + 0.48 1.56 1.55
Cr 0.50 =+ 0.12 ~1.00 £ 0.12 1 5.10
Cu 1.95 + 0.07 1.41 = 0,22 9.88 3.13
Pb  0.64 + 0.18 0.78 + 0.09 " 4.00 1.22
_____I:Ji 1.47 £ 0.26 1.71 + 0.06 188 1.54
Co 0.093+ 0.017 0.085+ 0.018 1.12 0.54
Mn 0.125% 0.011 0.80 + 0.02 3.30 * .51.6
cd 0.038: 0.004 0.047+ 0.010 6.25 1.38
-
% values of F with reference to cohfidence levels of 95% (n_l,n2 = 3,3):
19.0; 99% (nl,n2 = 3,3):- 99.0. . . «
b Values of t with reference to confidence levels of 95% (n1+n2 = 6):
2.78; 99% (n1+n2 = 6): %.60.
. 4
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TABLE XXVI. TESt of ‘Significant Diffefféz; between ChelexE}OO Scapdar&_ :
Additions and XAD-7 Standard Additions for Sandy Cove Seawater
‘ .
2
Concentration (ug/L)
Element Chelex-100 XAD-7 ~ F a ot b
: ({SAM) (SAM) calculated calculated
Fe 3.96 £ 0.08 ‘4.20 + 0.23 8.26 1.72
- - .

Cr 0.52 + 0,02 0.4%5 = 0.06 . 9.Q0 1.92

Cu 1.10 + 0.10 1.18 ¢ 0.06. 2.78 1.19 .

Pb . 0.34 + 0.08 0.36 + 0.02 16.0 ‘ooa2 o0

. 4

Ni 0.43 = 0.04 0.37.£ 0.04 1..00 + 1.83

Co <0.2 © 0.017% 0. 005/—/ - -

Mn 0.95 £ 0.04 78 - + 0.08 4.00 3.30

Cd 0.038+ 0.006 0.048+ 0.007 1.36 T 38 1: N
. ™~
2 Values of F with réference to confidence levels of 95% (n n, = 3,3):

19.0; 99% (nl,n2 = 3,3): 99.0. '
b Values of t with reference to confidence levels of 95% (n +n2 = 6):

2.98; 99% (n1+n = 6): 4.60,
¢

My
Voo
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TABLE XXVII. Test of Significant Difference between Chelex-100 Standard

-

Additions and XAD-7.Calibration Curves for Sandy-vaé Seawater .

a.

v

_ Concentraiion (ug/L) ' - o ’7.
+ Elemérit, Chelex-100 XAD-7 . . BN I, ‘ t
(saM) = - }é;libration curve): " calculated® calculated”
’“"?E/f 3.96 + 0.08 - 3.49 2.0.16 400 2.53 (:
)“§\b T Qi, *' o.sz.; 0.02 0.15 £ 0.02 - 1.00 - 22.7 1,
Cu .l‘1;10; 0.10 145006~ . 2.75 . 0.62
Pb 0.34 + 0.08  0.35 : 0.07 . | 1.30 ) 0.1;\\\\f“
Ni ~  0.43 +.0.04 0.42 + 0.04 1.00 T o
Co T «.2 0.011+ 0;063 T -
)h\ Mn - . 0.95 £ 0.04 0.83 + 0.08 - 4.00 2.46
TN cd 0.038+ 0.006 0.044+ 0.004 ' - 2,25 -1.48

.

e

N

Values of F w1th reference to conf§dence levels of 95% (nl,n2 = 3,3):
19.0, 99% (n = 3,3): 99.0.

:f..
S~ -
Values of t with reference to confidence levels of 95% (n 1ty = 6):
2.78; 99% (n +n, = 6): 4.60. )
. [
N
\
—
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=

\ . - -
at the 99 and 95% conﬁij:nce levels. Therefore, the apparent signifiCj:i
2N

n-302 Cu mean at the 95%-confidence level is

difference for the St

.

inconclusive. {_

As indicated by Table XXVI for the analysis of the Sandy Cove

coastal seawater by the Chelex-100 and XAD-§ standard additions methods,
there is no difference in the means and stafidard deviations at the

99% confidence level and, with there;cep;’on of Mn, at the 95% confidence

- level. Finally, Table XXVII shows that for the analysis of the same

water sample the mean for Cr obtained by the Chelex-100 SAM method- ‘

differs significantly (as expected) from that obtained by the XAD-7
calibt@ti@p,curve method. Otherwise, there is no difference in the two

setsiof-reéults.a;\Both the 99 and 95% confidence levels.

