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CHAPTER 1 

1.0 Introduction , i 
m— 

Government regulations ", on water quality are' usually 

expressed in terms of total metal concentrations. A recom­

mended total metal level in drinking' water is 5 -ppb for 

mercury and 1000 ppb for copper (Bur̂ rell, 1974) . The total 

metal concentration can be determine^ by atomic absorption^ 

atomic emission using inductively coupled plasmas, neutron 

activation analysis, and (after appropriate sample treat­

ment) anodic stripping voltammetry. „ The .metal ions in a 

natural water sample, however, will be present in a number 

of physicochemical forms.. ' 

. This distribution of metal "species is illustrated in 

Figure lj-1. Metal ions in natural waters can be present as 

truly dissolved complexes (for example, aquo and hydroxy 

'Complexes, chloro complexes, and complexes with dissolved 

"organic matter, DOM), adsorbed onto colloidal humic matter 

and hydrous metal oxides, and adsorbed onto suspended 

maternal. Analytical speciation, as defined by Florence 

(1982), is the determination of the individual physico-

chemical forms ftfk-the element present ..in the .sample. The 

distribution of apaetal among the possible species* depends 

on the total composition and history of the- water 'sample 
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* r i 2 + 

' Co-D.O.M.' ' [cuOHJ-
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FeOxH>Ni 
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*.. 

Fig. 1-1: Typical metal species present in 
unfiltered natural water sample . 
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'and „mavy be a better water quality,- parameter than total 

metal concentrations. . The*, importance of analytical specia-
* r v " * 

tion rekults relatesw£o the role of species distribution in 

environmental toxicology .and metal ion transport in aquatic 

' systems. 
i « 

L.'l Toxicology 

" All substances, including warter and sodium chlor-ide, 

are toxic if present in large enough amounts. Certain 

elements are considered essential for life: Fe, Ca, Na, K, 

Mn, Zn, Cu, Cr, F, Ni, Mg, Mo, Co, V, Se and Sr (Schroeder 
t 

and » Darrow, 1973). ' " Lead, cadmium and mercury are 

considered toxic. The essential elements are also toxic 

when present above certain levels. For example, selenium 

is considered essential but the recommended concentration 
* * * 

.limit in water is 0.01 ppm (Brooks, 1977). Copper, 

although not listed as toxic to humans, is known to be 

particularly- toxic to aquatic species. Steemann Nielsen 

and Wium-Andersen (1970), for example, have suggested that 

the low level of copper in the marine environment controls 

the growth of marine algae./ The concentration range over 
•J* 

which the metal satisTi^s_^che requirements for essentiality 

and nontoxic\ty can) be quite narrow. This narrow concen-

tration range and the possible role of chemical speciation 
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in metal ion distribution complicates %the definition of 

acceptable water'quality parameters. / 

The' toxicity of trace metals is very dependent on 

their chemical form. It is generally accepted that the 

free hydrated metal ion is tme species most toxic to 

aquatic life (Florence and Batley, 1980). The role of 

copper speciation in aquatic • toxicity has been studied 

extensively. Wagemann and Barica (1979) have suggested 

that in addition to Cu2+, the species' ' CUOH+ and 

Cu(OH)2 may also be toxic to algae. Guy and lUan (1980) 

have presented evidence -that suggests that complexes with 

ethylenediamine and citric acid (Cuen2+ and CuCitOH ~) may 

also be toxic to algae. Both reports-are based on indirect 

evidence" using computer calculated speciation. and not 

direct analytical determination of species. It is possi­

ble, for example, that the apparent species toxicity may be 

a result of poor equilibrium constant data. 

Strong metal * complexes with aminopolycarboxylate 

ligands and metal ions adsorbed onto particulate or 

colloidal matter are usually not toxic. Poldoski -(1979) 

reported that humic and aminopolycarboxylic acids decreased 

cadmium uptake by Daphnia magna fcrtit diethyldithiocarbamate 

increased uptake of cadmium. Albert (1971) has found that 

8-hydroxyquinoline augments , the toxic effects of metals 



towards bacteria through chelation. Ligand's may enhance 

the toxicity of metal ions by forming species that are more 

soluble in the biological membranes and hence increase 

transport of the toxic -metal ion into the cell. 

Organisms can also determine to some extent the forms 

of heavy metals to which they are exposed. Bacteria are 

known to detoxify their environment either by transforma-
l 

tion of species to less toxic forms or by immobilization 

after uptake of the metal (Sterritt and Lester, 1980). 

J-ohnson (1978) has reported that phytoplankton blooms can 

affect the As(III)/As(V) distribution. It is evident, 

therefore, that biological systems can alt:er the chemical 

speciation- of an element. It is important to develop' an 

analytical .speciation method suitable^ for monitoring 

chemical speciation changes induced by biolQgical activity 

before one can unequivocally relate speciation and 

toxicity. 

1.2 Metal Transport 

The metal ion,species illustrated in Figure 1-1 aid in 

the transport of "metals from the terrestial and sediment 

compartments to the marine environment. River, stream and 

run-off waters can^carry soil and sediment derived particu­

lates into lakes and estuaries. One can envision four 

* 
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water quality changes that* may affect metal ion transport 

through species redistribution: changes in pH, salinity, 

dissolved ̂ organic matter and E^. Adsorbed metal ions- on 

clay particulates, humic GOlloids and metal hydroxy 

colloids interact via a combination of ion-exchange and 

complexation reactions. The humic colloids are capable of 

binding metal ions using salicylic and phthalic acid groups 

and the free/bound distribution is pH dependent (Guy and 

Chakrabarti^ 1976a). The charges .of hydroxy colloids of . 

iron and manganese are controlled by the pH of the 

solution. Ferric colloids*, for example, have a zero point 

charge at .pH between 5 and 6. Cation adsorption onto the 

-iron colloids is enhanced considerably above pH 6 because 

of the negative charge of- ±he colloid. The clay and 

•hydroxy metal colloids interact with metal Cations via ion-

exchange. Hence an increase in salinity favors desorption 

of the metal ions.* A second*effect of changes in salinity 

is to compress the double layer and enhance coagulation of 

the colloids. Humic acid and iron or maflganese hydroxy 

colloids are known to precipitate in the fresh water -

seawater mixing zones and, the metg^ ions are deposited in 

the sediment (Lee, 19-74). 

The addition of dissolved organic matter to the aqua­

tic environment can increase metal transport both by 
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chelation and by chafige in Eh- The ion-exchange equili­

brium: i 

clay-M + nNa+ *** clay-Nan + 'M
n+ . (1-1) 

will shift tc3 the right if a' completing ligand ~is, present 

to bind the free Mn+* Guyi'and Chakrafearti (1976a) have 

found that tannic acid could so*lubilize copper f&om 

bentonite. t Hydrous manganese dioxide and ferric hydroxy 

colloids can be solubilized by reduction and chelation with 

dissolved prganic matter., Baker (1973, 1978) has illust'ra-

ted the effect of dissolved oriani'c matter on the solubili­

zation of minerals using humic acidJ 

TheA species distribution of a metal ion in natural 

waters will be dependent on the sample pH, ionic strength 

and complexing agents present. A characterization of the 

water sample should include potential distribution changes 

as a function of pH and ionic strength." This means that 

the analytical speciation should not be, a simple free 

versus- bound measurement but a map of free metal ion as a 

function of pH, ionic strength and Eh. The complexity .of 

the species distribution illustrated in Figure 1-1 and the 1 " 
dependence of the distribution on pH and ionic strength 

will limit the operations available for use in analytical 

speciation techniques. aT"** 
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1 .*3 Speciation Methods 

Analytical chemical speciation problems can be divided 

into three groups: * s 

Group 1: ' differentiation between covalently bonded 

organometallic compounds, e.g., CH3HgCl vs (CH3)2Hg or-

<(i3Sn
+ vs <!>2Sn2+' etc. 

Group 2: differentiation between oxidation states of 

metal ions, e.g., Fe(II) vs Fe(III) or Cr(III) vs Cr(VI). 

Group 3: differentiation between free and bound forms 

simple cations, e.g., Cu2+ vs CuC03 vs CuOH
+ vs 

Cu-humic acid, etc. 

Group 1 and 2 speciation type problems can be solved 

using chromatographic and electrochemical; methods beca'use 

of the well-defined nature of the species. The Group 3^ 

speciation problem, however,") is considerably more 

difficult. The humic acid" and metal hydroxy colloids are 

poorly defined and tend ' to be aggregates of smaller 

species. The free metal ion is in equilibrium with simple 

complexes (e.g., CuC03 and Cu-citrate) but it is possible 

that the adsorption reactions with the colloidal .species 

, are not in .equilibrium. The speciation methods developed 

to date for' Group 3 -systems are based on. operational 

procedures r the analytical data obtained can only be 
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V 

useful if the assumptions behind them are completely 

understood. 

1.3.a. Computer modelling: Computer calculated speciation 

studies have been reported at two levels of difficulty. 

The first level assumes the concentration of v meta.l ions, 

$-n&rganic and organic'ligands, pH and Eh'values, and calcu­

lates the equilibrium distribution using known equilibrium 

constants corrected for temperature and ionic strength. 

The Eh value is use.d to calculate the oxidation states of 

important ̂ species (e.g., S042- vs S2~, Fe(II) vs Fe(III)), 

and the pH and equilibrium constants are used to determine 

the number of solid species (metal sulfides, metal carbon­

ates, etc.) and the concentration of each soluble species. 

The speciation obtained depends on the choice of suitable 

equilibrium constant data. The results in Table 1-1 

illustrate this dependence on choice of equilibrium 

constant data. r 

A second level of computer calculated speciation is to 

couple the equilibrium calculations f*r. soluble species 

with empirical adsorption isotherms onto clays and1 hydrous 

metal oxides. Benjamin and Leckie (1981, 1982) have used' 

such a model to study the adsorption of cadmium onto pxide 

surfaces. A comparison of model calculations and 
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Table 1-1 

Effect of equilibrium constants 
on calculated speciat-ion 

% in seawater 

Zn species 

•7 2 + 

Zn 
Zn-chloro 

ZnS0,° 4 

ZnOH+ 

'Zn (OH) 2° 

ZnHC03
 + 

ZnCO ° 

Ref 1 
*-. 

14.1 

•79.5' 

1.7 

0.9 • 

v ' 0.9 ., 

3.8 

3.8 

Ref 2 

1*7.2 

10.6 

. 3.5 

0.2 

, 62.8 
6 

0.7 

5.0 

- Florence and Batley 
(1980). 
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experimental results suggested that adsorption of metal 

complexes was possible. The chloro and sulphate complexes 

adsorbed less strongly than the free metal cation. The net 

effect was to decrease the. fractional amount of cadmium 

adsorbed. TKiosulfate, however, adsorbed onto y-Al203 and 

Fe203 and enhanced the adsprption of cadmium. The authors 

used the comparison of•calculated speciation and experiment 

to suggest that CdClx and Cd(S04)x adsoubed with the metal 

closer to the surface and Cd(S203)x with the ligand closer 

to the oxide surface. 

Lerman and Childs (1973) incorporated a Freundlich' 

isotherm , into^fche computer calculated speciation. The 

computer model was*1 applied to a' consideration of a well-

mixed reservoir with a constant rate of ' input of metal 

pollutant. The model suggested that"the immediate effect 

of equilibrium ion exchange or adsorption was to lower -the 

concentration of metal, in solution but does no£ affect the 

steady'-state concentration of pollutant (i.e., eventually 

the adsorbent is effectively saturated). 
3 i * 

Computer modelling of speciation, 'Jias several potential 

applications. The fi<.st/ is the characterization of the 

•complex chemical interactions in multication and multi-

ligand .systems. Morel et al (1973) have used a level 1 

type of program* to illustrate the "interaction intensity 

\ 
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parameters" ,' (defined as $KrY = 3PL XJ/ 3 PLyJ T ). when one 

varies one component in a multicomponent system. The 

computer*1 study suggested that organic complexing material 

plays a very " important role in speciation. In a purely 

inorganic system, cadmium was buffered by precipitation of 

CdC03(Scd,Cd =10""3.) but in " the presence of - NTA 

5Cd Cd = 1-1- Also, in the complexing media, transition 

metal- interactions were increased: for example 

;
5Cd,Cu = 0.13 vs 5cd,Gu - 5-° x 10~4 in the inorganic 

system. * This computer model study indicates that 

multication speciation techniques are necessary for a 

complete understanding of metal interactions in a multi-

component system. 

MacCarthy and Smith (1979)- have . used computer 

calculations (again level 1) ' for simple model systems to 

illustrate species distribution during a complexing 

capacity experiment in a multiligand system. The principal 

implication of the study was that for multiligand systems 

it was impossible to determine a unique binding constant 

for the system. The binding constant that one would deter­

mine analytically would be a weighted average of - the 

binding constants for 'each individual species. This is 

important when one realizes that the' humic substances in 

natural waiters can act as a multiligand system. 
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A second application of computer modelling is the 
«< 

deftelopment and characterization of simple chemical systems 

for the study of the relationship between speciation and 

toxicity. The computer calculated equilibrium distribution 

for a system containing the metal of interest (e.g., Cu2+), 

nutrient (N03~, P04
3-, ca2+, Mg2+, C0 3

2 -), and complexing 

ligands1 (Cl~, 0H~, EDTA, NTA, etc.) is--used to correlate' 

the species present with the behavior of the biological 

system (Wagemann and Barica, 1979; Guy and Kean, 1980).. As 

indicated earlier in^this chapter, the comparative "results 

suggest that it is thev free metal ion that is toxic to 

aquatic species. 

l-.3.b. Ion selective electrodes (ISE): It is well known 

that ion selective electrodes respond to the activity of 

the free hydrated metal ions (Ross, 1969). Metal's bountf""*to 

ligands or adsorbed onto colloids and particulates in prin­

ciple are not measured. These electrodes, therefore, offer 

the unique ability of measuring tree metal activities 

without altering the equilibria in arw way. An example of 

such use is the work of Gardiner (1974). He studied 

cadmium complexation in the, presence of various ligands 

(0H~,C1-,C03
2-, SO42-, HA) at environmental concentrations. 

The results »indicated that a substantial fraction of the 
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total cadmium was in the free form (e.g.,, 35-92%) and that 

humic acid complexation accounted for most of the bound 

fraction (e.g., 12-39%). /These electrodes, however, are 

not reliable below 10-6 M and aire limited to use on 

contaminated waters or on model systems. For example, 

Gardiner reported departure from linearity at 4.5 x 10~6 M 

cadmium and at IO77 M cadmium the' electrode ceased to 

respond. Florence (1982) has noted that the copper ISE may 

be responding to species oth,er than copper ion, e.g., 

hydroxo and bicarbonato complexes of copper, natural and 

synthetic complexing agents. 

t 
* s 

I.3.C. Anodic stripping voltammetry (ASV): The most 

widely used of' all speciation techniques is anodic 

stripping voltammetry. When used in. conjunction with the 

pulse mode (i.e., differential pulse polarography, DPP), it 

offers the advantage of having sufficient sensitivity, (10~9 

- 10~1° M) for the direct analysis .of Cu, Cd, Pb and Zn in 

natural waters (Batley and Florence, 1974; Nurnberg, 1979; 

Florence, 1980a). The ASV experiment consists of two 

steps: a deposition step in which the metal ions in solu­

tion are reduced to form an amalgam in the mercury drop 

(HMDE) or film and a stripping step in which the metals rare 

, ' » j 
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oxidized out of the amalgam. The stripping current is 

proportional to the amount of metal ion reduced. 

Davison (1978) has considered the relationship between 

the measured reduction current and the species in solution. 

The system of interest was an electroactive species M^ in 

equilibrium with an electroinactive species Mi: 

K = kf (1-2) L + h 

n e 
\ 

M(B 

1 ^=^M. a . l 

? 

ig) 

k b 
> 

In an ASV experiment, the solution is stirred and the 

associated current, (id)s, is convective diffusion limited: 

(i ) = n F A D c (1-3) 
* d's <S 
I 

where n is the number of electrons involved in the electro­

chemical reaction, F is Faraday's number, A is the surface 

area of the mercury drop or film, D is the diffusion 

coefficent of the electroactive species, c is its concen­

tration and 8 is the Nernst diffusion* layer. A second 

contribution to. the current is caused by the dissociation 

of Mi a|| this contribution is given by (ifc)s where; 
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\ . 

( i . ) „ = n ^ A D c 

k S " f + D^LlK% d-4) 
Od+KfL])*5 

Davison assumes that the species- Mi will contribute signi­

ficantly if: 

<ik) 

When (1-3) and (1-4) are substituted into (1-5), one 

obtains: a 

3/2 P , 
^M = 9i , (1-6) 
k/5 ( 1 + K [ L ] P DH 

Using Cu 2 + as an example: kf11133* = 109 mol"lLs-l, 

D * 10~5cm2s~l, 6 = 10"3 cm and a typical ligand concentra­

tion of 1 x 10 - 6 M, then a limiting value of 9 x 107 is 

obtained for K. Above this value, the species would be 

"nonlabile". This treatment agreed with the experimental 

results of Chau et al (1974). , 

Davison (1978) also considered the case of transient 

measuring techniques such as pulse polarography (PP) and 

differential pulse polarography (DPP). In differential 

pulse polarography, the controlling factor is the 

» 
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measurement time given by the duration of the pulse and the 

sampling interval. This is usually between 1 and 100 msec. 

In ASV, the controlling factor is -the convective diffusion 

layer <5 and not the "electrolysis time. An estimate of the 

effective measuring-time in ASV can be obtained by equating 

the current in the steady state case (for convective 

diffusion) to the time necessary for the transient current 

to attain this value: 

I (iJ = (i,) 
d s • d 

I ' nFADc _ nFADc ,- _. 

6 (irDtr 

j s = (^Dtr5 

where t is the time of measurement. For the case cited 

above for Cu2+, the value of t would be 32 msec. 0i 

It is evident from Davison'% treatment of anodic 

stripping voltammetry that the species measured depends on 

a number "of operational parameters. The applied deposition 

potential defines the electroactive species and the 

stirring rate * controls S. Equation (1-6) defines t$e 

species measured in terms of the free ligand concentration 

and the complex stability constant. The experimental 

results of Chau et al (1974) have rshown that at pH 7.0 and 

typical operating conditions for copper with 
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[L] - 1.5 x 10" ~6 M, tartrate, glycine and citrate species 

were labile whereas NTA and EDTA species were nonlabile. 

There are, however, some important limitations when 

using ASV in natural waters/ .Organic compounds are 

reported to influence results either by adsorbing onto the 

mercury surface and" altering peak currents and peak poten­

tials or by causing tensammetric waves, i.e., currents due 

to adsorption-des'orption ^processes ,and not^redox reactions 

(Florence, 1982). Ernst et al (1975) applied DPASV to the. 

determination of copper and lead stability constants with 

various ligands. They reported that the method could not 

be applied to humic acid due to its adsorption onto the 

mercury drop. Brezonik et al (1976) reported that a large 

number of organic compounds found in natural waters (e.g., 

proteins, fats, oils, detergents, polysaccharides and 

organophosphates) may sorb onto the HMDE surface and thus 

lead to erroneous interpretations of speciation data. 

Buffle et al (1976) reviewed the various voltammetric 

techniques used in speciation and suggested that disagree­

ment in the interpretation of results between various 

authors may be due to under-estimation of the role of 

adsorption phenomena. Possible interferences from organics 

must therefore be carefully evaluated when applying DPASV 

* 
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V 
and other high-frequency voltammetric methods to the 

analysis of natural waters. 