"(iv) Method of Standard Additions:()Eggg;t of Incomplete Reaction of

Spike

¢ ‘ In the INTRODUCTION, it was noted that the method of stan&ard

additions (SAM) cannot be used without care in the preconcentration of trace

metal om natural waters. In natural water samples, the analyte

1 : ’ .
spike may not be completely equilibrated with the sample matrix before
. [n .
the preconcentration step. The application of SAM in these circuméppnces

could lead to an erronecus estimation of the'zgggl {soluble) m;%a{;
concentration. In this Section, the‘relationship between analyte \\\t‘
concent;atiéﬁ‘takeﬁ, tﬂé analyte concentration recoVered, and the -
degreefOfT;eaction‘df the spike with the matfix components is illustrated

by means of a simple model. This model takes into account,thé’?raction

of reacted spike plus the priginal analyte transferred to the'ﬁréconcen—_

- tration phaggtﬂj> . -~

PR .
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-

In the model, the sample solution is Essigned a total analyte
me£a1 (Maj'conceﬁfration of 1.00 ug/L. The analyte metai is asgumed to
,babdistributed between the ionic fi.et, free) and complexed forms. -

Sgﬁour aliquots pf‘thé sample solution are taken and after being Spiked
with a kpown amoUnt‘(Ms) of the analytelmetal, contain fiﬁal'sﬁike

. concentrations of 0.00, 1.00, 2.00 and 3.00 ng/L. The total anal
(Ma plus Ms) is then subjected io a precqncenfration proFedure.' It
is between the time of spike addition and completion of the precon-
centration step that MS can react with mat?ix cogggpents. Tﬁe model
is concerned particularly withthe degree of reaction of the sPiEE

with a ligaﬁd; L, during thi ime interval. In a real sample,

i

several different ligands can be present that form metal complexes of
various labilities’but 0 keep the model simple, only a single ligand,
L, is congidered. For the time intérvgl, the following degrees of
spike'f?action (bSR) with L are assigned: 0,-25, $0, 75 and 100%.
For DSR = 0, W& of the M, has y:t reacted with L; for DSR = 100%,
Ms has.come\}q complete equilibrium with L (whether tﬁe'equiiibfi
constant be high or 1ow) and is no longer Qistinguishable from M ;/
.The following reaction (charges smitfed). depicts this situation:
.

(h'l.a+MS)+.L‘-_.,-- (LML) (KD . . an

For intermedi e values of DSR, only\a/ portion of MS has participated

4' . -
in the reag ) L. Thus, for D 50%, hadf of the Ms ions
or have-dissociated *

from M_L and 'sb are indistinguishgble from M, . “fThe remaining half have

-

ot been. complexed to L at all and-in this sense are distinguishable

. ‘ N




\

.

. from M, ions.

-

° In the calculation of the'combined amount of added spike and

T -

orlglnal analyte that is recovered in the precohcentration step, the

portlon of spike unreacted with L is differentiated from the portién of

reacted spike (and from the original analyte); it is assumed that the

separation method is efficient:enough to achieve quantitativé separation
Ry

of unreacted spike. In contrast, for the portion of reacted spike

and for the original analyte, the degree of separation is unknown,

- +

because it will depend on the stability constants, concentrations'and
rates of reaction of the species involved, as well as temperature,
pH aqﬁ 9ther reaction condltlons Therefore, in the model the total
amount ‘of added spike and original analyte that is separated at ecch

value of DSR is simply calculated for a range of fractions (Ft) of

. reacted spike plus original analyte transferred in the separation step.

. Nine values of Ft have been chosen (from 0.001 to. 0.999) and so nine

standard-additions plots can be constructed for each value of DSR.