1.3.d. Ion-exchange techniques: Two ion-exchange techni­

ques have been used for, trace metal speciation in natural 

waters. Cantwell et al (1982) have used a cation-exchange 

column to determine free nickel in sewage. The sample is 

passed through a short column until total nickel in the 

column effluent is equal to total nickel in the sample. if 

the concentration of Na+ is the same in all samples, if the 

capacity of the resin is much greater than the metal 

adsorbed, and if the only species adsorbed is the free 

cation, then: 

[Mn+] = j V l (1-8) 
X o 

where [Mn+1 is the free metal concentration, ]jRnM~I is the 

amount of metal adsorbed onto the resin and X0 is the 

distribution coefficient for the free cation. The metal on 

the resin is eluted and determined by atomic absorption^ 

A second exchange method • uses a complexing resin 

(i.e., Chelex-100) to determine a labile fraction. Figura 

and McDuffie (1979) used a calcium saturated resin (1.3 g 

resin, 2-3 mL flow rate) with a sample contact time of 6-9 

seconds. The procedure should determine as "labile**i 

} 
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(i) free metal ion that reacts with the iminodi-

acetate functional groups, 

(ii) the< fraction of metal species that dissociates 

during the contact time. 

A comparison by Figura and McDuffie (1979) of DPASV 
- • v 

and thte Chelex-100 method suggests that the Chelex-100 
v • 

method will measure a larger fraction,of the metal. DPASV, 

for example, gave 50% and 0% labile copper in 5 x 1Q*"5 M 

EDTA and 3.5 ppm humic acid, respectively. Chelex-100 gave 

recoveries of 61% and 54% for the same samples. The 

measurement time for the DPASV method was estimated to vbe' 2 

x 10"3 seconds (cf section 1.3.C). 

1.3.e. Size separations: Chemical speciation can also be 

described in terms of the size distribution of the various 

physicochemical forms present in • a water system. - An 

example of a size' classification as applied to metals is 

. shown in Table fl-2. This speciation approach often aims at 
> 

. separating a small and therefore potentially bioavailable 

fraction from larger forms which are generally considered 

not to interact with biota. Size separations have been 

.reported using gel filtration chromatography (GFC), ultra­

filtration (UF) and dialysis. 

In gel filtration or size exclusion chromatography, 

species having small enough diameters to penetrate the 

resin pores will, be retained whereas larger forms will be 
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Table 1-2*-

Metal speciation according to size 

Species 

1 - Simple hydrated metal 
ions 

f i 

2 - Simple inorganic complexes 

3 - Simple organic completes 

4 - Stable inorganic complexes 

5 - Stable organic complexes 

6 - Adsorbed on inorganic 
colloids 

7 - Adsorbed on organic 
colloids 

8 - Particulate 

Example 

Cd(H20)6
2+ 

Pb(H20)*Cl2 ' 

Cu-glycinate 

PbS, ZnCO -

Cu-fulvate 

Cu-FeO H x y 

diameter (nm) -

0.8 

1 

1-2 

1-2 

2-4 * 

10-500' 

Cu-htimic ac id 10-500 

Retained by >450 
'0.45 um filter 

* - Florence (1982) 
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excluded and will therefore not be retained. The smaller 

species able to penetrate the gel particles do so to 

varying degrees depending on their size and shape. Species 

are therefore eluted in the order of decreasing molecular 

size. Effective size separations are dependent on resin 

swelling and are described in terms of fractionation 

ranges. Commercial packings available offer a wide choice 

of . fractionation ranges, e.g., 0-700 increasing to 1,000-

200,000. . • , . 

Gel filtration chromatography ^t^ applied to metal 

speciation suffers from a few significant limitations. For 

example, both Fe(III) and humic acid are known to interact 

with Sephadex gels (Guy and C^iakrabarti, , 1976b). Chromato­

graphic dilution may also be substantial, a major concern 

when analyzing' natural water samples containing very low 

levels of trace metals (Florence, 1982). 

/ Ultrafiltration separates species according to their 

Ability to pass through a membrane of particular pore 

diameter. The method offers the possibility of separating 

raplecular from colloidal species and a further size 

fractionation of colloidal substances. Ultrafiltration 

membranes are available with nominal pore diameters ranging 

from l'to.15 nm. These membranes, however, suffer from 

adsorption and contaminatidn problems. Guy and Chakrabarti 

(19?6b) • reported 40% losses .when ultrafiltering Cu-EDTA 
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through Amicon UM2 filters. No such losses were observed 

when using Amicon PM10 filters. Ultrafiltration is also 

suspected of altering chemical equilibria -as a result of 

concentration gradients at the membrane surface . (Guy and 

Chakrabarti, 1975; Florence, 1980b). 

Dialysis is similar to ultrafiltration | in that 

separation is based on the ability of a species to pass 

through a membrane. Analyte will tend to diffuse from the 

sample to a receiver solution until equilibrium is 

attained, i.e:, diffusible analyte concentrations are the 

same1 on both sides of 'the membrane. Since the membrane, 

offers a certain selectivity, separation (and speciation) 

will occur resulting from size and/or charge parameters. 

The commonly used cellulose dialysis membranes separate 

using pore diameter restrictions. Spectra/Por membranes 

are available -with molecular' weight cut-off (MWCO)" values 

of 1,000 to 50,000. Once dialysis equilibrium is attained,' . 

it is possible' to analyze the receiver solution using any 

appropriate technique. 

The^e are .some important advantages in susing dialysis / 

as a speciation tool: First, the method has a more general 

applicability than most other speciation methdds (Truitt ^ --

and Weber, 1981). It is not restricted to only/a "few 
• 

metals as with ASV or limited by lack of sfens'itivity as 

with ion selective electrodes. Most divalent metals 
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dialyze at approximately the same rate and therefore 

speciation studies can . include such , important metals as 

calcium, magnesium, manganes'e, iron and the common 

transition metals. Second, the effect of dialysis on 

chemical,, equilibria is probably less than that of- other 

speciation methods such as ASV and Chelex-100. When used 

under proper experimental conditions, thet effect on 

equilibria is equivalent to a miri'or .dilution, typically on 

the order of. 5%. Third,' the presence 'of organic 

surfactants and colloids does not ^appear, to seriousiy 

affect results as is the, case withMAI&r,- '' \ 

> Dialysis has ' been* applied using a variety of 

experimental approaches. Benes (19,67) described a dialysis 

cell consisting of two compartments of equals volume 

separated by a cellophane membrane (pore size 2-8 ran)-. 

Both sample and receiver solutions were stirred with 15 

hours required to reach equilibrium. The method was 

applied to the specia'tion of manganese •*and gold (Benes, 

1967)- and of mercury (Benes, 1969) and to the study of 

yttrium adsorption onto colloidal iron (Benes and Kucera, 

1971a, b). 

i. more common approach and one which has less effect 

on'chemical.equilibria is to use large sample volumes with 

p**̂ small receiver volumes, typically in the ratio of ~20:1. 

This corresponds to a dilution of less than 5%'. i This 
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method was applied by Guy and Chakrabar̂ ti (1976a) to the 

study of interactions between Cu, Cd, Pb and Zn. with 

natural ligands such as humic and tannip acids. A similar 

dialysis arrangement was used to determine the complexing 
* 

capacities of soil fulvic acid for Cu and Cd (Truitt and 

Weber, 1981) and for Cu, Cd, Mn, Ni and Zn (Rainville and 

Weber, 1982). --Benes and Stein'nes (1974) reported the 

development of an "in. situ" dialysis .technique whereby a 

dialysis bag was placed in a natural water system and left 

to equilibrate for 1-4 weeks. The. method reportedly had 

the advantage of rsaturating adsorption sites on the 

membrane and thereafter attaining an equilibrium truly 

indicative of the undisturbed speciation. The method was 

applied to the study of the effects of sample storage on 

chemical speciation (Benes and Steinnes, 1975) and to trace 

metal-humic acid' interactions in fresh waters (Benes et al, 

1976). 

A npvel approach has been to couple dialysis to 

preconcentration, methods. This has been reported by Hart 

and Davies (1977) " and by Benes (1980). The method 

described by Hart and Davies consisted of a dialysis 

membrane'* placed in between two circulating solutions 

(sample .and receiver). The receiver was pumped through a 

Chelex-100 column, resulting in a "dialyzable and ion-

exchangeable" fraction as well as a" "dialyzable but- not 
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ion-exchangeable" fraction. The method was applied in 

conjunction with total metal analysis and batch ion-

exchange to describe a total speciation scheme (Hart and. 

Davies, 1981). 

Benes' method was simply to add an adsorbent (e.g., 

FeOxHy) to the receiver solution inside a dialysis bag to 

maintain the receiver free metal ion concentration at less 

than 1%. The concentration gradient, was therefore 
i 

maintained and diffusion continued at a constant rate. 

After an appropriate time, the. receiver solution was 

analyzed by activation analysis. One problem with these 

approaches which effects both a speciation and a 

preconcentration is that they 'can shift all of the chemical 

equilibria present. For example. Hart and Davies (1977) 

reported complete dialysis of FeJIII) even though 

calculations indicated that the /iron should be present as 

colloidal Fe(OH),3. 

There are two principal limitations to dialysis^ as a 

speciation\ technique. First, it is a relatively slow 

process, often „ requiring days to attain chemical 

equilibrium. For example, Truitt and Weber's dialysis 

'titration required a 48 hour equilibration per metal 

aliquot added -and 30 days to complete (i.e., 15 aliquots). 

.Second, the dialyzable fraction does not necessarily 

represent that which is bioavailable. It' .may r^consist 
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primarily of species not capable of interacting with biota, 
ft > 

e.g., PbC03°. What would be of greater value would be a 

dialysis method permitting the determination of the" toxic 

fraction, i.e., the free aquated metal ion. 

1.4 Binding Capacity • 

Natural waters have the ability to detoxify metals by 

converting the free metal to'nonavailable "species. One use 

of the speciation methods described in section 1.3 is the 

determination of the binding capacity of the sample. - A 

typical binding capacity curve is shown in Figure 1-2. As 

copper iis believed to be one of the more toxic of the 

common metal ions to aquatic biota,' binding capacity. 

measurements are most often determined for this f/element. 

The water sample being characterized is titrated with 

copper and, aftdr a suitable equilibration period, the free 

meĵ tl is determined by an appropriate speciation technique. 

^Typical values for sea and river waters are 1-5 x 10~8 M 

• and 1-50 x 10-8 M, respectively.. As «in the case for 

«pecration determinations, binding capacity determinations* 

are also. method-dependent. • Among the-methods reported are 

ASV (Hart, 1981), ion selective electrodes (McCrady and 

Chapman, 1979), copper solubilization (Campbell *et* al, -
. . . * . . ' \ " 

1977), dialysis titration (Ramville and Weber, 1982) and 

"fluorescence quenching (Ryan and Weber, 1982). 

? 
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> 
odded* '0 ' 8M 

F''9- '"2 'Typical binding capacity Nation • results 
J for a strong metal-ligand c o m p l e x 
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1.5 Multication Speciation 

The computer model studies of Morel et al (1973) 

reported earlier suggested that' organic ligands in natural 

waters may increase transition metal interactions. This 

enhancement of trace metal interactions may play ani 

•important role in water quality with respect to toxicity toJ 

aquatic biota. An example of this was" the work of Peterserl 

(1982) who ŝtudied the e'ffects of copper and zinc on the 

growth of freshwater.algae. He reported that algal growth 

rates were decreased to 5J3% when the concentrations of free 

copper or free « .zinc were 10*"8-8 $j and lO'-S.l M, 

respebtively. However, when both metals were present/ in 

the sample, competition between Cu and Zn for a mepal-

J ' , ' . . . I 

^Sbuffering ligand present in the nutrient (i.e., EpTA) 

resulted in greater interdependent -behavior. For example, 

in experiments where total- copper was maintained constant 

and total zinc was increased, zinc became feoxic at 

concentration levels . lower than 10~5.1 M.* This Was 

interpreted to be a result of zinq displacing the copper 

bound to EDTA. "similarly, when total zinc was,>maintained 

constant and copper was added at very low - concentrations, 

(i.e., below Cu toxic levels), algal growth rates increased 

because copper was displacing bound zinc and thereby making 

available this essential element. 
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Other examples of a multielement approach to toxicity 

'have been reported by Baldry et al (1977) and by O'Shea and 

Mancy (1978) . Baldry et al 'studied the effects of heavy 
3 

metals on bacteria and reported that low concentrations of 

Cd or Zn increased the toxicity of Cu. Similarly, mixtures 

of Cu and Cr(VJ) gave an additive response whereas mixtures 

of Cd and Cr(VI) were antagonistic. O'Shea and Mancy 

reported that calcium, because of its preseWe^ at 

relatively high concentrations, was able to compete with 

cadmium for labile sites present in humic colloids. 

Calcium was much less competitive with the other metals 

studied'. In a complexing medium, toxic and essential 

metals may therefore interact in a synergistic fashion 

(i.e., the displacement of the bound copper by zinc) or in 

an antagonistic fashion (i.e., „.the copper displacing bound 

zinc essential for growth). 

1.6 Research Objectives 

A summary of the present state of Group 3 speciation 

.is as follows: 

(i) Bioassays suggest that the meta*l species of 

interest is the free aquated cation. 
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(ii) Computer simulation and bioassay experiments 

suggest that a multication speciation is 
v-

\t necessary when complexing ligands are present, 

(iii) Bioassays suggest that the toxic species (free 

metal is usually present at 10~9 M to 10-8 M 

for toxic effects -:to be observed. This 

requires either a very sensitive detector or 

the application of a preconcentration 

• technique, 

(iv) The usual speciation methods (potentiometry, 

ASV, size separation or ion-exchange) either 

lack' sensitivity or provide analytical data 

that is difficult to interpret in terms of the 

* free metal cation. 

The objectives of this project were to develop a 

multication speciation procedure that was suitable for 

determination of the free cation. The method of choice was 

a dialysis separation using a tubular cation-exchange 

membrane Nafion 811X- a product of DuPont used as a separa­

tor in electrochemical cells. The catioyi-exchange membrane 

is permselective to cations and excludes anionic species. 

Difference in dialysis rates allows one to distinguish 

•between free, cations and neutral species. A multication 

analysis' procedure was devised using high performance ion-

exchange ' separations coupled to spectrophotometry or 
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amperometric detectors. Preconcentration procedures to 

provide sensitivity were based upon the use of Donnan 

dialysis with Nafion 811X membrane or ion-«xchange pre-

columns. 

The results are described in four chapters. Chapter 2 

compares the performance of electrochemical and spectro­

photometry detectors, by 'using flow injection analysis. 

Chapter 3 presents the results for the ion-exchange separa­

tion of Cu, Zn, Ni, Pb, Co, Cd, Mn, Mg and Ca and gives the 

detection limits for* the ion-ex'change/detector systems. 

Chapter 4 describes the two* preconcentration method's 

suitable for use prior to the "ion-exchange separation. 

Chapter 5 characterizes the .Nafion 811X .speciation using 

simple model systems. 

• 
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CHAPTER 2 

Metal Ion Detectors 

2.0 Introduction 

One of the primary objectives of this thesis, was the 

development and characterization of an analytical system 

capable of - multication analysis. The system would permit 

the study of multication speciation in model fresh waters. 

This application imposes sa- number of. constraints on the 

system. It must be sensitive enough to detect micromolar" 

levels of transition metal ions and at the same time suffi­

ciently selective to permit the determination of trace 

•a 

metal mixtures in millimolar levels of calcium and 

magnesium. Other considerations were' the possibility of 

small sample volumes, the desirability of short analysis 

times (<20 minutes per sample) and cost. A possible method 

for achieving selectivity is to do a preliminary ion-

exchange separation of the cations using columns packed 

with small diameter resins. The problem of sensitivity is 

solved by appropriate selection of detectors which is the 

^fcect of this chapter. 

' Liquid chromatographic detectors are usually batch 

methods applied to flowing streams. Among the methods of 

metal ion analysis that provide multication capability are 

the photometric detection of metal complexes and electro-
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chemical methods. Commercially available liquid chromato-

graphic .detectors are variable wavelength UV-visible 

photometers, amperometric and coulometric detectors, and 

conductivity detectors. 

2.0.a. UV-visible photometers and spectrophotometers: The 

most widely used detectors in LC are photometers based on 

the absorption of UV and visible radiation. These 

detectors are usually capable of providing a readout in 

absorbance which is proportional to the concentration of 

analyte in the flow cell (A '= ebc). When properly 

designed, these detectors are relatively insensitive to 

flow variations, are capable of high sensitivity 

(0.002 AUFS with !% noise), have a good linear dynamic 

range (~105), are reliable and easy to use. 

Most common amongst light absorbing detectors is the 

254/280 nm UV detector. With a low-pressure Hg lamp-as its-

source, it may be used directly "(254 nm) or with a suitable 

phosphor (280 nm) . The result is a detector of high 

stability, high sensitivity and sufficient flexibility to 

^satisfy most demands when analyzing organic compounds. 

Metal complexes used in chemical analysis, however, 

* absorb strongly in the visible region of the spectrum and 

the. use of a variable wavelength UV-visible detector is 

often necessary. A deuterium lamp (UV) and a tungsten lamp 

* 

> 
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(visible) coupled with " a monpfchromator presents the 

operator with the choice of any region between 19Q-650 nm, 

an option which may greatly enhance .either sensitivity or 
) 

selectivity. It , does, however, suffer from greater 

background noise and more complicated optics. 

In applying a photometric detector to the - de*ser-

ftlination of metal ions, a derivatization agent is required 

since most metal ions are not by themselves suitable for 

direct' analysis. .One can form the complex either pre-

column and separate the complexes* or one can dd the 

derivatization after the separation. , 

Post-column deriVatizations after ion-exchange separa­

tions using 4-(2-pyridylazo) resorcinol (PAR-) have been 

reported by Fritz and Story (1974) , -Elchuk and Cassidy 
„ 1 * 

(1979) and Cassidy and Elchuk "(1980, 1981 a, b). This 

reagent is versatile, giving,, rapid color-forming reactions 

with many of the common transition metals and with most of 

the lanthanides. The .complexes have high molar absorptivi-

tiesj for example, the manganese and zinc complexes have 

E values of-7.,8 x 104 and 8.1 x 104, respectively (Ahrland 

and Herman, 1975). Fritz" and Story (1974) compared PAR 

with' Arsenazo I and Arsenazo III and reported that "PAR was 

by far the most versatile and convenient of*the photometric 

reagents to use. It was also the most sensitive". 
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Typical examples of pre-column derivatization are . 

those reported by Uden and Walters (1975), ' Uden et al 

(1975̂ . and Gaetani et al (1976),. They used the pre-column 

formation of strong metal organic complexes, e.g., copper 

complexed with "etradentate B-ketoamines. After liquid-

liquid^, partition chromatography, the complexes were 

monitored using absorption photometry at 254 nm. 

A combination of the two procedures has recently been 

reported by Beckett and Nelson (1981). They separated 

metals complexed with 4-aminophenylethylenediaminetetraace-

tic acid using anion-exchange chromatography followed by 

post-column derivatization of the metal complexes with 

fluoreseamine. The derivatives were monitored using fluor­

escence detection. 

The detection limits for the three methods described 

above are typically 1 ng for PAR, 0.5 ng for e-ketoamines 

and 60 pg fpr .the fluorescence method. • The detection 

limits for the latter two methods appear more favorable but 

are somewhat compensated for by the decreased resolution in 

the chromatographic separations. „ 
* 

Molecular absorption bands of metal complexes are 

broad and consequently the. use of a variable wavelength 

detector mâ y be superfluous. A simple detector for flow 

injection analysis (FIA) reported by Betteridge> et al 

(1978) incorporated a light-emitting diode (LED)/silicon 
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phototransistor (SiP) assembly as an inexpensive, dedicated 

but efficient continuous flow detector. This system was 

reportedly capable of measuring metals at the parts per 109 

level using PAR as the photometric reagent. It was decided 

to investigate the* possible - application of this LED-siP 

detector to the liquid chromatographic separation of metal 

irfns. 

2.0.b. Electrochemical detectors: Second only in impor­

tance to the photometric detectors are those based on some 

electrochemical process. These EC detectors are rather 

varied in design, electrode material and mode of operation. 

There are some inherent and significant advantages to these 

detectors, most important being greater sensitivity and 

selectivity than other conventional LC detectors. In 

comparing the commonly . used LC detectors, Snyder and 

Kirkland (1979) report the EC detector as the most 

sensitive, ,with a "sensitivity to favorable sample" an 

order of magnitude greater than that of the photometric 

detector. ' 

Sensitivity to -variations in flow rates and 

restrictions" placed on the carrier represent two of the 

more significant limitations of EC detectors. Whereas m&st 

other LC detectors are not very' flow sensitive, flow 

variations do represent a major stumbling block when- using 
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EC detectors, especially when a post-column addition of v 

reagent or- electrolyte • is required. The method commonly 

used to alleviate this problem is the incorporation of 

pulse dampeners. • As well, •electrochemical detection 

requires a carrier which is conductive. |ts use has 

therefore been restricted mostly vfco reverse phase and ion-

exchange chromatography. 

Three types of electrochemical detectors are those 

based on measurement of either conductivity, current *or 

potential. The first type, the conductivity detector, 

responds to differences in conductivity between sample and 

eluent. For maximum sensitivity, it is advantageous to 

have a ' low conductivity eluent and, highly conductive 

samples, i.e., an ion as sample dissolved in water. Ion 

chromatographic analysis of cations, for example, uŝ e 

suppressor columns to remove . eluent ions. An example ofV . 

this is .the analysis of alkali metals using dilute 'HCl as 

the eluent (Small et al, 1975; Sawicki et al, 1978). The 

suppressor column is a strong base anion-exchanger 

HCl + Resin - OH -f=*Resin - CI + H2O. (2-1) 

which neutralizes the acid and binds the chloride. The 

/ 

result is, an eluent. of pure deionized water. Sevenich and 

Fritz (1983) have" recently used a single column separation / 

without suppressor and a low concentration eluent to deter-
/ 

mine some transition metal ions and alkaline earths using a 
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conductivity detector. They were able to bypass the use of 

a suppressor column by measuring decreases in conductivity, 

the sample cation having a lower equivalent conductance 

than that of the eluent cation. Detection limits for Ca 

and Mg were 8;0 and 4.8 ng, respectively. 

The second type of EC detector is based on a 

measurement - of current resulting from an electrochemical 

reaction occurring at the electrode surface. This reaction 

can be described by Faraday's law: 

Q = nFN (2-2) 

where -Q is the number of coulombs, n the ' number of 

electrons involved in the electrochemical process, F the 

Faraday constant and N the .number of moles converted to 

product in the flow cell. The detector actually measures 

"instantaneous current it" given by: 

V = 5 ? = n F 1 = 9-65 x lo4 * equivalents converted / (2-3)' 

A chromatogram is, therefore, a measure of it as a function 

of time. 

Coulometric detectors are defined as those having 

conversion efficiencies of -100%. Thus, in principle, the 

use of a calibration curve is not required. However, to 

achieve -100% efficiency requires electrodes of such 

dimensions as to decrease relative sensitivity when 
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compared to the less efficient amperometric detectors 

(Kissinger, 1977). This can be explained as follows. t As 

more electrode surface, is added to a coulometric detector 

to increase efficiency, each' increment of surface area 

contributes proportionally less to the amount of material1 

converted but approximately equally to -background current, 

resulting in a lower signal to noise ratio. 

Examples of coulometric detectors applied to the LC 

determination of. metal ipns are the studies reported by 

Takata et al (1973, 197.5, 1977) and by Girard (1979*1. They 

studied the determination of tr^sition metals usftig the 

post-̂ column exchange1 reaction: " \ . 

M2-L + M 1 ^ M 2 + ' M ^ , (̂ -4) 

where M^ is the metal elufcin̂  ' from the colunAn and M2-L ,an 

appropriate complex. The released metal M2 is detected,, 

coulometrically using carbon cloth .electrodes. \ /Takata qsed 

Hg-DTPA (1973, 1975) and Cu-DTPA (1977) whereks Girard. lised 

only Cu-DTPA (DTPA = diethylen'etriaminepentaacetic acid) . \ 

Amperometric- detectors also measure* current but with 

much lower conversion efficiencies than the coulometric 

detectors, .typically 1-10%. In spite of this, they have 

the greatest 'relative sensitivity (S/N) of any of the 

electrochemical detectors. A great variety of detector 



f 41 .-£ 

flow cell designs, have been reported. '->. Of interest «a*e 
! ... . . 

those published by Kissinger (1977) and by "FleeW^and Little 

(1974). Kissinger's model uses a Teflon-gasket sandwiched: 

between blocks of Kel-F into which have been imbedded 
• f, 

appropriate electrodes to'achieve a low-volume (~5yL) flow 

cell w\Lth' fluid flow parallel to the surface of 'the 

electrodes. Another option4 is,to have the flow impinge 

directly pnto the surface -of the-working-* electrode-, as in 

the "wall-jet electrode \ detector" /reported by Fleet and 

Little. This design. has the advantage of increasing mass . transfer of electroactive material tp tlie electrode surface, 

thus "increasing sensitivity. 

Amperometric detectors also offer the flexibility of' 

mode of> operation -constant potential; pulse and differ­

ential pulse amperometry. "The pulse " modes have" two 

important advantages as applied to LC detectors. Fleet and 

Little (1974), Swartzfager (1976) and Mayer ands Greenberg 

• '(1979) rhave reported enhanced selectivity using pulse modes 

of amperometry. By a judicious choice of potential- and 

*• pulse height, selectivity not attainable by either 
3 

UV-visible photometry or ̂ constant potential amperometry is 

routinely accomplished. A second advantage of pulse modes 

reported by .Myers et al (1974) and Swartzfager (1976) is an" 
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important decrease in flow rate dependence. They showed 

that convection has little effect on* the current provided 

that the Nernst diffusion layer is small in comparison to 
* » 

the convective shear layer. !JJhis condition is more readily 

attained in the pulse modes and flow variations should 

present less of a problem. ' % 

The - vast majority of applications1 of amperometric 

detectors has* been in the determination of organic 

compounds' in the oxidative mode. The reductive mode 
r 

presents the problem of dissolved oxygen and metal 

contaminants. Efficient degassing of solvents and the use 

of high-grade stainless steels help in decreasing tne 

'problem. A few examples of amperometric detectors applied 

to the HPLC determination of metals ' have -been reported. 

MacCrehan and Durst (1978) determined cationic 

organomercury species in biological samples by' the reverse 

phase LC separation of" their neutral 2-mercaptoethanol 

complexes. A. differential pulse amperometric detector -was 

used in the reductive mode. Bond ,and* Wallace (1982) 

separated mixtures of four/transition metals using reverse 

phase LC of their neutral dithiocarbamate complexes. The 

determination was done by- Aidative amperometry using a 

glassy carbon electrode. Detection ' limits were 0.1 to 
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0.5 ng. Lyle and Saleh (1981) used a .dropping mercury 

electrode to determine mixtures of copper, cadmium and zinc 

separated by ion-exchange chromatography. The detector was 

used in ' the amperometric reductive mode. However, 

detection limits were poor; e.g., 300 ng for"copper. -

The third type of EC detector is one based on 

measurementNof potential. This is accomplished by use of 

either an inert electrode (e.g., platinum foil) or with ion 

selective electrodes (ISE). There are two serious limita­

tions associated with potentiometric detectors. First, 

they have higher detection limits than other commonly used 

EC detectors. Second, their response is non-linear, 

following a logarithmic relationship dictated by the Nernst 

equation, i.e., 29.6 mV per 10-fold change in concentration 

of divalent cation. As a result, these detectors have «not 

been applied to liquid chromatographic systems. They have, 

however, been used- in flow injection analysis to monitor 

nitrate, potassium, sodium, copper, glucose^ and1 ascorbic 

acid (Betteridge, 1978). 

The separation of transition metal ions on a high-

capacity cation-exchange resin followed by the amperometric 

determination of a displaced metal according to equation 

2-4 should be feasible. It was decided to explore this 
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possibility using three different electrodes - the dropping 

mercury electrode (DME), the hanging mercury drop electrode 

(HMDE) and a glassy carbon electrode (GCE). 

2«1 Experimental " *-

The experimental arrangement for the flow injection 

analysis comparison of • detectors is shown in Figure 2-1. 

. vEhe pump used was a Constametric III (Laboratory Data 

Control, Riviera Beach, Florida) constant flow pump and the 

- ..sampling valve was a Rheodyne 7125 high pressure valve 

fitted with a, 250 |iL stainless steel sample loop. Carrier 

. flow rates were T.2 mL/min. All tubing between the sample 

valve and detector was 1/16" O.D.. x 1/32" I.D. Teflon 

tubing. All connections .were made with flanged, tubing, 

plastic fittings and couplings il/4" x 28) . Preliminary 

studies on Dowex 50 suggested that a 0.20 M tartaric acid 

eluent-adjusted to pH 3.74 with NaOH would be suitable- for 

ion-exchange separations. The flow injection analysis 

studies, therefore, used this solution as the principal 

flowing, stream. The pressurized delivery system and 

detectors will npw be described in more detail. 

- , * 
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2.1.a. Detection reagent delivery systems: Two delivery 

systems were studied. The first system* was a Sage Model 

341A Syringe Pump (Sage Instruments, Cambridge, Mass.) and 

a 50 mL polypropylene syringe (Becton-Dickinson 5663, 

Fisher Scientific). The connection between syringe and 

Teflon tubing was made with an Uptight female luer 

connector. The second system was a ^-pressurized system 

described in Figure 2-2. The- reservoir was irtsahined from 

nylon and had a volume of approximately 300 mL. The base 

of the unit was machined from plexiglass and the flowmeter 

was a Gilmont Valve. Assembly,. Size No.l, 0-4 mL/min with 

micrometer control. The tube connecting the flowmeter and 

plastic tee was 30 cm of- 0.01" I.D. Teflon tubing. This 

small diameter tubing was used to increase the backpressure 

in the system to 1-2 psig and, thereby, achieve greater 
V / 

control and' constancy of delivery. " The syringe pump and 

pressurized delivery systems were used to deliver 

derivatization reagents at the rate of 0.50 mL/min. 

2.1.b. Spectrophotometry detectors: Two spectrophoto-

metric systems were studied. Systems 1 and 2 used a common 

flow cell described in Figure 2-3. All parts (A-E) were 

machined out of plexiglass. Parts A and C were made to 
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accept standard 1/4"->x 28 plastic connectors~and were glued 

to central unit B using acrylic cement. Part D was 

machined so as to accept - by push-fit a silicon 

phototransistor TIL-78 (Texas Instruments). Part E held 

the source - a gallium phosphide light-emitting diode 

(LED)(Texas Instruments) in system 1, or a fibre optic 

light guide and removable "dielectric interference -filter 

(Edmund Sci.Co., New Jersey) in system 2. , In most cases a-. 

520 nm filter was 'used. Parts D and E were held to the 

central unit *using a nut and .bolt* assembly. The cell 

windows were 18 mm diameter microscopic slide coverrglasses 

and were glued using silicone sealant. The entire cell was 

lacquered black and placed in a light-tight box in order to-

exclude ambient radiation. Flow channels were 1 mm. 

diameter, giving a cell volume of 10.2 PL. The light guide 

was coupled to a high intensity tungsten halogen lamp., 

(Dolan-Jenner Ind.Inc, Model 170 D) . 

The phototransistor was operated using the transducer 

circuit shown in Figure 2-4. System 1 used only the • 

circuit enclosed within the dashed lines of section A and 

was essentially the same as that reported by Betteridge et 

al (1978). The phototransistor, biased at a constant 

-15 volts, acted as a current source whose output was 

t 

* Is 
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dependent on 'the incident illumination. System 1 was 

operated as follows. The 100% light intensity was adjusted 

with both detector solution and eluent flowing through the 

light path. Potentiometer VR1 was used to set the 

potential at metering point MP1 to 0.00 volts. The 0% 

light intensity was adjusted, by disconnecting the LED from 

the circuit and potentiometer VR2 was used to set an 

arbitrary gain (Vrp) . The output voltages ("v̂  were 

recorded on a Fisher Recordall chart recorder. 

System 2 modified system 1 by adding a linearisation 

circuit. The 100% adjustment was the same as in.system 1. 

The 0% light intensity was adjusted by turning off the 

tungsten lamp and setting VR2 such that MP2 read -

1.00 volts. Potentiometer VR3 was used to adjust the 

voltage at MP3 to +r.00 volts. If one assumes that the 

voltage output V0 is proportional to the light intensity,^ 

then the second part of the circuit (section B) gives us 

the transmittance. Potentiometer VR4 is^l^d to adjust the 

value at MP4 to read between 0 and 40ff"fmV. This is the 

approximate %linear range of the logarithmic amplifier 

(TL441, Texas Instruments). .The final section of the 

circuit (section D) provided multiple gain and offset to 

match the input of the recorder. The choice of the gain 

was as follows: 1.04, 1,98, 4.96, 10.0 ank 20.0. 
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2.I.e. Electrochemical detectors: Three flow cells were 
* 

utilized in these experiments. The HMDE cell is described 

in Figure 2-5a. The Princeton Applied Research Model 303 

Static Mercury Drop Electrode (SMDE) was equipped with a 

glass sleeve which fit snuggly around the capillary of the 

Hg electrode. The distance between the mercury drop and 

the flow outlet could be adjusted by raising or lowering 

the sleeve. Optimum results were obtained when this 

distance was 6 mm. A reservoir served to make electrical 

contact with the reference and counter electrodes. 

The second -flow cell is described "in Figure 2-5b, The 

main body was machined from plexiglass and accepted a 1/4" 

x 28 plastic male connector. This connector was for 1/8" 

O.D. tubing and accepted a glass sleeve held in place with 

silicone sealant. This sleeve'acted as a support for the 

1/32" I.D. x 1/16" O.D. Teflon tubing outlet. The cell was-

attached to the DME of a PAR Model 1746 dropping mercury 

assembly. $ 
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The third electrochemical detector was'1* the Bioana-

lytical Services (BAS) Model TL-3 flow cell illustrated in 

Figure 2-5c. This cell was used with a BAS Model RE-1 

Ag/AgCl reference electrode and a Model RC-2A auxiliary 

electrode assembly. The three flow cells described above 

used the PAR Model 174A Polarographic Analyzer as the 

potentiostat. *. 

2.1.d. Chemicals: The monitoring of metal ions either by 

spectrophotometric or, electrochemical detectors was done 

either by direct redaction of the cation with reagent or by 

a metal-displacement reaction. All metal-displacement 

reagents (for example 2.5 mM Zn-EDTA; 1.0 mM Cu-DTPA; 0.50 

mM Cd-EDTA and 0.50 mM ,Cd-DTPA) were prepared by titrating 

the ligand in 2.0 M NH3/1.0'M NH4OAC buffer with the appro­

priate metal using either PAR (i.e., Zn) or ion selective 

electrodes (i.e., Cu, Cd) as the indicator. The' 

4-(2-pyridylazo) • resorcinol (PAR) detection reagent was 

prepared by dissolving 21.5 mg of indicator grade compound 

(G.F. - Smith Co.) in 500 mL of 2 M ammonia/1 M NH4OAC 

buffer. v 

All metal stock solutions (0.100 M) were. prepared by 

dissolving either metal (Cu, Zn, Cd) or reagent grade salts 

(Mg, Ca, Ni, Pb, Mn and Co) in nitric acid. These were 

standardized using1 EDTA titrations. . . 
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2.I.e. FIA procedure: All flow injection analysis studies 

wereOdone using the apparatus described in Figure 2-1. The 

carrier stream flow rate% (tartrate carrier), was 1.2 mL/min 

and the detection reagent was 0.5 mL/min. All samples were 

made up in tartrate carrier to minimize effects- p£ changes 

in refractive index (for photometric detectors) or 

electrolyte (electrochemical detectors). 

2.2 Results and Discussion 

The method selected for comparison of the detectors 

was flow injection analysis (FIA). The advantage of this 

method was that all samples have the same bahdbroadening 

controlled by injection' volumes, coil lengths, flow rates 

and detector volumes. One thus avoids the bar/dbroadening 

introduced by retention of a. species on a ajplunuu The 

disadvantage of this method was that the pulse dampening 

resulting from column operation was absent, hence a high 

background noise was observed. The sensitivities reported 

in this chapter are for the comparison of detectors and 
i 

detection reagents whereas athose reported in the next 
*-• * 

chapter ' are » for the comparison of the various 

separation/detection systems. 
; . ' \ • -. ; 

2.2.a. Detector reagent delivery systems: The two reagent 

delivery systems were compared using.a PAR-Zn-EDTA reagent, 
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v 
the \tartrate eluent and „ photometric system 2 detector. 

Baseline noise tracings are illustrated in Figure 2-6. , 

t ̂/A^A\/Vv/^ » — » » — W|Hm»H IHil lulu,. 

\ :, * - -A. . * 
""" • Sage pump \ ' -K . Ni-delivery system 

Fig. 2-6•' Baseline -tracings of reagent delivery systems. 

The Sage pump \ hoi se was[ thought to result-, from 

sticking of the plunger against the syringe walls. The 

N2~delivery system has. a noise level that results from the 

Cons.tametric III pump. The ̂ -delivery -system was used in 

all subsequent studies. ' 

2.2.b. Photometric detectors: The, first detector * studied 

was the LED-SiP system ~1 detector described by Betteridge," 
» * * 

et al (1978). Figure 2-7a presents tracings of the system 
. • . » - •< 

response for individual injections of several metal ions 
* » ' * 

into' the flowing stream,' using PAR as detection reagent. 
' ' ' " • • ' ' ' _ • * 

Cobalt and copper were found to be- 10 to 25^ times more 

sensitive than the other metals studied. / Figure 2*-8 

illustrates the limitations of the simple LED-SiP. system. 
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The LED emission maximum at 565 nm overlaps better with the 

cobalt and copper complex absorption spectra than with 

those of other metal complexes. To obtain better overlap 

of source'emission and metal complex absorption, on^ needs 

a lower source wavelength. For example, 520 nm would be a 

good compromise between metal"complex'absorption maxima and 

free* indicator absorption minima. To effect this change, 

the LED in system 1 was replaced by a quartz iodide 

tungsten lamp and a 520 nm interference filter but with no 

change in the electronic circuitry. The improved response 

fOr Zn with respect to Co using the 520 nm source is shown 

in Figure 2-7b. 

To verify the linear response of the system 1 unit, a 

calibration curve for bromothymol blue (BTB) was done using 

jO.01 M borax carrier and a 620 nm interference filter. The 

response for system 1 (VG) is given in curve A of Figure 2-

* ' V 
9. The calibration is definitely non-linear. This can be 

readily explained using Figure 2-10. ~ ^ 

As indicated in Figure 2-10, assuming that the 

response of the phototransistor is linear, the voltage 

output for system 1 (V0). . should be proportional to the 

amount of light absorbed. For a linear calibration curve, 

one needs a plot of absorbance (or - log T) versus 

concentration. and not a plot of absorption versus 

concentration. Since T = 1 -{fraction of light absorbed). 
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Fig. 2-10: Schematic of system 1 detector 

a plot of -log (l'-V0/vT) versus concentration should be 

linear. The values of V0 and V<ji from curve A have been used 

, in this expression to obtain curve B in Figure 2-9. In 

this case a linear calibration curve was obtained.-

The electronic circuitry in sections- B and C of. Figure 

2-4 was used to calculate V 0/VT» 1 - V0/V"T and 'log 

(1 -V0/Vni) automatically. The BTB calibration curve using 

system 2 is shown in curve C of Figure 2-9. An extended 

linear range was observed,followed, by curvature at high BTB 

concentrations. This curvature is not "due to the. 

phototransistor which has .a linear response from 100% T 

(0.00 A)* to at least 12% T (0.90 A) as shown by curv.e B in 

Figure'2-9. ., It appears that the observed departure from 

linearity is due to the logarithmic amplifier. Figure' 2-11 
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smboth curve is a result of 15 equally spaced measurements 
(not shown) 

points shown correspond to BTB calibration curve, Fig.2-9 
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shows the response of the log amp as a function of input 

voltage. The response was not linear over the 0-100% 

absorption interval with curvature starting at the input 

potential corresponding to 72% absorption. This, onset of' 

curvature in the log amp response (Figure 2-11) 

corresponded to that in the BTB calibration curve (figure . 