N

Table XXVIII shows the calculation for tﬁe construction of the lime

represented by DSR = 50% and F, = 0.50. ® plot of the combined re-

covery [last column) against spike concentration added (first column)

R T ‘ . w
' gives a SAM line that 'yields 0.67 ug/L as the original concentration

of analyte (1.00 ug/L actually.present) when extrapolated to the X
axis. For 51mp11c1ty, the inStrument response is assuﬂed to be a
linear function of concentratlon and is plotted as comﬁlned spike and
anajyte concentration found. The degree of preconcentration is not

included in the calculation since it would.simply involve multipli-

cation and eventual division of the same number (the preconcentration

(

Yo
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Table XkVIII. Calculation of Combined Spike and Analyte Recovery

for DSR=50%, Ft=0'50; Original Analyte Concentration = 1.00pg/L

Concentration (ug/L)

Unreacted Reacted Combined spiié
Spike spike -spiked Analyte and
added recovered recovered recovered analyte recovered
. . .
0 0 0 1.00x0.50° 0.50
1.00 0.50% 0.50x0.50° 0.50 T 1.28
2.00 1.00 'i..00x0.50 0.50 2,00
3.00 1.50 1.50x0.50 0.50 2.75
a

For DSR = 50%, reacted spike = 0.50 ug/L and so unreacted spike = D0.50

ug/L. 100% recovery of unreacted spike gives 0.50 wug/L.

b N -
For Ft

For Ft

0.50, recovery of reacted spike = 0.50 x 0.50. .

0.50, "analyte rgcovefy = 1.00x0.50.
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factor). -
Table XXIX recphdds the analytical estimates of the originai

analyte concentration for various combinations of DSR and Ft' Each
-

value is derived from calculations as shown in Table XXVIII/%pﬁ the
corresponding SAM plot. It should be noted that the range QE\Fi values

corresponds, for example, to distribution ratios ranging from 10_3 to

3 . * . .
107 for a solvent extraction process involving equal phase volumes.

Strictly speaking, however, Ft is the ftaction of reacted spike and

original analyte transferred to the second phase in any two-phase
separation procedure, whether or not equilibrium exists,.
. .-
As already observed, complexing species in natural waters

range.from simple unidentate ligands such as chloride and hydroxide

~

to aﬁ&zg:fcids and high molecular-weight polyfunctjonal molecules such -
as polypeptides and humic materials. Trace metafg}existsin these

media as aquated ions and as labile, moderately labile, and non-

labile complexes and és colloidally-bound metal (inert).

In the analysis of natural waters(for the total {soluble)
™~

. - . ! - ) - y -
concentration of a particular trace metal; the determination is fre-

!

quently made by GFAAS or by ICPAES in conjunctioh with SAM and a
preconcentration step. The relevant equilibria can be depicted simply

as: -,

k ‘
1
—
Ma+L = MaL (KL) ' (18)

k—1

*Solvent extraction is often used as a preconcentration technique, as
-stated in the INTRODUCTION.

e i e Pt Atd it s o w1 g

L e e e e

Ll
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Table XXIX. Recovery (ug/L) of Original Analyte (1.00 ug/L)

as a Function of DSR—dnd Ft

4/f‘ﬁ\\ " DSR (%)

-
Ft ) |

Oj)/L_ 25 ' 50 75 100

vy Y .

- y .
001 0.00%//;:///0fb01 002 0.004 1.00
.010 0.010~" o0.013 ~ 0.020 0.038 1.00
091 70001 0.12 0.17 0.28 1.00
.24 0.4 0.30 0.39 - 0.56 1.00
.50 ©0.50 7 0.57 0.67 0.80 1.0
.76 0.76 * 0.80 o 0.86 . 0.93  1.00
.91 0.91 0.93 0.95 . 0.98 1.00
.990 7 0.99° 0.992 0.994 1;00; 1.00
0.999 ' '0.999 0.999 " 0,999 1.00 1.00

—
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(19)
(20)
M_+R v___-—z"‘ MR (Kp) (?1) .

where L denotes a natural ligand, R the separation agent (e.g., a solvent-
extraction reagent or an ion-exchange resin or XAD—7); KL and ﬁ; are the
relevant equilibrium constants and kl’ etc., represent the appropriate
rate constants.

| The main concern in total trace metal determination‘is the
problem of whetﬁer Ms_has reached complete equilibration with the-
complexing matrix component (L) before completion of the precéﬁcentfation.
The degree of spike reaction with L will decide the accuracy of the
analysis. . In Table XXIX, the rgcoyery.of aﬁalyte.metal, present
originally at 1.00 ug/L , is shown for variqu; degrees of spike reactdion
with L. At each value of DSR, the recovery has been calculated as a  -.