2-9c). 

A calibration curve for Zn was done using the system 2 

detector with PAR as the photometric reagent.* The results 

are shown in Figure 2-12. As in the case of BTB, a,.linear 

range was observed followed by negative curvature- above 0.6 

absorbance. The calculated" -log (1 - Vo/V^) curve was 

again linear ov^c, the entire range studied, i.e., 0-0.74 

absorbance. Despite the curvature noted, _"the system 2 
« « -

detector represents a definite improvement over the 

Betteridge medel in two respects. First, with the. 

exception of Co and Cu, sensitivities are much improved 

through the use of a- more appropriate wavelength (520*nm vs 

565 nm). .Second, linear calibration curves are' obtained 

over the 0-0.6vabsorbance range with a useful working range 

up to 0.8 absorbance. 

The PAR photometric, reagent, while giving good-* 

response for metals such as Co, Ni, Cu, and Zn, gave 

relatively poor response for such metals as Cd and Pb. An 

example of this is shown in Figure 2-13." The slope of the 
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cadmium calibration was only 14% and 23% the cobalt and 

zinc slopes, respectively. This is directly related to the 

molar absorptivities of the metal complexes. 

An improvement in sensitivity might be expected if one 

used a displacement reaction similar to reaction '2-4. 

Preliminary calculations of conditional stability constants 

for metal-EDTA complexes suggested that at pH 10 Zn-EDTA 

would be a suitable candidate fpr study. The results for a 

PAR-Zn-EDTA reagent are also shown in Figure 2-13. A 

comparison of the PAR and PAR-Zn-EDTA results indicates a 

280% increase' in sensitivity for cadmium but decreases of 

7.5% and 22% for cobalt and zinc, respectively. * 

If displacement is occurring, a decrease in sensi-
4 520 ' 520 

tivity for cobalt would be expected as e.„ „,„ > e„ „,*, . 
, Co-PAR .Zn-PAR 

The observed decrease for Zn, however, was more surprising. 

It was noted that the PAR-Zn-EDTA photometric reagent, had a 

higher absorbance at 520 nm than the PAR reagent. -This 

increased absorbance- corresponded' to a , free zinc 

concentration of approximately 7.5 micromolar. Since the 

initial Zn-EDTA concentration was 100 micromolar ("assuming 

rib dissociation^> one can readily calculate a7 conditional 

stability constant for this solution: » 
v' • - 92.5 x 10~6 _ j 64 1 06. (2-5)" 
K 7rf -PDTA* i ^6~T -yl.t>4 X J.U 

Z.n EDTA,- (? 5 1() b}Z , 
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This conditional stability constant was used to calculate a 

calibration curve for the addition of zinc ion into the 

equimolar Zn-EDTA solution. The results are given in 

Figure 2-14. A second curve is shown assuming 2.5 micro­

molar free zinc' and a calculated conditional stability-

constant of 1.56 x 107 (i.e., using values from Ringbom, 

1979). The two curves show slight" curvature near the 

origin but the linear regression slopes were 0.71 and 0.86* 

for the experimental and calculated conditional constants, 

respectively. This suggests that the presence of PAR and 

dissociation of the Zn-EDTA complex is one of the main 

causes' for the [ observed decreased ' sensitivity. The 

addition of a post-column displacement reaction may enhance" • 

sensitivity by forming . a PAR complex with greater molar 

absorptivity (e.g. Cd). The sensitivity may be decreased, 

however, if the displacement reaction results in speciesvof 

lower molar absorptivity or if the metal ion interacts with 

the free EDTA present in the' eluent/detection reagent 

solution. * • 

Table 2-1 presents the relative sensitivities for nine" 

. metal^ i.ons reacting ,with •• both PAR aijd fPAR-Zn-EDTA 

photometric reagents. "'The choice .of' the more -Suitable 

Reagent will' depend on which metals " are to' be analyzed. 

The advantage of -the • PAR-Zn-EDTA. reagent " is* that 

significant- increases" i'n- sensitivity are achieved- for Cd, 
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Table 2-1 

Sensxta.vj.ty* . Data for Photometric Detection 

Metal ion PAR PAR-Zn-EDTA 

C o ( I I ) 

N i ( I I ) 

„Cu(I I )« 

Z n ( I I ) " 

Mn(.'H) 

P b ( I I ) 

C d ( I I ) „ 

C a ( I I ) 

Mg( I I ) 

69 .2 

62.-4 , • 

45 ."2 

41 .4 - • . 

4 4 . 0 

\ 9 .2 

9 .6 

0 .0 

0 .0 / • 

6 0 . 0 

56^8 

. 4 2 . 0 

3 0 . 3 | 

. 2 7 . 2 • 

. . 2 8 . 0 

2 5 . 3 

- 2 4 . 0 . 

' 5 . 2 

* - sensitivity = response in mm/nmole injected 

- gain = 10X ^ . *' 

- recorder = 1VFS . * . , 

http://Sensxta.vj.ty*
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Pb,Ca" and Mg while suffering only minor losses for Co, Ni, 

Cu, Z/i and Mn. The greater experimental "flexibility 
* *« 

offered through this choice of reagents has in some cases 

considerably' facilitated the design of experiments to be 

reported later in this thesis. 

2.2.C. Electrochemical detectors: The first of \three 
, • • . w -—' v 

electrochemical detectors investigated was the dropping 

mercury electrode (DME). Preliminary • batch studies using 

various metal-polycarbdxylic acid complexes had shown that* 

a mixture cj£ Cd-EDTA, 5 x 10~4 M and Cd-DTPA, 5 x 10"% in 

.tartrate carrier was a promising detection reagent. 

Relative sensitivities as determined by • FIA using this 

reagent are, shown in Table 2-2. Only 5 metals - Cd, Pb, 

Zn, Co and Cu -gave significant 'responses. 'Little exchange 

was noted for Ni, Mn, Ca, and Mg. ' The poor exchange for 

Ca,* Mg • and, Mn was due to the solution pH of 3.74 (hence 

poor ligand.exchange constants) whereas nickel was probably 

the result o'f slow kinetics. * ' * , * 

The calibration curves for the"five metals t»at 'gave 

good response were, linear "from, detection limits, to- 60'* 

nmoles. .No curvature was notgd at the 6(L nmoie level and 

higher .amounts could probably be injected. ; The main' 
i v « •__ . ' i , 

problem, observed witm^th-e DME detjeetor 'was noise. High 

file:///three


- 71 - * 

Table 2-2 
i •« "" t^ 

z 
» ** V 

S e n s i t i v i t y * . D a t a for Elec t rochemica l De tec t ion 

Cd-EDTA / Cd-EDTA / ' ' 
Metal ion Cd-TOPA/DME 'Cd-DTPA/HMDE Cu-DTm/GCE 

Co"(lI) 

Ni(II) 

•CuCII) 

Zn(II) 

Mn(£l)- > 

Pb(II) 

' Cd(JI) 

Ca(II) -

Mg(II), 

0.078 

0.006 

0.035 

0.081 

0.005 

0.097 

0.103 

N , D 

. N D 

0.365 

0.009 

0.290 

0.411 ' . 

0.091 

.0.480 

• Qs491 

N D « 
t 

**V N D 

0,116 

' ' 0.095 

,0.150 

0.157 

• 0.1-54 

0.153 

0.1*42 

.0.113 

0.024 

r 

* - sensitivity = response in pA/nmole injected 

- N • D = not detected • ^__ ' i . 
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unacceptably high, detection limits, on. the order of 5-10 

nmoles. The noise was^due to several factors - reduction 

of dissolved oxygen, lack of mechanical stability of the 

mercury drop, drop size' irreproducibility and noise due to 

the drop kliocker.. Ap a result of the poor sensitivity, no 

further-work was done with the DME detector. 

The hanging njercury drop electrode (HMDE) using the 

same detection reagent gave more satisfying results. 

Background 'currents and . noise were much-' reduced when 

compared to the DME. • The HMDE has the advantage of 

eliminating noise •- associated with the drop knocker and' with 

reproducibility in drop size. Relative sensitivities tfeing 

this.detector are shown in Table 2-2. As expected, results 
>* * ° * * ° ... ' - ^ 

are similar to those using the DME. Calibration curves for 

the jnetals# were -once aga^i* linear over the range studied 

(detection 'limits to 10 nmoles). The detection limits were 

about ©*.2" nmoles. v •' . ' v , ' ' 

One problem * observed with the HMDE detector was 

'passivation', ;s,;Eigure 2-15 shows s the detector response for 

repeated injections of 'a single solution of cadmium. One 
P 

can. see that passivation does occur, being .'most prominent 
<• ' k ** * 

in .the first-5 minutes and * leveling off afterwards. Ttje/ 
* * r o u t i n e ' a p p l i c a t i o n of t h i s de tec to r in<s a tiC system would 

j jherefore be"somewhat compromised, 

ac system wc 
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a rorimdle injections of Cd , 

i(|JA) 

7 2 
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Fig'.2H5 : Passivation of Cd response with HMDE detector. 

1000 
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The best performance of the three detector-s was given 

by the BAS glassy carbon electrode (GCE). The absence of 

mercury permitted one to use more anodic potentials than in 

the HMDE and DME work. The latter electrodes at high pH 

and anodic ' potentials gave large mercury oxidation 

currents. The -GCE allowed the use' of a Cu-DTPA detector 

reagent at pH 10 and an applied potential of -0.300 V. 

Passivation of this electrode surface did not appear 

to be a major problem. Slight decreases rn^sensitivities* 

occurred on start-up but the system response quickly 

•equilibrated (less than 5 minutes). This can be supported 

by results obtained in a reproducibility study.- Six repeat 

•injections of 7.5 nmoles of each of Cu, Zn, Ni,,Pb, Co" and 

Cd were run over a 3 hour period with relative standard 

deviations ranging from 0.3% to 1.6%. 

The GCE detector system was also operated̂  in the pulse 

mode, jmlsing from 0 my to.-3f>0 mV (vs Ag/AgCl) . Higher 

background currents and noisfe resulted and as a consequence 

,a 4-fold decrease in sensitivity." No further studied were 

done in phe pulse mode, and all regaining results are for 

the' differential puise" mode," i.e.,. »-300 mV ' with a 50 mV 

puls*"^ ' 

Relative sensitivities as determined-'by FIA ,using the 

GCE detector, with the Cu/-DTPA« reagent are shown in Tablfe 2-

•""> 2. „ It can be seen- that near quantitative' displacement 
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occurs fdr Cu, Zn,' Pb, Cd and Mn and that important 

displacements (I.e. > 60%) are observed for Co, Ni and Ca. 
* o' 

Only magnesium gave poor results. Examples of calibration 

curves for Cu and Pb are given in Figure 2-16. -Good 

linearity is observed 'over the detection limits to 

6.25 nmole range studied with detection limits being.on the 

order of 0.5 nmoles for both metals. 
X 

2.3 Conclusions (
 r 

Five detection systems were characterized for the 

detection d"f " metal *ions- ' separate'd by * ion-exchange 

chromatography. Figure 2-17„ presents FIA injections near 

the detection limit 'for each of the detection systems. 

Table 2-3 presents' the detection limits for each of the 

.metals for each of the five detection systems. The system 

2 photometric detector was the most sensitivjs detector 

studied, with FIA detection limits of approximately 0.05-

0.1 nmoles for Co, Ni, Cu, Zn and Mn. The -detector did 

exhibit non-linearity at low light levels bi$fc\ its • working 

r.aftge of 0-0.8 absorbance units would ̂ satisfy most common 

\usjage. - In addition, the flexibility offered through .choice 

J? 
<5of photometric reagentls (PAR or PAR-Zn-EDTA) permitted the 

determination of trace[transition metals in the presence OM 

in the absenpe of. miXLimolar levels of calcium arid 

file:///usjage
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i:25 nmoles 0.125 nmoles 

fAR 

Cd Co 
B B 

i - J / \ ^ \ ^ -~Ju4~ PAR-Zn-EDTA 
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Fig. 2-17-FIA injections near detection 

limits for .5 detector systems. 
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Co ( I I ) 

N i ( I I ) . 

C u ( I I ) 
V 

Z n ( I I ) . 

Mn(I I ) 

P b ( I I f 
C d ( I I ) 

C a ( I I ) , 

Mg(I I ) 

u 

i j e c t i o n 

PAR i 

p. 05 

• 0 . 0 6 ' 

0$08 

0 . 0 9 

0 . 0 8 

0 . 4 5 

0.]50 
> 

-

T a b l e 2-

A n a l y s i s 

.PAR-
Zn-EDTA^ 

' 0 . 1 2 ' • 

0 . 1 2 

0 . 1 6 

• 0 . 2 3 

0 . 2 5 

0 . 2 5 ' 

0.27* 

0 . 2 9 

1 . 3 3 

- 3 

D e t e c t i o n f j i m i t s 

DME-

8 

110" 

18 

8 

1 3 0 > 

6 

6 

-

HMDE 

0 . 3 

« 9 ' 

0 . 4 

, 0 . 2 

-1 .0 

0 . 2 

GCE 

0 . 7 

0 . 8 

0 . 5 

0 . 5 

Q . 5 * 

0 . 5 

0 . 2 0 .5* 

- / . 0 . 7 

- 3 . 2 

- detection limits in nmoles {2% blanks) 

\ 

. j * 
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magnesium. The" PAR-Zn-EDTA reagent, however, increased 
) • * , 

detection limits due to the presence of equilibrium free 

ligand. „ ,- ' - • ' Ik, 

The "GCE detector- gave the best results of the three EC 

detectors studied. It demonstrated comparable ' sensi-

tivit*tes to the photometric "system 2 detector with FIA 

detection, limits" of. approximately 0.5 nmoles''for the more 

sensitive me'tals.. It., did havj? Jbhe • advantage. of linearity 

over the concentration range of interest. ' ' * 
4^ 

* * * i 

i* * 
*»». 

- « 

<V 

1 * 
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<CHA£T': ER 3 

o " 1 

.Liquid CKromatographic Separations 

3.0 Introduction n « 

Multication speciation ,requires an analytical osys*em « 

capable of- selectivity, i.e., determining one metal' in the 

presence of varying amounts of several other metals. 

Selectivity is often < achieved , chromatqgjfaphically, 

isolating the compound or compounds qf interest from 

matrices of varying complexities. Once .the selectivity is 

accomplished, defection and determinations are carried" «otft " 
- ^ 

by the use of an appropriate detector, the subject of 

• Chapter 2. • This chapter will describe , liquid 

chromatographic separations of mixtures of metal ions 

•pertinent to multication speciation in model, systems. 

Liquid chromatography (LC) was first conceived and 

developed* by TswettSaJ^ the turn'"of the century in the form 

^of "openrcolumn" liquids-solid or adsorption chromatography. 

Research- over the following 50 years resulted ' in „ the 
>, ,-

development of various forms of liquid -chromatography -
partition, . paper, thin-layer, ion-exchange and size 

exclusion or' £el jiermeation. Although gas/"' chromatography 
A 

succeeded in displacing LC'with respect to' iftany .separations 
J> ' , • • 

of volatile organics, liquid chromatography remained the 

V 

% * 
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method of choice when separatyfig non-volatile or .thermally 

unstable compounds and ionic species. *• °t 

Before the development of modern liquid chromatography 

in the late-sixties, metal ions were often .separated by 

ion-exchange chromatography ,using<> torge particle syntneAtic 

•resins such as Dowex-AG50W. .These separations were tedious 
•• » * . 

and time-consuming and woften required the use df several 
L ** 

., # , '. 
eluents. An- example of this is the work reported by Kraus V- They separated mixtures of six and Moore (1953). 

* . ' " • ." 
transition metal ions by anion-exchange chromatography 

- * ' « 

using a large particle (200-230 *mesh) polystyrene-^ 

divinylbenzene /fPS-DVB) strong-base resin (Dowex-1). The 

>elution procedure"involved six different concentrations of 

HCl, one for each,; metal ion. The procedure was "further 
" ' *s^~ • 

complicated by- use of three different detection techniques: 

spectrOgraphy 'for %Mn
2 +, radiotracer analysis for Fe^+ ^nd 

Zn2+ and 'colorimetr^ for Co 2 +, "Ni2+ and Cu2+. Mpre 

.recently Seymour and - Fritz (1973) and. Fritz and SI 
(1974) reported the 

>ry 

"forced-flow"'- chromatographic 

separations of mixtures of metal- ions using either strong-" 

acid or strong-base PS-DVB resins. Eluents were forced 

through the large particle resin beds by way of pressurized 

eluent tanks ($0 psig). In the former study, 150-200 mesh, 

Amt^erlyst -A-26 anion-exchanger was used, with a 'different 

hydrochloric-perchloric acid mixture- required s for the 
, **> > 

. J ••• '• 

- ) 

t. . 
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elution of * eaĉ h metal. Detection was by •> photometric deter-

mination Of the chloro complexes at "225, "nm. In* the* latter 

paper, the separation 'of 5 transition metals (Zn, Pb, Cu, 

Mn, Ni) was accomplished in only 10 ̂ minutes using partially 

sulfonated low -capacity resins.-.. However the reparation 

required five~° different combinations of lacetonitrile-

hydrochloric acid,.-, -r; Eluted metals /were '.determined 

photometrically >-after the post-column formation of PAR 

complexes. •= - .° 

The development of v-jmodern liquid chromatography 

permitted, shelter analysis times through more efficient 
^ , "/* 

separations". This increase in efficiency -was due vto the 
*\ - ' • 

utilisation^ of- -smaller particle packings, typically /
acK 

5-20 Jim. The result was an increase * in the number of-, ' 

plates per column arid, therefore, better separations < in' 
. . . •* - •- t, <}"''" • 

less- time. * • . -
• v . 

The most common high performance separations Q.f. mental 

ions have been by ion-exchange chromatography. The ̂ packing » 

materials consist of either polymeric porous resin 

particles, ^e.g., PS-DVB) or silica supports »with ay " 

c*hemically or mechanically bonded - organiO substrate. ; In 
* • ' 

both cases,_ ion-exchange* sites are introduced," typically 

-SO-3- .for cation-exchangers and -N(CH3)3+ for «ahion-

exchangers. Transition metal ion mixtures were separated , ' 
r •' 

by Takata and Fujita (1%75) under .isocratic conditions ~ 
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. , . t 

using varibus PS-DVB resins. * They succeeded in separating 

' / 

fin,i Zn, Ni, Pb, Co andJ Cd in 7 minutes using 8-11, urn 

particles and tartrate .eluent at 50°C. Cassidy and Elchuk 

(^80, 1981 a, b) us'ed either tartrate or citrate under 
7 

both isoczfatic and gradient conditions' to separate mixtures 

of tra&sition'-m&tal ions-, ,e.g., Cu, Co, Zn, Pb, Fe,Mn, Mg, 

and Câ  in 30 minuses. <=• Tfeiey reported that gradient 

conditions* were preferable when looking at several metals 

whereas isocratic eliitibn was preferable.' for maximum 

baseline stability. 

In comparing *•• bonded-phase ion-exchangers to 
• / " * . - * 

.conventional" resin ion-exchangers,-j Elchuk- andV^Cassidy (1979) and. Cassidy and Elchuk (!98ib) found that • altftbugh 

/^ bonded-phase columns gave slightly better peak shapes\^, 

. their low • capacities''made them less convenient to use. An 

example of a bonded-phase»<anion-exchange' separation is the 

work reported by Beckett and Nelson (1981). They used an 

anion-exchanger (Partisil>10 SAX,) to separate mixtures of 

Pb, Cd and _ Zn using the pre-golumn formation of anionic 

polycarboxylic acid complexes of the metals. The 3-metal 

separation, however, required 24 minutes. 