A&

funcﬁion of the fraction of rpacted spike plus original analyte trans-

ferred to the second phase, e effect of DSR is illustrated by the
data for F, = 0.50 and the corresponding SAM plots (Figure 32). Note -
that quantiﬁative recovery of the analyte is possible only if the
spike has completely equilibrated with L (DSR = 100%). If the spike
has not reacted at all with L (DSQ“idO), only 50? of the original
analyte is resovereq_(i.é., 0.5 ug/L). Also of interest is the fact

that althougﬁ the accuracy is diminished as DSR is deéreased, the

sensitivity is increased (Figure 32). This arises becaﬁse the
‘ ¢
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the calculation is made on the.basis?that unreacted spiked is quantita—
tively transferred and that the parameter Ft applies only to reacted
spike and original analyte” At DSR = 0, the basis of the calculation
is certainly vali since this situation merely corresponds to\ipe case

in which the rate constant k1 is so small that in the tj e interval

between spiking and the completion of preconcentration (usually only -

somg minutes), no MS has entered reaction with L.' At the other
extreme (DSR = 100%), ky is large enough to allow complete equili-
bration in the experimental time interval and no unreacted spike exists.
héeveral other features in Table XXIX are noteworth}.
(i) -1f DSR = 100%, the énalytical recovery of the analyte metal will
complete, regardless of the value of Ft (lastlgolpmn and Figure 33).
Thé effect of Ft on sensitivity, however, is great and for the examples
illustrated here, values of F_ < 0.50 are not practical (Figure 33).

For higher concentrations of analyte and spike, lower.Ft.values could

be tolerated. (ii) No matter what the value of DSR, complete

_ recovery of the analyte metals is possible if Ft is sufficiently

large {last two rows of Table XX;;, where F, = 0.99 and 0.9997
These values corresponds to distribution ratios of 102 and 10;).

In fact, if the preconcentration reaction is sufficiently powerful to
remove the analyte element quantitatively from its matrix, the appli-

cation of SAM, which is a method of calibration of a chemical proce&ure )
.- el

.

*It is assumed, of course, that the dissociation kinetics foreM L
(MSL) and the formation kinetics for MaR (MSR) are favourable
for the time interval involved.

-
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and not merely of an instrument, “is not necessary, because chemical
- . . - - L
inteérference from matrix components will not occur in the preconcen-
tration step. A simpiE;:%iibration graph would suffice. In this

regard, it is interesting to observe that in a study of thé pre-

~

concentration of trace elemeifts from seawater with'silica-immobilized
8-hydroxyquinoline (17), calibration was done by addition of a
standard sp%ké to-éhe solution obtained after elution of the analytes”
elehent from-the column. (iii) For the examples shown {(Figure 33),
the application of SAM is most practical for F = 0,50, 0.76 and
0.9, It should be stressed that quantitative separa;ion of the
spike and analyte element (F 2 0.99) is not a prerequisite for“E:}
good analytical result, What is a prerequ151te is knowledge that the
splke has fully equilibrated with the matrlx components Very .
infrequently do 1nve$tlgators possess thls‘knowledge. Indeed,
compiete recovery Sf the spike is not sufficient evidence that the
analytical result is to be-trusted, as such a recovery could simply

be the result of unfavourable kinetics (i.e., DSR = 0), with little

or no recovery of the analyte.

4.

In summary, suitable combinations of thermodynamic and kinetic

‘factors are required for SAM to }ield reliable results. 'Tﬁd“qpmbin-
ations are: (i) KR sﬁfficiently greater than Kthor Ft to be large
enough to be practical, and kl’ k_1» k2 (>>k_2) sufficienp%y large
to allow complete spike equﬂﬁibration and rapid formation of MaR
(MSR) (ii) Kg large and >> KL, to give complete separation of the

spike.and analyte element (Ft = 0,99 - 0.999); here k, can vary

1
from a small value (DSR = 0) to a high value (DSR = 10Q%) but MaL
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. - .
(MSL) should be labile (k_l large) and'M;R (MSR) szfuld form quickly.
40 the analysis of natural waters, investigators do not have
enough knowledge of all the relevant thermodynamic and kinetic para-
meters to be certain that complete spike eqdilibrium has occurred
and to know the extent of separation of the analyte in the sample.
It would seem prudent, therefore, to use powerful preconcentration/-
separation-methods - for example, solvent extraction systems that
employ strong chelating agents which give complexes having good
solubility in organic solvents, or strong ch iating ion-exchange
media, even more powerful than Chelex-100 16,51-54). If quantitative
separation of spike and anal&te cannot b assured,-then complete
equilibration of the spike should be promoted, e.g:, by heating
the spiked aliquot and allowing a reasonable amount of standing .
time before the preconcentration step. For storage .of water saﬁpies,‘
many investiga;ors acidif<>the sample with nitric acid to pH 1-2
(1,18,191. This practice is effective in minimj;inq adsqrption of
trace elements on the container walls. It is also an appropriate way

—_

to promote equilibration of the spike, in that ofﬁanometallic com-

ﬁI;>e§ should be effectively dissociated at low.pﬁ. Thus, on the
upward adjustment of-pH for preconcentration, MS and Ma shodld be
indistinguishable, even if the complexes reform. Finally, more
drastic measures such as destruction of matrix components (e.g., by
ultra-violet irradiation) can be used when deemed necessary.

For the determinatiop of total (soluble).metal_in the lake

and seawater samples reported in this thesi<? the water samples were

acidified to pH 1.6 - 1.7 and left standing for at least seven days

-
Fl



were indistinguishable in the precopcentration procef

157

before an aliquot was spiked. The spike was added to the acidified

sample before the pH was adjusted upwards for the preconcentration
. ' * .
step. OnJEDQ assumption that the organic-metal complexes were

effectively dissociated on prdlonged standing at pH 1.6 - 1.7, one

can have high confidence that the| spike and sample analyte metal

For the two-column protedure‘described in t}

‘standard additions method was found to be unnecessary for the pre-

concentration of all trace metals except Cr and Mn. As already ob-
seryed, the analytical results. obtained for the metal ions by the
calibration curve method were the same as those by SAM (see Tables .
XIX, XX and XXII), besagaf’fﬁgfihterfering humic substances were
removed by the precolumn ﬁrior to preconcentration of the trace

metals. . ’

ITI.5 Summary

1. A new preconcentration method has been developed for the
determination of trace metals from natural waters. The method is ~
based on the direct uptake of metal ions on a tolumn packed withrthe

macroporous acg&iic ester resin XAD-7, afterlprior removal -0f the
interfering humic substances' by a precolumn of XAD-7 resin. The

retained metal ions are subsequently eluted with 1% v/v-HNO, and the

3

trace metals are determined by GFAAS. .

’ -
*There is considerable evidence in the ligerature (1,5,80,83-86)
that humate and fulvate complexes are essentially fully dissociated
at pH 1.6-1.7, o - 4

E
T
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and nearshore and open-ocean seawater.

f—)&&k} method \has several

advantages over other preconcentrationgathods (i.e.,  solvent -

extraction and chelate-ion exchange)./ It#is simple and requiéz; few
reagents, thus reducing the risk of f£ontamination, The resin is also
inexpensive. The two-column approath provides a matrix relativelf ' P
free of organic ligands for preconcentration of metal ions on the
analytical column. Thus, a simplé calibration-curve method cdn‘§;§:§i==¥§:>
used in place of the more time- and sample-consumming method of : *
standard additions. Because the retained mefal igns can be eluted
easily with a small volume of dilute acid, large /preconcentration
factng-({”gzdgreater) can be acﬁieved. The maiin disAddvantage is
V_t_hét the capacity of the r'esin for metal ion# is rather low (ile.,
in the umole/g range); this fact limits the method to trace concen-
trations of about the mag’!!ude illustrated in this work.
wﬁi The mechanism of metal-ion pé€fention on XAD-7 likeagg’“_*{
involfes charge-dipole interactions rather than coordination to
sites ;Lch as carboxylate groups or ion-exchange at impurity sites.
4, ‘Adsorption isotherms and distribution ratios for several