Liquid, chromatographic, separations of .alkali -metals, 

s alkaline earths and "many of- the common anions have been . 

reported by ion „chromatography " originally developed by 

* Small, Stevens and Bauman (1975). This dual-column method 
* n 
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requires an ion-exchange separation of" the eolnponent,© 

followed by elimination of background conductivity by' way 

of a suppressor column, until recently, the methota had not 

T ^ -. been Vcammonly 'used °- to separate transition metal ions 

because the" hydroxide form of the suppressor column would 

»' precipitate mpst transition metal .cations. As described in 

>!* 

, , Chapter'* 2,- Sevenich 'and Frifcz (1983) eliminated th£ » 

suppressor' column and separated Zn, Co', Mn, Cd, Cu, Pb, and 
,' y ' -" 

Sr in 15 minutes , using a low capacity cation-exchange v 
• > . . . 

resin. , 
l - j • 

° Adsorption or , liquid-solid chromatography. (LSC) has 
r 

been usedvless frequently than ion-exchange chromatography • 

to separate metal ions but has been used to separate 

neutral metal chelates. Lphmuller et al (1977) separated • 

•v mixtures of three or four transition metals using the 

formation of their dithizohates (MDz). Silica was used as 

the adsorbent, ' benzene as the w eluent/ and the metal 

dithfzonates were determined ' at 525 nm. Separations were 

not very good because* of peak tailing^and .the separations 

required 20-40 minutes. Moriyas^TTandv Hashimoto (1978) 

separated various mixtures of Hg, Od,/ Pb, Cr, Bi, and Cu 

'using .the .formation' < __94 / their neutral 

diethyldithiocarbamates (DDTC). •TITie separations used 110 pm * t 

** j silica particles, water saturated hexane as eluent, and 

spectrophotometric defection at 254 nm. O'Laughlin _and 
) 



/ 

» O'Brien (1978) used tsoth DDTC and. Dz chelates with' 10 ym 

- silica and toluene, eluent. However'i onl^ 2-metal mixtures 

•could be successfully resolved. 
* * ^ * 

Liquid-liquid' or partition ^chromatography has also 

been used to separate metar* ions by HPLC. Separations are ' & 

based on distributions of solute .molecules between two 

immiscible liquids present as stationary and mobile phases. \ 

The stationary phase is either mechanically held onto an -
J 0 a 

A 

inert support, as in classical LLC, or. chemically bonded, %, 

. as in bonded-phase chromatography (BPC)* . . 

An example of .LLC Applied to the separation of metal 
' • ( 

ions was the work o£. Huber et a'l {1972). They ' separated , 

neutral metal - S - diketonates using two* ternary „water 

-2,2,4-trimethylpentane-ethanol mixtures as stationary and 

mobile phases. The solid support consisted of 5-10 or, 10- », 

20 pm -diatomaceous e'arth. Detection\#as" at 310 nm. A 

separation of six metal-aq^tylacetonates, (Be," Cu, Al, Cr,v 

Ruf "Co) was achieved in less than 25 minu/te's. * Reverse-

phase LLC has been used *to separate metal ions by Uden- et 

al - (1975) and by * Bond and Wallace - (1982). Uden et al used 

ylO um Cxs columns, to separate^ .various Schi-ff base chelates 

followed by photometric detection at" 254 nm. Only 3-metal' 

separations were given, those of Pd, Cu and Ni. Bond and 
'• . « * 

.Wallace '-also used a C^g column to separate DDTC edmplexes * 
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of Cr°, CoN, ° Ni and Cu. a Resolut ion- of the 4-eomponent 

o * it 
mixture- Required 16 mintftes. - • , 

Hpn^pifir «c 
« 

> Xon7|iair 'chromatography (<also . e x t r a c t i o n chroma--
a * * a ' 

u « . . 

tography, soap lchromatography and chromatography with ' 
liquid ion-exchangers) has recently been developed oas an. 

. \ * 
alternative to ion-exchange chromatography. It is based on 

the format&m of "ion-pairs", i.e., sample ions/with eluent 
•» 

counter-ions. These "ion-pairs" appear to be resolved by 

either partition or ion-exchajige processes, depending on 

the size* and nature of the.1 counter-ion. .As an example", 

carboxylic, acids (RC00") can be separated5 by IPC usi*.g- as 

counter-ion tetrabutyl ammonium and Cig reverse-phase 

columns.'" ' The" .eluent. is an aqueous buffer solution 
jt 

Separation is thought to ,be the result of partition ,of 

RC00"**—TBA+J between the C±Q organic stationary phase ahd" 

the aqueous . .buffer mobile., phase. ^ However in soap 

chromatography, where the ; counts-ions are usuallyv much, 

larger and are thought to be adsorbed \"onto the>or'ganic 

stationary phase, -separation, would result from ion-exchange 

'at the liquid-liquid interface. . ' * • K 

c/ 1 1 ' r tap » > 

ion-pair * .chromatography ba^ been applied to the 
- * , * 

Reparation „ of ' metals- using .both mechanically-held and 

chemically-bonded .organic phases-. . Horwitz et al (1976, 

1977) reported the-separation of radionuclides using 5-and 

20 urn porous .silica-microspheres coated with 25-30% (w/w) 
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. * of, di(2-ethylhexyl) orthophosphoric acid in dodeea^e. 

* Nitric acid was used as the mobile phase! They separated 

225Ac and 'four daughter nuclides,, in less than 2 minutes 

using a short 1 -cm column and four different concentrations 

* of HNO3. Recently, Cassidy and Elchuk (1982) described an 

IPC separation of transition metals using Cis phases bonded 
» a 

to both 5 -and 10. urn silica, particles in equilibrium with 

aqueous tartrate solutions (0.€45 M) containing either 0,01 

M C2oH4a,S04Na or CjgHî SĈ Na as Bcounter-ions. The 

separation of Cu, Pb, Zn/ Ni, Co, -and' Mn required only 10 

minutes. Detection was by photometric determination of PAR 

-complexes, s , ' 

* The .more .,promising ' methods for. the liquid 

chromatographic separation of metal ions are the ion-

exchange ahd the ion-pair methods. The former is more 

adaptable to *both photometric and electrochemical detection 
> kt - -

whereas the* latter ' gave better resolution and analysis 

times.' Earlier work on the detection systems suggested 

- that" a preconcentration method would be necessary before 

the separation. The- Donnan dialysis' method to be reported 

in Chapter _4 requires high salt or complexing ligand 

concentrations to be- effective. .This limited, the choice of 

separation to ion-exchange and this chapter summarizes the 
* „ • v 1 

methods used for- the divalent metal ions of interest. 

r 
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3.1 Experimental , » " t 

. The ion-excfiange' experiments were done usitig the 
* ' •. '" - - " f, * " "' 

,, arrangement described in Figure 2-lf/ Twq modifications 

were made yto adapt the'-FIA . system to " the chromatographic ' 

applications. The connection between sample,, valve £nd t 

plastic . tee was replaced with a column packed with -ion- • 

exchange resin, The selection of eluent was facilitated by *' 

using a low pressur'e Altex o 6-way Rotary Selection Valve 

(Rainin Inst. Co., /Woburh, Mass.) between the eluent 

reservoirs and pump inlet. This permitted one to select ,i 

any one of six possible eluents- for -.step-gradient 

chromatography. « -

• V * - • \ • i; 
3.1.a. Reagents; -Eluents were prepared from either 

tartaric acid (Analar, B.D.H.) or anhydrous citriq acid. 

(Baker Analyzed Reagent) dissolved in- glass • distilled 

water. Inorganic salts £° modify -the eluents were NaNC-3 

(ACS Assured, B.D.H.), NaGl (Certified ACS., , Fisher) and 

NaOH (ACS .Assured, B.D.H.). All eluents were -adjusted to -

appropriate* pH, filtered through 0.2 um Nuclepore membrane 

filters and degassed for five minutes, using a "water 

aspirator. , *^ , 

Packed ion-exch\ange columns were prepared using either > 

Aminex A-9 (11.5 ±)o.5 vm) or Aminex A-8 (7.0 ± 1.0 iim) 

supplied in the sodium "form0 by Bio Rad Laboratories 

v / 
? 
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(Richmond, Calif.). The columns were » slurry °packed in. 

eluent using an air-driven Haskel, pump. The- resin 

suspension in the eluent was ultrasonicated^ and added to ar 

13-.0 mL reservoir.*. The resin *was etransferred from the 

reservoir /to the. empty .column using an initial pump 

pressure- of 300^psi^ * The, column packing was equilibrated 

by passing eluent through ' the column and gradually 

( ' increasing the pressure to 4500 psi in steps of 500 psi 

. _ over a period of 30 minutes. Packed columns were stored 

in a refrigerator (-2Q°C) between use to inhibit* bacterial 

growth. '" , > 

* * After extensive use . (three to six months) or /to change 
-' . \ . , 

counter-ions, the resins were regenerates to remove metal 

impurities. The resins were successively'equilibrated with 

I , 0.10 M EDTA* 6 M HCl and 2 M base "of A the appropriate cation 

' ' (i.e., NaOH for sodium form resin »or NH3/NH4NO3 for 

' » • - .ammonium form resin). The resins were equilibrated with 

fresh eluent before packing. 

. . m-
3.2 Results and Discussion 

' * ' " # • • . " . * 

- B The objective of the study was to develop a rapid 
p , exchange . separation suitable for, future multication 

speciation studies. "The metals of interest-Cu, Zn, Pb, Ni, 

Co, Mn* and Cd at ]the .micromolar level ahd Ca and Mg' at the 

millimolar level ( - should be analyzed in the" same 

'\« ^ v 
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separation, if*\,possibl,e. The minimum requirement* ffCr^ 

model "studies) is tat-determine two metals in the first 
* < ° * . i ^ , - •« , » «- » 

group and one in. the sie'cdnd group* ;This would be* useful 
n - If- I i ' \ 

a •>, *" i » 

for,, studying the effect of . macro concentratiohs^df alkaline 
* . . ' ' "* - • ' " 

^earths on the trace metal binding'. « ' 

Ion-exchange " separations j axe ., controlled . by- the , 

' distribution* coefficient for the " exchange of a ,>mefeajL ion 

between" solution and exchanger: For an-exchange' reaction '» 

. >M1
2+ + U R , W M X + 2M2"

f . "" , ( ( 3 T 1 - ) > 

** ' ' - % . 
in the presence' of a complexing buffer, the distribution,. 

" ' " . . ' . .* "- * ^ ' ' / 
coefficient D is given by* (using the formalism .'of Ringbom 

';- (1979)): . x . ' 

D = 

Mi ' 

2JR W * 
M 2̂ a 

2 K 
' 2t*g , ' * (3~2) 
% L 

-where [M2]a and [M23R represent the concentrations • of the* 
Sp ' * . M i 

metal in solution and resin, respectively? K„ represents 

the selectivity coefficient for the , resin* -and "aMjL 

represents the masking reaction between' , M]_2+ and- a 

complexing ligan#; - • . 

= CMil not ° n resin =\k1
2+] +-IMIL].+ [M,L ] +.;. 

' \ . [ M X
2 + 1 ^ , , . [Ml

2+] • 

= 1 + gi [L] + 3 9 [ L ] 2 + - " (3-3) 

r^. 

* * V , •> * 
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* The elution volume for a metal ion is given by: 
V- = D-g + V ' * (3-4) 
e - o 

where* g>-*is £he weight of resin in grams and VQ- is the void, 

volume of the ''column in milliliters." It is evident from » 
•* • 

*', . * 

these expressions^ that the elution volume; depends on the 
capacity of " the resin î J-Rr the concentra'tion of tĥ e 

* , •* 

counter-ion in solution fM2]a» and 'the . concentration of 

free complying* ligand in solution. *, The concentration of • 

. |reeji .ligand in "solution .can be controlled by adjusting the 

pH of theteluent. 

The ability of an ion-exchange system to resolve metal 

« ion mixtures depends on two factors: • the. separability of 

• •w the 'metal ion pairs (Vei/Ve2J Ve2/Ve3, etc) and the number 

'system- is proportional to the particle diameter 

of plates on the column. The plate, height of a separation * 

• the 

smaller the resin particle size,- the smaller the plate 

and the greater the number of plates per column" 

The separability of metal ion pairs obviously 

depfends on "the distribution coefficients. The principal 

ontrol for the separation (both elution volumes and 

resolution) is to aiter a M L by either choice of ligand or 
1 < 

varying the pH. The remainder of this Chapter 

summarrzeas.. the development of a number*" of separation 

systems suitable for speciation studi« 
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3.2.a. Tartaric acid eluents: The first exchange 'system 

studied used the Aminex A-9 resin and ammonium tartrate 

eluents. . Figure 3-1 presents the separation of a Cu, Zn, 

Pb, Co and Cd mixture using a 0.10 M ammonium tartrate/0.10 

* M NH4NO3 eluent at pH 4;6. The metal ions are well 

resolved but Ni could not be determined because -it eluted 

after Zn but before Pb,. The other problem was the 

excessively long retention time for cadmium. The elution 

time for cadmium could be reduced by the addition of 

chloride ion to the. eluent. Elution times' for the 

different ions are presented in Table 3-1 as a function of 

chloride ion concentration. + '" <ŝ  

To improve the separation between Zn and Pb and allow 

the inclusion of Ni would require adjusting D for each ion. 
* 

The stability constants for Zn, Ni and Pb complexes with 

tartrate are logK = 2.4, 2.1 and 3.8, respectively. Lead 

forms a more stable complex and its elution volume should 

be most susceptible to changes in solution pH. A 

difficulty was noted with the ammonium tartrate system -

ammonium hydrogen tartrate is relatively insoluble and was 

not suitable for further studies as an eluent. Sodium 

tartrate was used for further studies of pH on the elution 

volume. 

Figure 3-2 presents the results for a separation of 

Cu," Zn, Ni, Pb, Cd", and Cd using 0.2,0 M sodium tartrate at 
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Fi,g,3-h Isocratic -A-9/NH4-tart« separation 

eluent - 0.10 M NH^tartrate (pH = 4.60)/0.10 M NHjNO 

column - 12.5 cm x 4.2 mm Aminex 'A-9 fJ ; 
flow rate - 1.25 mL/min ' ' ' ' 
injection,.-! mL of 5* yM Cu, Zn, Pb,„Co; 10 yjfl Cd . . 
detector - W-SiP system 2 with PAR-Zn-EDTA and Sage 

1 delivery system -
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Table 3-1 

' Effect of [ci~] on t s 

R 

Meta l 

Ion 

C u ( H ) 

Z n ( H ) 

PbdD 

Co( I I ) 

Cd( I I ) 

\ • 

0.'2M N H . - t a r t 

^ 0.05M NH4C1 

. 3 :10 

6:45 

•> 8 :55 

16 :03 

" 19 i00 

t 

0.2M N H . - t a r t 4 
0.075M NH4C1 

2 : 5 0 

5 :05 

6:3*7 

11 :^8 

12 :32 . 

"0. 

0. 

,2M NH - t a r t 4 
.10M NH4C1 

' 2 :45 

4 :30 

. 5 :40 

9:40 

9 :45 

t_ = retention time (min;s£c) 
R 

v^ 
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Fig.S-Z-Jsocratic A-9/tartrate- separation'. 

eluent - 0.20 M Na-tart (pH = 3.74)/0.05 M NaCl/0.056 M NaNCL 
column - 20 cm x 4.2 mm Aminex A-9 
flow rate - 1.2 mL/min 
injection - 1 mL of 3 yM Cu, Zn, Ni, Co; 6 yM Pb, Cd 
detector - W-SiP system 2 with PAR-Zn-EDTA reagent 

/ 

" " * • > 

^ 
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pH 3.74. . Adequate resolution was obtained for the 

separation but copper gives a poorly shaped peak. A 

possible explanation for the poor, copper peak shape is tjje 

presence of strong .copper binding sites on the resin. The 

peak shape' rises, sharply! and exhibits-significant tailing. 
. * ** » 

This behavior is typical of a non-linear • adsorption 

isotherm with a mixture of sites. The tracings of copper 

peaks given in the inset of Figure 3-5 support this 

^hypothesis. At low copper concentrations, the peak shape 

is more symmetrical*• suggesting a« .linear isotherm binding 

region for' the strong sit,esi The analysis time of 18 

minutes for this resin, could not be shortened without 

decreasing the resolution of the separation. 

A second resin - Aminex A-8 - with a smaller particle 

size was used to improve the resolution, and allow'a shorter 

analysis time. Figure 3-3' presents the chromatogr'am for 

the separation using Aminex A-8 and 0.33 M "sodium tartrate 

at pH 3.65. This system was capable of separating the six 

ions in 14 minutes, with" adequate resolution. The 

difficulty of the Aminex A-8 system was a high backpressure 

which required a large diameter column (8 mm I.Di)' and a 
( 

large amount of resin. > The Aminex A-8 resin increased in 

backpressure over time, increasing from 2600 psi to 

4500 psi in 4-6° weeks. . Th,e Aminex A-9 columns could be** 

used for 3-6 months before the build" up in backpressure 
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e* Fig. 3 -3 : Isocratic A-8/tartrate .separation. 

eluent --0.33 M Na-tart (pH = 3.65)/0.042 M NaCl/0.05 M NaNO 
column - 10 cm x 8 mm Aminex A-8 , 
flow rate - 1.2 mL/min 
injection - 1 mL of 3 yM Cu, Zn, Ni, Co; 6 yM Pb, Cd 
detector - W-SiP system 2 with PAR-Zn-EDTA 

v 
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required repacking. The difficulty with", the Aminex A-8* 

resin Suggested that ' the ' Aminex A-9 resin would be the » 

better system for routine studies. 

The optimized 6-metal separation presented in Figure t 

3-2 was used to characterize the detection limits for the 

separation. Figure' 3-4 gives the calibration curves for 

five of the six metals and the inset, gives the chromatogram 

for the separation- near the detection limits. The 

detection system used for this study was the PAR-Zn-EDTA 

reagent and system 2 photometric detector. The calibration" 

curves for these five metals were linear but the copper 

calibration curve was non-linear. "Figure 3-5 presents the 

calibration curves for single injections .of 'copper, using 

both peak height and peak area measurements. The peak area 

calibration curve was found to be linear which suggests * 

that the problem is a result of poor peak-shapes. 

Reproducibility studies' ' using 6x5 rimole injections 

gave relative standard deyiations . ranging from 0.5% to 

1.6%. The detection limits were 0.5 nmole Cu, Cd and Pb, 

and 0.25 nmole Zn, Ni and Co. These results are twice 

those obtained by flow injection analysis because of the 

increased dispersion in/the ion-exchange column. 

• * 
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Fig! 3 - 4 : Calibration curves with A-9/tart. ^ 

F 

-condit ions same as in Fig. 3 - 2 . " 

% 
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3.5 uM 

Fig.3-5= Copper calibration curves'.' 

-conditions samf as in F ig j3 -2 . 

- I units 20 mm (peak height, • ) ; 5.0 mg (area, o ) 

Y 
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3.2.b. Citric acid eluents: Tartaric acid was not strong 

enough to elute calcium and magnesium within 40 minutes. 

To lower the elution times for the alkaline earths required 

a stronger complexing agent to increase the value of aM L 

in equation 3-2. Citric acid forms much stronger complexes 

with these metal ions but will not permit the analysis of 

all of the transition metals of interest. This is 

illustrated in Figare 3-6 which shows the chromatogram for 

Cu, Cd, Mn, Mg and Ca using Aminex A-9'and* 0.30 .M sodium 

citrate at pH 4.3. The metals Cu, Co, Ni, Zn, and Pb 

eluted at approximately the same time and could not be 

resolved. q,This exchange system would only be suitable for 

model studies involving only one metal from Cu, Pb, Zn, Ni, 

and Co with Cd, Mn, Mg, and Ca. 