.environmentally important metal ions have been determined. The

effect on adsorption of pH, ionic strength, resin particle size and

1 -

temperature have been illustrated. The adsorption process is com-

plex and the participation of soivent (water) molecules is likely
< .
involved. Because the adsorption reaction is not known, the
Langmuir\equasion:-which is used to describe gaseous-solid adsorption P
. . : . . _
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pr&cessés,'was not applied to the metal-ion/XAD-7 adosrption process.
| 5. A Sihple model has been developed, to illustrate the

concepts and mechanics gf the method of stanjizgladditions, with
regard to its ability to qompegsaté for matfix interference in a
chemical sep ation—precon;entration proceduré; It has been shodn
that a high J;gree of spike reaction with;the sample matrix and a
reasonable degree of analyte separation (Fl # 0.50) are of utsost
importance for the successful-application of the standard additions
metﬁo&a. If the dsﬁ:}e‘malyte separation is very high (Ft $ 0.99),

the method of standar ditions “is not required; a simple calibration
: - :

curve is sufficient.

IV. SUGGESTIONS FOR FUTURE WORK

1. In the INTﬁODUCTION (Section I.é), reference yés made to

" a rather recent approach to preconcentration by immobilization of

ion—exchénge?chélating_agents on the surface of supporting materials.

The XAD-2 and XAD-Q resin; have él;eady been used as substrates in

such applica}‘i:ons (61,62,66). Pethaps the XAD-7 resig. can be<used in \

a.siﬁi}a? approach with thenéhelating'agent appended éithetjﬁy:ﬁh‘ L“

adsorption ordy &hemical-fegction. ’g major disadvantage of ‘the
_IiEEFd—immobilizgd'XAQ;;'?anX5D-4* 5$T;§S;n aqueous solution is the

low'wgtt bility and po?r éa;king owing.to the hydréﬂhohicity of the__' .’(1;>

resins. The use of the more hydrophilic XAD-7 resin as a substrate

‘could alleviate this problep. . ' : P
. b* ‘ .
2. This work has that without prior removal of humic °

: X : ‘ '
substances,lreco;?ry of trace metals by the XAD:T‘column method is

\ -

~
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(Sectioﬁ'III.3a(ii)).' Hum{E*bound‘mgtal ions
- : - «
~ are both too stable for and non-labile to the XAD-7 column and are

: 1es§ than quantit '.
not recoferabie. This fact suggests that an operational speciation
scheme could be developed based on a three-column XAD-7 scheme. The
fi{st column would remove free (ionic) metal. The second aﬂa third

ccolumns would operate as the usual two-column method.described in
ithfs thesis. This scheﬁe could be an imprg}ement?on that developed Sy
. F;prencé and Batley (8,9,83—86). The working pH range for the
fadqprption of_trace metal ions on the resin is 6 to 9, which encom-
passes” the natural pH.of waters, unlike ;he Florence and Batley '
scheme (pﬁ-s)ﬂ Therefore, pH adjustment of the natural water would
probaﬁly ndt be required, .which is a definite advantage. Furthermore,
if the 1ab111ty of the metal humates is low relatlve to the, t;he of
'passage on the ‘first XAD—? column, the equ111brla between ‘the metal
ions and thé natural Iﬂgands might not be greatly disturbed, and
organlcalﬂy bound metal ions could then he speciated from ionic
"_—\hetal ~The weak interaction between the resin and metal ions is an

addltlonal factor in favour of thls order of speciation.

3. The problem with the preconcentratlon of Cr(III) on

{
compensates for t [ k1net1c and thermodynamlc

factors assoc1ated wlth low r but @t the expense of reduced
& sen51t1v1ty ' Better ‘means f concentratlon of chromlum nd

for spec1at10n of Cr(III) and Cr(VI) should ‘g 1nvest1gated in. Yid///

of the blologlcal 1mpprtd£;e of this element. Further xnxfsgégptfbn

-

f the Iow recovery of Mn in Lake Ontarlo water appears uorthwhlle \\?
Swy oSN oo
. e . - s

"4"'—'- » ' ’ ’ a ‘ R - v . \Q.A‘

XAD 7 was d1scussed 'E‘ Sect:.gns I111.3 and II1.4. The-method of k ..
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that fruitful information concerning the speciation of Mn could be

gainéd.
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+  APPENDICES

’

I. Mathematical and Statistical Implications of the Langmuir Equation

. - ' ©
. Multiplication of equation (22} by I'max

The general form of the Langmuir equation

r =‘rmax. M - *(5)
(1/K)+[M]

" can be rearranged into six linearized forms, from which TI'max and K can

be obtained graphically or ﬁy linear regression, (/“*s\\- -
For example, equation (5)scan be readily rearm‘lge/dé th l \
following linegsy”form by taking the reciprocal of both sides:

1 1 1

I'max.K i |M| * T'max (6)

Multiplication of equation (6) by [M], followed by rearrangementf yields

a second linear form: . o .

M. 1 M, 1 @ .
TS Tmx " Tmaxk ey

Maltiplication of equation ¢6) by F.I'max and feafrangement lgads to

‘ a third linear form: ) c ) '
4 L 9
. -~ e =v_ -1 T (\ ‘ ' £
Ve r -. K_ -[m- + I'ihax ﬁZS)
: < ' ' ~
Similarly, multiplication of equatfion (6) by 'max.K followed by(ié-.
) - s
arrangement yields: >
|

'T%T = Tmax.K ., T (24)

—
th

- .':.’ !
/ @ s

~ ) : »/%f 2 A * : S

1 . €= 4 - *

‘ .
{ rearrangement giyey: // .
v ¢ ' .

24
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) M) = rmax - - ' (25)

\
2?7 Lastly, multiilication of equation (23) by -K followed by rearrange-

ment results in the equation:

T .
= =K . T + I'max.K (26)
) 4

Application of the Langmuir equation involves a reciprocal

> plot of data using the above transformations. A reciprocal plot tends
- >

to give uneven error weight to an individual datum p;int (i.e., the
lowest numerical values of T and [M] are associated with the highest
uncertainties in the reciprical plot whilst the highgst values of T :
and [M], which dictate the value of Tmax, have the loﬁest). Since
data with the lowest and the highest numerical values are importaht,
roper inclusion or rejection of such data may greatly affect the .
thelreciprocal plot.. Furthermore, the error susceptibility of
different transformation differs by degree, depending on the nature
of the transformation and the distribution ang\scatter of datum points. ‘
As a consequence, application of different transformations to the \\47#1(
same set of data could yield Langmuir parametej;/{i .., 'max and K) of"

d1fferent numerical valles. -
& (
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2
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1/T
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0 | - ] 9 ) "D
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Figure 34. Langmuir plot .(top) and corresponding reciprocal plot ~ .
ottom) (eq. 6) showing error weight distributiogf‘of data >
inensi ‘ a

n of e rs represents the magnitude
i Arbitrary data are used. T ‘
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II. Adsorption of Metal Complexes of Meso-tetre (p-sulphophenyl }porphine

(TPPS,) on an XAD-7 Column. Ny

Previous work in this laboratory showed that the ligand,
mesb—tetra(p-sulphonﬁhenyl]porphine (TPPS41, reacts in neutral to basié‘
" solutions with Co(II), Cu(I1), Pb(II), Mn(II) and Zn(II). The resilting

complexes can be extracted as a group with methylisobutylketone (MIBX)
‘and the metal contents in the ﬁrganic phascti;bsequent}y measured by
GFAAS (49,50). Based on this work, an alternate approach to the pre-
concentration of the group of metal ions was'attempted in which the

~ complexes were preconcentrated by adsorption on an XAD-7 columm.- It

was during this work that the direct retention of metal ions by XAD-7,

discussed in)the main body of the thesis, was observed. The work

with the met 5469$mp1exes is described here.