Figures 3-7 and 3-8 present the calibration curves and 

v a chromatogram for the metals near the detection limits 

t using the citrate system. Copper, cadmium and manganese 

gave linear calibration curves over the range of 6 to 25 yM 

(or nmoles). Magnesium and calcium, however, were non­

linear over the range of interest for model studies (0-250 

and 0-1250 yM for Ca v and Mg, respectively). This non-

linearity is a result "of the exchange reaction in the 

detected where the/calcium and magnesium concentrations are 

of the same order as the Zn-EDTA and PAR in the reagent. 

Reproducibility studies using 6 injections of 10 nmoles Cu, 
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Cu 

s 

I5min-

Fig. 3-6 : lsocratic A-9/citrate separation. 
eluent - 0.30 M Na-citrate (pH = 4.30) 
column - 20 -cm x 4.2 mm Aminex A-9 
flow rate - 1.00 mL/min 
injection - 1 mL of 10 yM Gu, Cd, Mn; 500 yM Mg; 100 yM Ca 
detector - W-SiP system 2 with'PAR-Zn-EDTA reagent 
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Fig.3-7 : Calibration curves with A-9/citrate. 

-conditions same, as in mq. 3 - 6 . 
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Fig. 3-8 : Calibration curves with A-9/citrate. 

-conditions same as in Fig. 3 - 6 . ' " i 

-B= blink ; S=2uM CafC*,Mn;20uM Ca'.IOOuM Mg. :.f \ 
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Cd and Mn- and 100, nmoles of Ca gave relative standard 

deviations of 2.5%, 0.5%, 1.2% and 1.3%, respectively. The 

• detection* limits were found to be 0.5 nmoles Cu, 0.25 

nmoles Cd and Mn, 5 nmoles Câ  and 25 nmoles Mg. These 

' values compare favorably with the values determined by flow 

injection analysis. 
i 

^ 3.2fc. Step-gradient systems; • The citric acid eluent was 

too strong to permit the separation of all of the ions of 

Anteres.t in one chromatogram. One way to increase the 

nVmber of metals separated in a chromatogram is to do a 

gradient elution with increasing eluent strength. The 

possibility of using a step-gradient system for the 

separation was investigated to evaluate the possibility', of-

determining the alkaline earths in. the same chromatogram'as,, 

the transition metal ions. Figure 3-9 illustrates the 

advantage of the step-gradient system for the ammonium 

tartrate eluent. The step-gradient allows one to shorten 

the elution time for .cadmium without adding chloride ion 

but does not allow one to determine Ca, Mg or Ni. 

Figure 3-10 presents the results of a 2-step gradient 

chromatogram for seven metal ions. A low citrate eluent 

(0.10 M, pH '4.3) permits the elution of cupric ion and a 

more concentrated eluent (0.30 M, pH 4.3) resolves the 

L 
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*V» 

B at 8=00 

Fig.3-9 : Two-step NH4~tart gradient separation 

r^ eluents - A = 0.125 M NH.Jtart (pH = 4.6) + 0.075 M 

) 
; B = 0.20 M fNH, 

NH.NO-4. 3 4-tart (pH = 4:6) 

column - 12.5 cm x 4.2 mm Aminex A-9 # 

flow rate - 0.75 mL/min 

injection - 1 mL of 5 yM metal 

detector - W-Si.P system 2 with PAR-Zn-EDTA and Sage 

delivery system 

*'V 



- 107 -

A—*B at injection 

.Gd(l4<35) 

Blank 

Fig.3-I0 : Two-step citrate gradient separation 
eluents - A = 0.10 M Na-Cit (pH = 4.3); B = 0.30 M Na-Cit 
(pH = 4.3) 
column - 20 cm x 4.2 mm Aminex A-9 
flow rate - 1.25 mL/min 
injection - 1 mL of 10 yM Cu, Zn, Pb, Cd, Mn; 50 yM Ca; 
500 yM Mg 
detector - W-SiP system 2 wi-th PAR-Zn-EDTA and Sage 
delivery system 
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remaining ions. This system would allow the analysis of 

one of copper OK nickel, one of zinc,or cobalt, and Pb, Cd, 

Mn, Mg, and Ca in 22 minutes. 

Gradient separations suffer from two problems - a 

variation in baseline . and the possibility of 

preconcentration of contaminants at low eluent 

concentrations. Figure 3-11 presents blank and sample 

chromatograms for 3-step gradient citrate separations that 

illustrate both of these problems. This procedure applied 

to* a blank run gave a reproducible but .varying baseline due 

to changes in ̂ background absorbance associated with changes 

in citrate concentration. This decrease in baseline 

stability' JH«Ist ultimately,. lead to greater 

irreproducibility.* A second disadvantage observed in our 

3-step system was the appearance of a calcium contaminant, 

not present*in the isocratic or 2-step separations. It' is 

thought that this calcium was present in trace quantities 

in the citrate eluent. The trace .calcium was 

preconcentrated o*nto the Aminex A-9 column during the first 

step and was Being eluted during the third step. Step-

gradient did permit one TO determine the metal ions in a 

single chromatogram \bu/ the error introduced by the 

contaminant, the demands of precise timing and variable 
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l=0 .035M Na-cit(pH4.6)> 
. O.I33M NaN03 

2*0 . I5M Na-c i t (pH4.6) 
0.05 M NaCI 

3=0.30 M Na-cit(p,H4.6) 

, 2'00 n 12*00 , 
I »2 »3 

-Sage delivery system 
(PAR-Zn-EDTA) 

l->2 

Fig.3-II^BIank and sample chromatograms with 
a three-step gradient procedure. 



- 110 -

baseline indicated that it was more efficient 'for model 

studies to use the isocratic citrate system ' for ̂  alkaline 

earth analysis. 

3.2.d. Injection variables: Chromatographic resolution 

can be affected by the characteristics of the sample 

solution. Figure- 3-12 presents chromatograms of identical 

6-metal mixtures (Cu, Zn, Ni, Pb, Co, Cd) made up in three 

different sample matrices. A good separation was obtained 

when the sample medium was acetate buffer (Figure 3-12a) 

but a considerable loss of resolution occurred ŵhen the 

sample was in the tartrate matrix (Figure 3-12b).' The 

principal reason for the difference was the "effective" 

injection volume: when the sample was injected in acetate 

buffer, the sample ions were preconcentrated at the head of 

the column but, in the tartrate, systejH, the f aciual 

injection volume was 1.0 mL with no preconcentration. When 

the pH of the tartrate was lowered, the tartrate eluting 

power decreased, a similar preconcentration occurred' and 

the resolution was improved. This -is illustrated in Figure 

3-12c. 

Further evidence of .,thê  effect of sample matrix on 

chromatographic behavior is • shown in Table, 3-2. A 

comparison of retention .times indicates that samples made" 

up in tartrate elute more quickly than those made up in 
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c=0.20M tartrote (pH 2 05 b = 0 2 0 M tartrate (pH 3.74) a=0.005.M acetate (pH45) 

Fig. 3-12 = Effect of sample matrix on chromatographic resolution 

-.conditions same as i-* Fig. 3-2 
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Table 3-2 

Effect of .sample matrix on t and N 
R 

Vx C = 5 nmoles R N 

A B C A B C 

1 mL x 5 yM Zn .6:34. 6:00 6:31 749 226 769 

100 yL x 50 yM Z-n 5:40 *5:34 5:38 441 561 469 

20 yL x 250 yM Zn 5:35 5:37 5:32 467^ 532 516 

t = retention time (min:sec) 

t 2 N = # plates, calculated, using 16( R/W.) 
-3 

A = sample in 5 x 10 M acetate buffer, pH = "4.5 

B = sample in tartrate eluent, pH = 3.74 

C = sample in acidified tartrate eluent, pH = 2.0 
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either acetate or acidified . tartr'ate medium. This 

"* observation is most " evident with 1 mL sample . volumes. 

Furthermore, peak broadening is obtained when large volumes 

(i.el, 1 mL) of tartrate sample are injected, -as seen by 

comparing values of N in Table 3-2 and in Figure 3-12b. 

These results suggest that fort chromatographic resolution 

to be retained,» the sample matrix must be non-eluting in 

nature (e.g., distilled HtoO, acetate buffer, 0.1 M NaN03). 

In some cases, chromatographic resolution may be restored 

by adjustment of sample pH. 
> 

3.2.e. Ion-exchange detector systems: Both PAR and PAR-

Zn-EDTA have been used with the system 2 photometric 

detector to analyze multication mixtures t separated by ion-

exchange chromatography. As previously indicated, the PAR-

Zn-EDTA reagent significantly increases sensitivities for 

certain metals. However, in tartrate separations where Ca 

contamination is present, the use of the PAR reagent is to 

be preferred. An example illustrating this point is shown 

in Figure 3-13 where 6-metal mixtures in the presence of a 

Ca contaminant were analyzed using both PAR and PAR-Zn-EDTA 

reagents*. As expected, ' the Ca contaminant observed with 

the PAR-Zn-EDTA reagent was not detected when PAR was used. 

These calcium contamination peaks were observed either when 
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conditions same as in F i g . 3 - 2 

C a (4 3=20) 

PAR-Zn-EDTA 
4 

PAR 

Fig-3-13= Ca contamination with PAR a0d PAR-Zn-EDTA 



large injection volumes were used or when a pre-column* 

preconcentration step • had been, included before analysis. 

This will be illustrated in Chapter 4. 

An example of the same 6-metal mix'ture determined 
* 

using the GCE/DTPA detector system is shown in Figure3-14. 

When compared to the photometric detector systems, Pb and 

Cd responses were* improved relative to those of the other 

four ' metals. it should also be no£ed that the Ca 

contamination problem d„iscussed above /wiil be more severe 

with the GCE/DTPA detector system. This is due to its 

greater relative sensitivity to calcium than that shown by 

the PAR-zn-EDTA .photometric detector system. 

3.3 Conclusions 
ir 

Three ion-exchange separations were found to be 

suitable for model speciation studies. A tartrate system 

permitted the analysis of 6-metal mixtures in 18 minutes. 

However, strongly retained metals such as Mn, Mg and Ca 

could not be analyzed in acceptable separation times. 

These metals were analyzed using a citrate system which 

also included two of the weakly retained metals. A third 

separation using a 2-step citrate , system permitted the 

resolution of 7 metals (Cu, Zn, Pb, Cd, Mn, Mg, and Ca) but 

/H 
l\ 



Fig,3-14= GCE/DTPA detector system 

- I m L of 3.75 pM Cu,Zn,Ni,Pb,Co,Cd. 



/ 

- 117 

suffered from a shifting baseline. These separation 

systems were used to analyze various metal ion mixtures 

reported in Chapter 4 and Chapter 5. 

\ 
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CHAPTER 4 

Preconcentration Methods 

4.0 Introduction 

The detection limits reported in Chapters 2 and 3 for 

the ion-exchange/photometric detector system ranged from" 

0.25 nmole to 0.50 nmole. for the ions Co(ll) and Cd(II)r 

respectively. If one assumes a 1 mL sample injection, 

these detection limits give concentration detection limits 

of 0.25 yM and 0.50 yvM for the two ions. These detection 

limits are suitable for\malysis of contaminated waters but 

not sufficient for many natural waters or for chemical 

speciation studies. Typical .cadmium levels in natural 

waters are in the range of 0.1 to ̂ 20* ppb with a mean of 9.5 

ppb or 0.084 yM (Manahan, 1972). These would require a 

preconcentration of 10 to 100 times to be greater *than the 

detection limit. Metal speciation studies of model systems 

with algae (Guy and Kean, 1980) indicated that whereas the 

total levels of copper ranged from 1-10 »UM, the "active" 

species (Cu2+) was present at levels of 10-8 M. The 

studies of ' metal speciation would require , a 

preconcentration of at least 10 times for favorable 

samples. A study of preconcentration methods was 

undertaken to evaluate the'possibility of extending the use 

of the. ion-exchange system to natural waters and speciation 

analysis. 
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One requirement imposed by metal speciation on the 

preconcentration technique is tJfcat ttie preconcentration be 

done after the speciation. This requirement is a result of 

the labile nature of the species present in a water sample 

-a preconcentration technique that removes free cation 

quantitatively will" ultimately strip the metal from any 

labile species by shifts in binding equilibria. 

A large number of preconcentration techniques have-

been proposed for metal ions. Solvent extraction of 

neutral metal complexes into organic' solvents- is not well-

suited for polarographic .or _ ion-exchange .methods of 

analysis. Polarography requires a" conductive medium and 

the Aminex ion-exchange resins and eluents require aqueous 

media for easy use. A back extraction of the complex into 

acid media would, overcome these difficulties but introduce 

possible interferences into the analytical measurement 

stftp. A second0 method commonly used for preconcentration 

As to convert the metal dissolved in solution to a metal 

/adsorbed onto a solid phase. This solid phase could result 

from" co-precipitation with oxine, Mg(0H)2> hydrous oxides 

•pf manganese or iron, or be an ion-exchange- material. The 

\latter "method "has 'potential applications for preconcen-

trating metal.ions prior to ion-exchange analysis. 

file:///latter
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A preliminary study on the use of ion-exchange 

membranes for speciation indicated that 'sample volumes of 

*25 mL containing the free metal- cation in a salt matrix 

would be the most probable sample requiring 

preconcentration. Two methods for preconcentrating these 

samples looked promising - a Donnan dialysis procedure 

using Nafion 811X cation-exchange tubing and an ion-

exchange pre-column preconcentration of the metal ions 

prior to the analytical separation. 

4.0.a. Nafion 811X ion-exchange membranes: Ion-exchange 

membranes have been produced as separators for industrial 

use in purifying process streams by electrolysis. DuPont 

has produced a perfluorosulfonic acid cation-exchange 

membrane that is-sold under the- trade name "Nafion". These 

membranes have a Teflon-like backbone with an anionic 

functional group as a substituent. A general formula for 

Nafion 811X is: ^ ' 
t 

'(CF2CF2)n(CFCF2)n1 

(0CF2CF)! -OGF2CF2S03Na 

' CF 

Nafion 811X is available in sheet and tubular form. The 
i 

membrane has an equivalent weight (for protons)* of 

approximately 1100 grams. ' This membrane exhibits the 

/ 
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chemical stability of Teflon and the hydrophillic sites make 

'it suitable for use m aqueous media. " 

When a1 membrane is ion selective and the solution 

contains several different • free ions, an unequal 

distribution of ions will result across the membrane. 

Consequently, osmotic and electrical potential differences, 

called' "Donnan »potential" or* membrane potential,- will 

result (Hwang «and Kammermeyer, 1975). Suppose a charged 

membrane (e.g., Nafion 811X) •is used to separate two 

electrolyte solutions I and II. The * 'A. 
- t»o 

** •* 

solutions contain 

two counter-ions (i.e., cations), 1 ofivalence Z^ .and 2 of 

-iony/t anion) ^valence Z2, and a common co-ioriy/fanion) Y of valence Zy< 

If the solutions are sufficiently dilute (CR fcapacity of 

* ' . l'" - t membrane) >Cy), then the passage of the q̂o-ion through- the 

membrane is negligible due to .Donnan exclusion of the co-

ion. The result of the ion-exehange equilibria will be 

.(Hwang and Kammermeyer, 1975, pl3*8) : 

II 

V, 
II 

y, 
(4-1) 

subject to electroneutrality conditions: 

I I " I 
Z1C1 + Z2C2 KIV 

(4-2.) 

Z 1 C 1 I I + Z 2 C 2 I I = I M S 1 1 
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The implications of equations 4-1 and 4-2 can be best 

understood if the solutions are ideal, i.e., Y i* = YiI3: = 

1. Then, w 

' c1 ' °1 

c1 1 

u l 

HI 
I I 

u 2 
» * • 

'1A 
= K (4-3) 

The equilibrium . distribution depends on the initial 

distribution of co-iori which does not change because ofx the 

permselectivity of the membrane. If one selects the 

electrolytes such that C Y V C Y 1 1 * ! ' " then . the counter-ion 1 

will be pumped from II to I.- The driving force for the 

diffusion of 1 is due to the -electric* potential generated 

by the"distribution of the anion Y. A large driving force 

can be achieved by controlling the anionic concentrations 

in I and II and this can often exceed the force due to the 

difference of its own ĉoncentration between the solutions. 

This procedure .was initially proposed by Kelley et al 

(1973) as a means of separating metal ions from a stream.. 

This continuous dialysis or Donnan dialysis is often 

affected using exchange with acid (Hwang and Kammermeyer, 

1975," pl67) . The metal ions permeate through the membrane 

to the diffusate stream and hydrogen ions transport in the 

opposite direction. The ion-exchange rate may be 
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"V • 
ft 

acce l e r a t ed by adding a comple\?Hr»g' agent to the . s t r i pp ing 

(or receiver) stream, 

Thê jfcyalidity of equation 4-3 and the potential 

analytical use has been demonstrated for cations (Blaedel" 

and Haupert, 1966) and anions (Blaedel and Christensen, 

1967). One can envision two possible uses of equation' 4-3 

and the Donnan '.effect. If C2,u = C2,i (and C Y , U = Cy,l)f 

it would be possible to use the membrane as a selective 

speciation device for free catidns. This application will 

be illustrated in Chapter 5. The second use is to have 

^2 II > ^2 i (with electrolyte I ,the sample, and II the 

receiver) and use the device for preconcentration. This 

application will be described in this chapter. ' 

Blaedel and Kissel (1972) have demonstrated that the 

initial transfer rate across the membrane is proportional 

to the analyte concentration. They used a fixed enrichment 

time and obtained linear working curves' even though the 

recoveries were less than the theoretical value (i.e., 

Donnan equilibrium was not attained). 

Cox and co-workers (1975; 1977; 1978, a,b; 1980 b,c; 

1981; 1982 a,b) have used flat membranes for Donnan 

enrichment of cations or anions in various matrices. The • 

cation-exchange studies used a receiver electrolyte 

composed of 0.2 M MgS04 and 0.5 mM AI2 (804)3 to enhance. 
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enrichment factors "and rates. The Al3+ was thought to 

interact .with strong sites on the membrane and thereby 

minimize the interactions between these site's, and the 

analyte Ions. Cox and Twardowski (1980a) reported that a 

tubular membrane enhanced the enrichment rates over -flat 

membranes. The advantages of the tubular membrane are a 

greater surface area to receiver volume ratio, and the 

flowing receiver stream minimizes concentration 

polarization. 

The preconcentrations described above result from the 

membrane being in contact with two solutions of different 

ionic strengths, as defined by equation 4-3. There are 

some disadvantages to this approach. First, enrichment is 

adversely- affected when the sample ion is in a solution of 

moderate to high ionic strength.- " For example, *Cox and 
» 

DiNunzio (1977) reported a 50% decrease in enrichment 

factors when the ionic strength of the copper analyte 

solution increased from 0.01 4:0 0.02. Second, quantitative 

enrichments are not obtained. Cox and Twardowski (1980a) 

reported enriqhment factors of 17, 38, '48, and 49 for 10* 

20, 30 and 40 minutes, respectively. The enrichment 

factors were found to .decrease - if longer enrichment times 

were used even ' though the theoretical , 200-fold 

preconcentration had not been approached., They postulated 

that less than ideal permselectivity may-be the cause. Cox 
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/ 

and DiNunzio" (1977) noted that poor" reproducibility was a 

problem unless one approached the equilibrium distribution. 

To ** *i1mprove the reproducibility, they required precise 

temperature and stirring control and recommended"the use of 

an internal standard. 
» : -• " . • * 

One means to overpome these difficulties is to 

introduce a complexone into the receiver solution. The, 

complexone can enhance the dialysis" rate by lowering the 

free metal cation concentration in the receiver and also 

minimize adsorption problems . caused by. metal-membrane 

interactions. Blaedel ajid Haupert (1966) and ,-Wal-iace ' 

(1967) used EDTA in the rece'iver to preconcentrate ' Zn and 

La .or Sr, respectively. A strong complexone-5 like EDTA 

would be suitable for atomic absorption and ICP. analysis 

but would be unsuitable for an ion-exchange analysis 

procedure. A tartrate or citrate receiver solution would 

be* useful for preconcentration1 and *would also * provide a 

medium exchange^ suitable for the ion-exchange procedure 

described in Chapter 3. 
» * - ' 1 • 

1 _ 

4.0.b. Ion-exchange pre-column preconcentrations; The 

ion-exchange equilibrium for a system', at constant .ionic . 

strength is given by: , , 
' n J ' 4. 