Procedure

H

Aqueo k 'sblutions of Co(II), Cu(II) and Pb(II) complexes

N of TPPS, ( 2107 were prepared in this laboratofy by Herrmann and
, : B 0N . .
%oworkers (49) and ysed tn this work. Borosilicate 31ass columns weyre

slurry-packedﬁwith >77 g of XAD-7 (20-50-mesh) to give a bed size

) i llx 15 cm. Test solutionsof the Co(II), Cu(II) and Pb(II)-TPPS4

coﬁplexe§ coptaining 10.0 ug/L of each metal ion in 0.010M NH40Ac
Rﬂfg?

d-.and the pH was adjusted to cover the range 4.0 to 11.0.

A

) A}
Adjustment of pH was made with dilute.HNOS,'dilute acetic acid or

were pre

. ~ aqueous hmoni‘as_ A 100-mL aliquot was then transferred to the

: reservoir at the .top of the XAD-7 column §nd percolated at a flow rate

L

.
- . R ) . ) ) . - .'.‘
/// . of 2 mL/min. The uptake of each complex was determined from the “‘x_,;ff"
\ . . - . P

: -\“ u ' .
.y v ' ' © \ E ¢



-DDW were tried (elution rate, 1 mL/min). Elution profiles were obtained

« the acid’eluant,_a pre

.method. This observation is
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difference between the known initial concentfg;ion of the metal ion and
. ;

{ts concentration in the effluent, measured by GFAAS. For example, if

. - .
tie initial concentration was 10.) ug/L and the ‘effluent coiizji#ation.
was 35.0 ug/L, the percent retention was 65.0%.

To elute the complexes, 10% v/v HNO3 and 35 to 95% v/v methanol/- e

by plottiﬁg the concentration of the metal in a fixed volume of the eluant
against ;he summed increments. The recovery was calculated from the
preconcentration factor, thé initial concentration #nd the eluted con-
centration. ;Thus, for a 100.0 mL sample at 10.0 pg/L and 10.0 mL of

eluant at 85.0 ug/L, the percent recovery is 85.0%.

Results and Discussion y

The effect of pH on the uptake of the TPPS, complexes of xQJP
Co(II), Cu(II) and Pb(II) on the XAD-7 column is shown irn Figure 3S.
The results for gP(I;) were surprising since ip solution, below pH 7-8,
the Pb(II)-TPPS, complex decomposgs to Pb(II) and free T p’s4 (49,50) .

According to Figure 35, .however, there 'is still a lar

percentage

sﬁégested that
v

of Pb(II) on the column below-pH 7. This observatio
free Pb(II) is retained directly on XAD-7.

To elute the metal-TPPS4 complexXes from the columm 10% v/v

HNO was tr;ed 1n1t1311y as an eluant, It was expected that &issociation

-

of the metal-TPPS4 complexes would occur and that the liberated metal
ions wouil/be eluted. It wasgound, however, that quantitagive P.

. . . -
elution &duld not be/;:hiedga with a smpall volume Qt.g,; 106.0 mL) of

isite for:.a good column preconcentration

K

ryhlikely a con;eqﬁence of ;the slow
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dissociation rate of the metal-TPPS4 complexes (50), especially of

. CuTPPS4, even in acidic medium. It was found, however, that the

. ° . : .
complexes were quantitativeé; eluted with methanol/DDW (in which the

methanol content is 275% by volume)}. The profile (fractional

chromatogramq for ;hcaéiazzon of 6.560 ug of Cu(II) (as Cu~TPPS4) .
from the XAD-7 column by 95% v/v methasbllDDW is shown in Figure 36.
Atﬁthis_point, it was decided that the direction of the /”T\\
research work should be focused on the dgveiopmeﬁt of a preéoncentration
technique based on the direct retention of metal ions on XAD-7. Con-
sequently; the adsorption of metal-TPPS4 complexes was not studied oo

further. : ) *

Lt ' *
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