•' t- ' M + nRNa >— MR + ijNa v (4-4) 
n ? 
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where Mn+ is ' an analyte cation and R the resin, 

equilibrium constant K is given by: 

The 

K -
[MRj [Na+jn 

[RNal^M1"-] 
(4-5) 

where concentrations are used instead of activities because 

of constant ionic strength, 

can be defined as- follows: 

[MRn]' 

A distribution coefficient D 

j>n 
[RNa} 

[Na+] 

n 
(4-6) 

The preconcentration could be given by: 

[MR 1 L n̂  ".amount of metal on resin _ 
amount of metal in solution 

[Mn+] 

•£*_ D-g 
V V 

(4-7) 

where g is the weight of resin in grams and V the volume of 
' " ' " Cu 

solution in -milliliters. With typical values of K2Na = 

0.71, [RNa] = 2 meq/g and .[Na+] =^0.1 meq/mL, D would 'have 

a value of 284 '(assuming Cu2+ is present'at trace levels). 

For a batch equilibration using 1 gram of resin and 5 mL of 

sample solution, the 'preconcentration would be: 

amount of ''metal on resin _ 504 x 1-0 .g _ 55 g 
amount of.metal in solution ~ 5.0 mL " (4-8) 
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or 98% of the "metal would be stripped from the solution. 

For column preconcentration procedures with trace quantities 

of metal ions, one can estimate the volume of solution for 

quantitative uptake "by assuming that the sample volume must 

be -20% of the elution volume. Then 

Vsample = °-20 V e ~ °'
20 D*3 ' (4-9) 

For the conditions described earlier, Vsampxe - 0.20 x 284 x 

1.0 g = 56.8 mL of sample could be preconcentrated (assuming 

concentration of metal ions is les.s than 1% of ttfts^esin 

sites; in this case, less than 1.8 x 1.0*"4 M) . It is evident 

that ion-exchange preconcentration can be very effective, 

•assuming that no species is present in solution that can 

decrease D. Strong complexones > in high concentration can 

lower D (cf. Chapter 3) and prevent preconcentration. 

Cantwell et al (1982) have used a short column (0.30 g 

of resin or 1.5 meq) and larg-e sample volumes (1.0 L) to 

effeco a speciation of metal cations. The column was eluted 

with acid to give [MRn] and equation 4-6 was used to deduce 

[Mn"*il . The large sample volume was necessary to ensure that 

the column and solution were in equilibrium. It is evident 

that it is possible using this method to do a 

preconcentration of free metal ion and speciation of metal 

cations in the same experiment. The work also illustrates, 

however, that preconcentration will depend on the specqjes 

present in the solutipn. 
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Trace enrichment of metal ions on pre-columns has.been 

reported by Cassidy and Elchuk (1980, 1981a). They used a 

strong-acid cation-exchange resin (Aminex A-5) to 

preconcentrate metal ions from nuclear reactor coolant and 
v 

natural waters. Near quantitative recoveries were reported 

for Ni, Co, Zn, Pb and Mn. However, the " samples studied 

were present in rather simple,, uncomplicated matrices. It 

was decided to, study the use of Aminex A-9 pre-columns with 

the aim of characterizing recoveries under various sample 

conditions including sample pH, me'tal concentration and the 

presence of dissolved organic matter. 

i . 

4.1 Experimental 

4.1.a. Nafion 811X ion-exchange membranes: The 

preconcentration experiments using Nafion membranes were 

done using the arrangement described in Figure 4-1. A two 

meter length of Nafion 811X tubing (DuPont Polymer Products, 

Wilmington, Delaware) with dimensions of 0.025" I.D. and 

0.035" OTDT^was/ coiled in 3 cm diameter circles and tied 

using Teflon tape. Push-fit connections were made by 

inserting the Nafion tubing into /the Tygon tubing 

(0.0315'T.D. x 0.1625" O.D.) outlet of a Masterflex #7520-00 

Variable Speed Peristaltic Pump (Cole-Parmer 'Inst. Co., 

Chicago, 111.) equipped with Masterflex Pump Head #7013. 

The membrane coil was placed in the sairfple solution and one 



Nafion 8UX Tygon tubing 

Sampl 
(outer) 

Fig. 4-hPreconcentration by ion-exchange membranes 
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end of the tubing was placed in the receiver volumetfic 

flask. The sample solution was mixed using a magnetic 

stirrer and the receiver solutidn was pumped through the 

membrane at a rate of 3.0 mL/min. With receiver solution in 

the membrane tubing, the coil was completely immersed in the 

sample. The Masterflex pump was capable of driving six 

heads which permitted six experiments to be done simultan­

eously. 

The receiver solutions usually had̂  a higher ionic 

strength chan did the sample solutions and were 'therefore 

susceptible to osmotic dilution. As a result, receiver 

flasks were not filled to the mark, leaving sufficient 

margin to compensate for this dilution (typically '0.5-1.0 

mL) . After prescribed enrichment times, the membranes were 

emptied into the volumetric flasks. If analysis -was to be 

done by HPLC, acidification of the' receiver solution 

(tartrate or citrate eluent) to>pH 2.0-2.5 was done prior to 

making up to volume with distilled H2O (i.e., 75 pL cone. 

HNO3 per 5 mL eluent). Analysis by HPLC^was done according 

to the procedures outlined in Chapter* 3. 

Strong complexones (EDTA, DTPA) were also used as 

receiver solutions and the metals analysis was done using 

emission spectroscopy. The analysis was done using an ISA 

JY48 inductively coupled plasma (ICP) spectrometer 

(Instruments SA Inc., Metuchen, N.J.). The analytical 
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\ ' 

conditions were as follows: RF power 1300 watts; concentric 

type nebulizer with 0.5 mL/min uptake rate'; Ar- flow rates 

were 12. L/min (plasma), 1.0 L/min (auxiliary), 0.5 L/min 

(nebulizer). The samples were spiked with chromium (Cr3+ as 

the chloride) for use as an internal, standard.' 

To avoid metal contamination and ensure uniform 

membrane characteristics, the membranes were washed after 

each experiment. 'The membranes were treated with 2 M HNO3 

for 30 minutes to remove metals, 2 M NaOH for 30 minutes to 

convert to the sodium form, and with receiver solution for 

15 minutes to ensure pH equilibration. In each washing, 'the 

acid, base or buffer was used both as sample and receiver 

solutions. For certain studies at high preconcentration* 

ratios near the detection limits of the ion-exchange 

analysis, the unspiked samples were treated to remove metal, 

impurities. The unspiked samples with membrane coils in 

place were cleaned by passing. 50-75 mL of receiver solution 

throiigh the membrane and to waste. This cleaning, procedure 

reduced reagent blanks to a minimum. The samples were 

spiked with the metals of interest and the preconcentration 

experiment completed. 

4.1.b. Ion-exchange pre-column preconcentrations: The ion-

exchange preconcentrations were achieved using the experi-

mental arrangement described in Figure 4-2/ The HPLC pump, 

high pressure * Rheodyne sampling valve, analytical 
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columns, pressurized delivery system, photometric system 2 

detector and connections were the same as those described in 

Chapters 2 and 3. A Rheodyne 4-way Teflon Rotary Selection 

Valve equipped with a 5 mL Teflon sample loop was used for 

the injection o€ large volumes. Smaller sample volumes were 

injected usin^jthe Rheodyne 7125 valve fitted with 1 mL, 250 

pL, 100 yL, or-20 \ih sample loops. All injectipns were made 

by suction because the conventional "direct injection" mode 

produced metal contamination from the syringe components. 

The Aminex A-9 pre-column produced a backpressure of 

"300 psi. A medium pressure single piston pump (Eldex 

E120S, Menlo Park, Calif.) was therefore used for solution 

sampling. The sampling flow rate was 1.8 mL/mi,n. A Valco 

Model CV-6-UHPa-N60 6-wdy high pressure sample injection 

valve (Valco Inst^ Co., Houston," Texas) was used for 

switching between sampling and analysis flow modes. The 

pre-column was 3 cm x 4.2 mm stainless steel tubing packed 

with Aminex A-9. The pre-column was placed in the sample 

loop position of the Valco valve. Figure 4-2b illustrates 

the flow patterns for preconcentration and analysis steps. 

4.2 Results and Discussion 

4.2.a. Theoretical Nafion preconcentrations: Theoretical 

preconcentration ox enrichment factors (EF) can be 
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calculated using equation, 4-3. If one assumes that the 

ionic strength is' the same, on both sides of the .membrane, 

then: v ' 

CMFI = CMFO (4-10) 

where MF represents metal free, I and 0 represent inner 

(receiver) and outer (sample) solutions, respectively. The 

'inner receiver solution, however, contains a complexing 

ligand that is not dialyzable so that: 

C MTI = CMFI + CMBI (4-11) 

where MT and MB represent metal total and metal bound, 

respectively. If one uses Ringbom's <* -notation for metal 

complexation equilibria (Ringbom, 1979), then: 

c + c 
TflBI ^MFI 

CMFI 
(4-12) 

and CMBJ = (a-l)CMFI' T n e value of a can be readily 

calculated if one knows the pH, the concentration and 

binding constant for the metal complex. The experimental 

arrangement would be:" 

V, 

CMBI = <«-?;> 9MPI. 

L 

M 

ML 

-•** M 

' - V, 

CMFI CMFO 

and the percent extraction is given by: 
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% E = ^ t e -
. metal in 
metal in 0 + me 

VI(CMBI+CMFT) V 
V C +V (C +c 

• vO MFO Iv MBI ̂ MFI 
vI((g-l)cMFI+CMFI) 

in I 

J 

1— 

X 100 

x 100 

x 100 

s \ 

a + V o 
x J.00 

V 
(4-13) 

V, 
A. 

The extraction obviously depends on two factors - the 

a value (controlled by complexone and receiver pH) and- the 

sample to receiver volume ratio. Two examples will 

illustrate the possible implications. Suppose one has a 

choice of two receiver solutions - a .0.20 M tartrate eluent 

at pH 4.0 and a 0.01 M EDTA solution at pH 5.0. Table 4-1 

presents the calculated enrichment factors for- copper and 

zinc. -^ 

The predicted recoveries for zinc are much lower in tffe 

tartrate system because of the weak complex formed with 

tartrate. The strong complexone should be more effective in 

attaining high enrichment% factors. 

Under practical operating conditions, the ionic 

strength of the receiver solution will be greater than the 

sample solution, 

modified to give: 

The equations given earlier can be 

CMFI (4-14)-
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T a b l e 4 - 1 

Enrichment 

Vvi , 

10 

20 

60 

100 

factors for sample 

* EDTA* 

Cu 

10.0 

20.0 

60.0 

100.0 

Zn 

10.0 

20.0 

60.0 

100.0 

•a 

receiverst 

Tart; 

Cu 

9.9 

19.6 

57.1 

. 92.2 

rate* ' 

Zn 

6.6 

10.0 

15.0 

16.7 

aEDTA= 4 .0 x 1 0 6 « t a r t = 2 . 5 1 
10 3 

* aCu-EDTA " 1.58 x 10 « C u _ t a r t - 1 .1 x W 

aZn-EDTA = 7"91 x 1 0 ? aZn-tart = 2?' " 

' assuming equilibrium is attained 
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(assuming a divalent sample ion and a sodium salt as ionic 

strength adjuster). Equation' 4-13 can be modified to give: 

• %"E = ̂ x l O O * (4-15) 

VI 

Table 4-2 presents enrichment factors for zinc assuming a 

0.20 M tartrate receiver solution at pH 4.0 and at varying 

sample ionic strengths (I0) . 

It is evident that ionic strength differences will play 

an important sole in ,the enrichment fa6tors. „ A weak 

complexone like tartrate will be very dependent on the ionic 

strength differences whereas the stronger complexone EDTA* 

will be less dependent. • \ „, . 

' . W ° \ 

' 4.2.b. ^ Experimental .Nafion preconcentrations: Nafion 

membrane preconcentration experiments using * Ntubular 

membranes have three variables suitable for .'study: \ the 

ionic strength ratio F, the value of a controlled -btf the 

ligand, and the ratio V0/Vj. 'Figure 4-3 presents the 

cadmium kinetic curves for a V0/Vi ratio of 400/10 for EDTA 

and tartaric acid ligands. Both ligand systems gave maximum-

enrichment factors of 36 ± 2 after 45 minutes and both 

systems showed1 a gradual' decrease in enrichment factors at 

longer time intervals. The apparent difference between the 

two systems was not considered. significant bedause of 
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V 

Calculated 

Xo . 

0.002 

0.02 

0.05 

0.10 

0.2,0 

0.50° 

F 

' — I 
10*. 

102 

. I 6 ' 

4 

1 p 

0.16 

Table i 4-2 

enrichment factors for 

! • 

VoAz = ' 

<** 

i 

. * 

- " 

• 

t " 

Zn into 

. 

9 

tartrate 

Enrichment factor 

10.0 

10.0 

10.0 

9.7 

8.8 

6.'6 

2.4 

9 

.20.0 

r20.0 

19.'8 

, 18.8 

16.0 

10.1 

* 2.8 

60.0* 

, 60iO 

58.1 

50.9 

34.2 

15.1 

3.0 

* 

* 

\ 

'-

, 

100.0 

100.0 

95.3 

76.2 

44.1 

16.7 

*3.1 

jF assuming.equilibrium is attained, 
a not corrected for I 
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Fi g. 4 - 3 : Enrichment factors as a function ,of 
time- for /cd into O.GIM EDTA(pH&€)) 
or 0.20M- |prtrate(pH 3.74). 



- 141* -

experimental uncertainties in' the measurements at short time 

intervals. ' " 

Figure 4-*4 presents the enrichment factors 4 as a 

function of tf>ime for a tartrate inner solution at various 

V0/Vj ratios. All curves attained experimental enrichment 

factors below the theoretical V0/Vi ratio. The«„time to 

attain the maximum enrichment factor ranged from 20 minutes 

for 5X to 60 minutes- for 60X theoretical ratios. One 

possible method to attain rapid preconcentration -would be to 

use large V0/Vi ratios but stop the experiment at times 

before equilibrium is attained. Inspection of Figure 4-4 

suggests that to attain a preconcentration of 20X, one could 

either use VQ/Vj'= 20 ahd 30 minutes to reach equilibrium or 

use V0/Vi = 60 and * 15 minutes to reach a 20X preconcentra-

tion. Table 4-3 presents the results of two experiments, 

the first a 40-fold preconcentration with measurements at 

equilibrium (60 minutes) and the second a .100-fold precon-

centration measured at 45 minutes. The> results indicate 

'that\it is possible to obtain rapid preconcentarations but 

the reproducibility suffers unless the experiment is allowed 

to attain equilibrium. 

One means to obtain high preconcentration ratios but 

maintain small sample volumes i/s to decrease the internal 

volume (Vj). . Precqncentration ratios after 15 minutes for 

VQ/VI = 100 but with Vf values of 2, 4 and 10 mL were 53.5, 
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50 

L. EF 

[Zn]™X = .5MM 

60X 

Fig .4 ' -4 : Enrichment factors 2£ time. 

-Vd/\&= 50,100,200,300,4.00,600 mL to lOmL 

- receiver s 0.2dM tartrate (pH 3.74). 

- sample a Zr/In O.OIM acetate (pH4.0). 
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"* 

Table 4-3 

Reproducibility measurements for 40X preconcentrations* 

' Preconcentration 
i 

Sample 

'" "L 

2 

3 

4 

5 

6 

40X 
E q u i l i b r i u m 

33 .0 

33 .8 

34.6 

30 
35.6 » 

34.2 

X *34.2 

S.D. 0.86 

%R.S.D. 2.5% 

• £ 

* 
v 

# 

100X 
m i n u t e s 

37.5 

31.9 

35.6 

3 2 . 1 

41 .6 

34.0 

35 .5 

3.7 

10.4% 

• V 

* - 0.20 M tartrate, pH 3.74 receiver solution. 

40X = 400/10 ratio; 100X = 1000/10 ratio. 



42.4 and.15.4, respectively. Figure 4-5 presents a kinetic 

curve for a 200/2 mL preconcentration using tartrate as the 

inner solution. Equilibrium was attained after 30 minutes 

with EF =68. These preconcentration values were corrected 

for the small changes in inner solution volume. Table'4-4 

presents a reproducibility study for six samples of 200/2 mL 

preconcentrations of zinc. If one omits sample 6 (by Q 

test), the mean preconcentration factor was 67.1 and -the 

relative standard .deviation was 3.0%. This was considered 

to be the optimum situation for preconcentration using small 

sample volumes on a routine basis. Higher V0/Vi r̂ alfids. 

using Vj = 2.0 mL can also be used to attain high 

preconcentrations, but for good reproducibility one must 
1 

attain equilibrium. / 

The data in Table 4-2 sugge'sted that the value of F 

will affect the enrichment factors and equation 4-15 

(indicates that a stronger complexone will be less 

susceptible to ionic strength differences. Figure 4-6 

presents the enrichment factorsv for cadmium into 0.01 M 

EDTA, 0.01 M EDTA + 0.20 M NaN03, and 0.20 M tartrate buffer 

as a function of sample ionic strength. The data for 0.01 M 

EDTA + 0.20 M NaN03 and 0.20 M tartrate fall along the same 

line contrary to the expectations of equation 4-15. The 

three systems have a decrease in EF at an outer ionic 

strength corresponding to 0.05 M NaN03 and are at 50% of 
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60 
JL. 

EF 

40 

20 

20 40 
T(min) 

60 

Fig.4-5: A 2 0 0 / 2 preconcentration of Zn 

<"nto 0.20M tartrate (pH 3.74). 

-initial sample.concentration * 0.125„M 
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Table 4-4 

200/2 

Sample 

1 

2 

3 

4 

5 

6 

reproducibi 

• 

~ 

. l i t y s tudy 

EF 

63.9 

'67.0 

67.3 ' 

69 .3 

68.,0 

76.7 

fznl = 0.25 yM and 30 minutes enrichment time; 
U J Q 



20 

16 

12 

8 

-3 -I 0 I 
LOG F 

0.01 M EDTA (pH 6.0) 
+ 0.20M NaN03 

0.20 M tartrate (pH 3.74) 
2 

F ig .4 -6 : Rreconcentration of Cd ¥3. - ionic strength. 

* ' '" 
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full preconcentration at 0.20 M NaN03. This value 

corresponds well •with the calculated value for tartrate in 

Table, 4-2 but is low for the EDTA systems. A possible 
» 

explanation for this behavior is the breakdown in Donnan 

exclusion at high ionic strength and slow leakage of anions 

across tne membrane. This leakage could also explain the 

slight decrease in enrichment factors observed after long 

equilibration times (cf Figure 4-3) '. The Donnan dialysis 

will not be suitable for preconcentrations of high salt 

matrices unless one augments the ionic strength of the inner 

solution. 

Preliminary experiments on the use of Nafion membranes 

for cation speciation had indicated that a high salt matrix 

(0.30 M) would be necessary to prevent cation adsorption 

oft to the membrane. The optimum inner solution volume for 

speciation was found to be 25.0 mL. The results reported 

earlier in,this chapt-er suggest*, that it should be possible 

to "effect a preconcentration-'using a 2.0 mL inner volume of 

0.20 M,tartrate + 0.30 M NaN03 and a 25.0 mL-volume of outer 

sample solution obtained from a previous speciation 

experiment. The Donnan dialysis preconcentration for 30 mL 

of 0.30 M NaN03 outer solution and 2.0 mL of 0.20 M tartrate 
* * 

+ 0.30 M NaNOj inner solution gave a mean. enri<*hment factor 

after 60, minutes of 12.3 with a relative standard deviation 

of 5.2% (6 repeat experiment's).- The slightly higher 

>Sr 
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relative standard deviation for this run was a result of-

poor membrane/solution contact. A glass insert with tubing 

coiled around it should increase membrane/solution contact 

and give better experimental precision. 

The enrichment factors will vary with the strength of 

the metal-ligand complex. Table 4-5 presents enrichment 

factors for both the tartrate and EDTA inner solutions. The -

tartrate systems were analyzed using the ion-

exchange/photometric detector described in Chapter 3. The 

relative precision of the enrichment factors ranged from 3.9 

to 6.6%. The precision of the analysis step (i.e., 6 

injections of a standard) ranged from 0.7 to 1.4%. The 

preconcentration step, contributes considerably to the 

uncertainty in the measurement. The EDTA experiments were 

determined using the ICP and the analytical measurement had 

a precision ranging from 1.7 to 4.4%. The two experiments 

have approximately the same precision when one takes into 

. account the uncertainty introduced in the measurement step 

and the higher EF for the EDTA system. • 

Figures 4-7 and 4-8 present 20X calibration curves for 

tartrate and EDTA inner solutions, respectively. Both 

systems gave linear calibration curves and the slopes of the 

lines represent the relative sensitivities of the metal 

detectors. The chromatographic separation gave a 

significant nickel blank which arises frbm the leaching of 
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Table 4-5. 

Enrichment factors for Donnan* dialysis preconcentrations 

tartrate* EDTA* 

Metal 

Cu 

Zn 

Ni 

Pb 

Co 

Cd 

Ca 

Mg 

Mn 

y • n 
* - tartrate = 2OX preconcentration; [Mjc

 = °«20 ^M 

Cp, Ni, Zn, Cu; 0.40 yM Pb, Cd. 

* - EDTA = 40X preconcentration; [M] = 0.15 yM Cd, 

Mn, Ni, Co; 0.45 yM Cu: 3.00 yM Ca, Mg. 

- bracketed values are for standards. 

- all values of %RSD are for 6 repeat experiments. 

EF 

19 .'8 

1 8 . 5 

1 8 . 7 

1 8 . 4 

1 7 . 9 

17 .6 

• 

%Rsi. 

6.6 

4 . 4 

4 . 4 

3.9 

3.9 

5 . 3 

(1 .3 ) 

(1 .0 ) 

( 0 . 7 ) 

(1 .0) 

( 0 . 8 ) 

(1 .4 ) 

EF 

38 .4 

39 .2 

37 .2 

32 .6 

32 .5 

3 6 . 1 

3 8 . 8 

1 3 . 9 

36 .2 

%RSD 

7 . 3 

3 . 1 

4 . 5 

10 .2 

6.2 

6 .2 

4 . 8 

1 6 . 8 

6 . 1 

( 1 . 9 ) 

( 2 . 1 ) 

( 2 . 2 ) 

( 2 . 2 ) 

( 2 . 2 ) 

( 2 . 4 ) 

( 4 . 4 ) 

( 1 . 7 ) 

( 2 . 3 ) 
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0.05 
0.15 
1.00 

O-'S (Cd,Mn,Ni,Co) 
°45 (cu) 
3-00 (Co,Mg) 

* f l . 4 -8 .20x preconcentration into 0.01 M EDTA. * 
* 

-conditions same as In Flo 4 - 7 " ' . 
' and analysis by icp. < e x c e p t PH 6 ° . 
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nickel from stainless steel by the acidified tartrate. The 

curvature of the copper calibration was discussed in Chapter 

3. Using a V0/Vi ratio, of 100 and V% ft" 2.0 mL, the 

detection limits for the chromatographic, system could be 

lowered by a factor of 60~70. 

The precision of the enrichment factors' a-np the linear 

calibration curves indicate that Donnan dialysis would be 

suitable for- preconcentration factors ranging from 10-60 

with precisions of ±5%.- A routine use of this method would 

require the inclusion of a» control to determine the 

enrichment factor for' each equilibration. For the system 

described in this report 'using a Masterflex pump with six 

heads, this means' 5 samples could be preconcentrated with 

one control in 30 minutes (using 200/2 with EF ~ 68). 

4.2.C Ion-exchange pre-column »preconcentrati\pns; 'The pce-

concentration sampling system described " in Figure 4-2" 

contains two sampling valves - a high pressure valve in 

between sampling- pump and pre-column and a low pressure 

valve before the - samp'ling pump. The latter _ valve used 

Teflon, sample ̂  loops whereas*' the high pressure valve used 

stainless steel sample Joops. » This-1 arrangement was not the 

ideal situation .because the sample from the low pressure 

valve mus\t pass through the Eldex pump before the pre-

column. This- arrangement requires a prefiltration of the 
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trample to remove pa r t i cu l a t e s as these could in t e r fe re wjith 

cnteck valve operation in the sample pump. An ifr-line sample 
IT* * » j 

vaive \ould not suffer from this problem _ becajise 

particulates would be trapped by the inlet frit of the pre-

column (this would, of course, result in a gradual increase 

in^pbckpressure) . -The low pressure sample valve and Teflon 

v1' " , s«?le loop was* found to be necessary for large sample 

t , ,„ preconcentrations (greater than 1 mL) because • a large 10 mL 

•reel sample loop stainless stfeel sample loop obtained from Valco gave high 

nickel ,and zinc blanks.%. Passivation of, this samale loop 

ŵ Lth ' EDTA, HNO3, and" .tartaric acid' was fo*und 1 "to be 
•1 

ineffective. . . . ' 

The first experiment used, the,'pre-column in-line with a 

flow' injection analysis jraanifold. Individual metal ions 

were .preconcentrated from 1 mL pnto the prercolumn * and-' 

backflushed with eluent into the FIA manifold for detection,- , 

The time from switching, the valve to peak maximum was 

determined to be • 42 seconds for Cu, zn, Ni, Co, Pb, and Cd 

and 52 seconds for Ca and Mg." -The transfer time* 'from valve , 

to detector was estimated to' be 35 .seconds. The* 7 "second > 

• > * . * 

time difference for the transition metals was • probably the" 

time required for eluent fco was*h through the pre-column and 

restore "maximum .eluerit strength. The 17 second time 

difference for the alkaline^ earths is proba&Ly due to the 

file:///ould
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# » 

retention of th'ese ions by the resin in the presence of 

tartrate (cf the behavior of Ca and Mg on tRe analytical 

column). 

Preliminary experiments suggested that reproducible 

blanks could be obtained only if a standardized injection 

procedure was us>sd. This procedure for a 5 mL sample volume 

consisted of a 10 minute load cycle during which sample and 

distilled water werexpassed through the pre-column (i.e., 5 

mL of sample + 1(3 mL d£ water) and a 4 minute inject cycle 

during which tartrate eluenk passed through .the,pre-column. 

• Similar cycling schemes were used for other sample volumes. 

, Table 4-6 presents the results of an* experiment in 

, which 5.0 nmoles iof metal were injected in different sample 

volumes (C^ x V^ = SO nmoles). Complete metal uptake was 

observed for volumes ranging from 0.5 to 10.0 mL." Relative 

standard deviations ranged from 4.0* to 7.3%. Sflais irrepro-

ducibility was probably ;due * tip the use of different sample 

loops and loading cycles. Six repeat injections of 5.0 mL x 
• * '-

*1.0 pM using the injection procedure described earlier gave 
%« -

much lower' relative standard1 deviations, i.e.? 0.6 - 1.6%. 

It is therefore , advisable, whenever possible, to use the 
•. r * i * • 

same sample loop and sample loading cycle .forVboth samples 

and calibration standards. 
* 

The effect - of solution ionic strerigth on 

preconcentration was studied by injecting 1 *mL or 5 mL 
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Table 4-6 

Uptake by Aminex A-9 pre-column vs' sample volume 

Peak h e i g h t s (mm) 
I ; — 

I n j e c t i o n 

0 . 5 mL X 10 yM 

1.0 mL x 5 WM 

2 . 0 mL x 2 . 5 yM 

5 . 0 mL x 1.0 yM 

'10.-0 mL x 0 . 5 yM 

X = 822 1032 11&6 6L4 1244 50.4 

* . %RSDA = " 4.0 73 5.4 62 53 4.8 

%RSDB = L5 LI U L6 0.6 L4 

- 2 '•• 
samples made up in 10 M acetate buffer (pH 4.0) 
%RSD = for injections shown (i.e., 0.5, 1.0, 2.0, 

5.0 and 10.0 mL). 
B 

%RSD = for 6 injections of 5.0 mL x 1.0 uM. 

! 
Cu 
81 

80 

81 

81 

88 

Zn 

101 

105 

103 

93 

114 

Ni 

118 

124 

126 

111 

114 

Pb 

59 

65 

66 

59 

58 

Co 

122 

134 

128 

118 

120 

Cd 

. 49 

53 

53 

48 

49 

'*- *. 
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samples of metal ions in the presence of increasing amounts 

of NaN03. The results are shown in Table 4-7.„ The 1.0 mL 

sample solutions were not affected as the sodium concentra­

tion increased but the 5.0 mL sample volume was affected at 

values above, 0.5 M NaNC-3. For comparison, 5.0 mL injections 

with NaCl as ionic strength adjuster indicated that the 

presence of chloride affected the uptake even'at 0.5 M NaCl. 

These results suggest that the ion-exchange pre-column would 

be suitable for the 0.30 M NaNC^' salt solution proposed for 

speciation studies but not suitable for seawater samples. 

Figure 4-9 presents the calibration curves for a 6-

metal mixture using 5.0 mL injections. The chromatograms 

iwere indistinguishable from sample injection directly onto 

the column.' For 5.0 mL injections, the blank peak heights 

were 2.5,. 3.5, and 3.0 mm for Cu, Zn and N.i, respectively, 

*< whereas Pb, .Co and Cd gave no blank peaks. The detection 

ĵ imits were as follows: 0.05 .yM Cu', 0.02 yM Zn, 0.03 yM Ni, 

0.10 yM Pb,\0.02 yM Co and 0.10 yM Cd. These limits were a 

factor ofv5 times lower (in- concentration iinits) than the 

1.0 mL injection. Thi§ suggests that by using larger sample 

volumes, it would be possible to lower the detection limits 

further*. . • • 

The principal- difficulty associated with large sample 

volumes is the time required for sampling. The sampling 

pump flow rate was pressure-limited to about 2 mL/min. The 
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Table 4-7 

Effect of salts on Aminex A-9 pre-column uptake 

* 

A -. [NaN03] 

0.0 M 

0.1, M 

0.2 M 

0.5 M 

1.0 M , 

* L. 

, 

B - [NaNO-j 

0.0 M 

t).l M 

0.2 M t$ 

0.5 M 

1.0 M 

' 

1 mL 
100 v 

Cu 

' 117 

115 

120 

119 

123 

Cu 

170 

172 

172 

174 

178 

Peak heights (mm) 

Cd 

82 

82 

82 

' 82 

84 

-# 

injections of 10 
jM Ca; 500 

Zn 

176 

180 

177 

172 

114 

yM Mgs 

« 

Ni 

131 

128 

139' 

132 

97 

Mn 

71 

.73 

72 

72 

72 

yM Cu, Cd, 

Pb 

128 -

117 

130 

131 

119 v 

Mg 

22 

21 

22 

21 

20 

Mn; 

Co 

193 

183 

198 

180 

95 

Ca 

66 

66 

65 

63 

61 

Cd 

76 

73 

80 

77 

45 

** - 5 mL injections of,1 yM Cu, Ni, Co, Zn; 
3 yM Pbr Cd. 

C - [Nad] 

0.2 M 

0.5 M 

Cu 

56 

33 

Zn 

165 

150 

Ni 

133 

124 

Pb 

131 

123 

Co 

184 

156-

• - Cd 

, 75 

11 

*** - 5 mL injections of 1 yM Cu, Ni,.Co, Zn; 
3 yM Pb, Cd. , -
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• 

6 0 
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/ / ^ 

y*Xu 

^ ^ ^ ^ P b 

^ ^ Z & 

* 

* * 

0.25 . 0.50-
[M],pM 

0.75 1.00 

F i g . 4 - 9 : 5 m L injections onto pre-column. 

-analysis using PAR-Zn-EDTA. 
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dead volume of the tubing between valve and column was 2 mL 

and one should- rinse the tubing (sample loop and dead 

volume) to ensure complete transfer. A 6-metal chromatogram 

requires 18 minutes. It should therefore be possible to 

complete a 25-fold preconcentration (i.e., 25 mL sample 

injection) on one sample during the analytical separation of 
\ 

a previous sample. This is not as»< time-efficient as the 

similar 25-fold preconcentration of six samples using,Donnan 

dialysis but is more efficient in use of sample volume. 

A study of the effect of complexones ' on metal ion 

uptake was undertake^ for two reasons. The fijst reason was 

to evaluate the possibility of coupling the Donnan dialysis 

preconcentration to the ion-exchange pre-column preconcen-

tration and the second was to determine whether organic 

species will affect the preconcentration of natural waters. 

Figure 4-10 presents the results of metal uptake as a 

function of pH for solutions containing 0.30 M citric acid 

and 0.20 M tartaric acid. Both ligands could be used for 

Donnan^enrichment followed by pre-column preconcentration if 

the sample pH was less than 2.5. Calibration curves and 

reproducibility studies for 1 mL acidiJflfel tartrate samples 

were done for Cu, Zn,.Ni, Pb, Co and .Co. The results were 

similar to, the direct injection of 1.0 mL acidified tartrate 

samples and gave reproducibilities on the order^ of 1% RSD. 

The injection of 5.0 mL of acidified tartrate, however*, gave 
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Fig. 4-10= Pre-column uptake as a function of pH. 

- •ampfes oMHfo up in 0 . 3 0 M citrcrt* or 0 . 2 0 M tartrate. 

\ 



' 162 

<% 
high blank values - 11, 25 and' 83 mm |or Cu, Zn and Ni, 

respectively. These blanks should be compared with earlier 

blanks of 2.5, 3.5 and 3.0*<mm for the 'injection of 5.0 mL of 

0.01 M acetate buffer. .The high nickel blank probably is a 

result of nickel being' leached from thfe, stainless steel 

components (10-14% Ni) whereas • the ioppec* ahd zinc„ 

contaminations may result' from impurities \in the acidified 

J - w I - " " •' 

tartrate.* Similar results were noted for -stronger 

complexones such aB EDTA and'NTA where a r^w",sample pH was" 

requii?ed«»for metal, uptakev by the pre-columnl This problem;,, 

with blanks negates the use of pre-column precohcentraHiipn 
-V a. ' -

pf DorfnaYi dialysis 'samples * unl%ss one uses components less 
' * 

susceptible to acid leachiftg. - - • ^ * ! 
4.2.d.» Effects" of speciation. on preconceptfra'tibn: ""The 

__ __ , -, / j- -*"$ , _o • j -

results reported •itt Figur.e. 4-vLt) clearly -illustrate the role 
'. '.' JjMk *"**.' » \ * 

of complexatioJPm the use of a pre-column* for preconcentra-
] f ; • ' J* • ' • * * ' 

ti#tt. The speciation of metal ions in the sample will also 
affect ttue, Donnan dialysis method. The equations''developed . 

#• / 
, earlier assumed that the metal ions - in the sample were f ree.-

' " " '" * t -,. *~~" 
' EquatioA 4-15 6an be readily modified to^take into, a'pcount ' 

'' . \ . . ' -
the role' of sample- specjation *by including an a1 term for 

x 100* • ' '(4-16)' 

i b'i|tding 

* ' 

of 

• 

ions 

," 
• 

i n t h e 
-% E 

. '• 

"sample: 
= * ( 

.' .«'v0 
* V T 

** .. X 

*F 
+ 
" 

-

aF 
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Two examples can be used to illustrate the role of 

sample speciation on the enrichment factors by Donnan 

dialysis. Table 4-8 presents the results for the Donnan 

dialysis preconcentration "of citric acid sample solutions at 

pH 5.0 using a 0.20 M tartrate receiver, also at pH 5.0. 

Complete preconcentration was noted for these samples even 

though most of" the metal ions were bound in citrate 

complexes. A second, less encouraging, example is given in 

Figure 4-11 for copper, lead and cadmium in humic acid 

solutions. The humic acid significantly decreases the 

t enrichment of metals by Donnan dialysis. The effect is 

strongest for copper and lead which also are the metal ions 

reported to bind most strongly with humic acid. The copper 

and lead speciation, for example, in a 25 ppm solution of 

, humic acid (more 'details in Chapter 5) indicated that they 

were nearly completely bound. The tartrate receiver, 

however, stripped approximately 25 and 55% of the capper and 

^ead,* respectively. The ion-exchange pre-column., however, 

-"gave' complete uptake for*,the' three ,meta.l ions in all of the 

'humic aciid solutions. „.„.** . . 

The .complete, uptake of • the* metals by the* ion-exchange 

«£ ' ' , ' ' •' ' 
icesence • p'£ humic acid * was quite 

, . • • . • - . . " " * ( j* 

- unexpected. . Earlier work by Figura .'and 1«cDuffie (*1979) ,and 
•preliminary wdTfc* to' this thesis* indicated that humic 

•̂colloids, prevent ̂uptake of cqpper us.ing Chelex-100. This is 
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Table 4-8 

Donnan dialysis of citric acid solutions 

, m 
0 

0 

0 

0 

% 
t 

Cu 

100 ' 

31 

14 

7 

free* 

Pb ' 

100 

87 

73 

58 

Cd " 

100 

100 

100 

100 

Cu 

10.6 

10.2 

10.2 

10.4 

EF** 

Pb 

10.0 

10.1 

10.2 

10.2 

i 

Cd 

9.7 

9,. 8 

10.0 

9.9 

* -^experimental speciation reported in Chapter 5, 
Figure 5-15. 

**. - V 0/V = 250/25 = 10. . - ), 
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EF • 

12 18 

[HA] 4pm 

24^ 30 

Fig. 4:11= Effecf of HA on Donnan dialysis 
preconcentration of Cu,Cd and Pb.> , 

- 4 0 Q / I O ' with 'tartrate ' receiver ,: ^ 5 . 0 0 , [Ml* 0.5JLIM. 
\ ' , *, r * 

-analysis by ,DPP. •>" • ' ' * V -
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' usually explained by poor . kinetics of metal-humic acid 

dissociation. It is evident that' 'additional work is 

required comparing metal speciation and the preconcentration 

methods before one can offer a definitive explanation for • 

- the differences between Aminex A-9, Chelex-100 and Donnan 

dialysis. Chapter 5 reports on a dialysis procedure that 

may be useful in future work relating metal speciation and 

preconcentration. ',» 
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CHAPTER 5 

Metal speciation by Nafion Dialysis 

5.0 Introduction 

Dialysis haŝ  been shown to be an effective method of 
- s 

achieving a size separation.. It does, however, suffer from 

two drawbacks which may limit its applicability. First, it 

is very time consuming, often requiring 24 hours *br more to 

attain equilibrium. Second, the dialyzable fraction does 

not necessarily represent that which is "bioavailabl^. The 

dialyzate may consist of <a small species capable of passing, 

through a dialysis membrane but unable' to interact withv a** 

biological membrane. ' > 

These limitations associated with dialysis aire {not 

necessarily inherent to" the method, but may instead .reflect 

the properties of the cellulose membranes. One possible 

speciation procedure would b«f to combine the selectivity of 

ion-exchange with a batch dialysis separation.' The advan-
* 

tage of a bat&h separation is the possibility of, u$in£ 

small • sample- volumes and^ rapid equilibration*. Cellulose ' 

dialysis bags, for example, contain residual anionicvsites . 

that retard the dialysis, of anionic species.^ #Thd chatge 
'„ , ' " ' " " > • * ' , ' ' ' ' • ' 

density is too loV,. however, .\ to provide, complete ex'clusiqn, 
w ., ' ' '- , i 

of aLnxbpcs.- ,.DuPont produces ion-exchange membranes- ( e . g . , 
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Nafion 811X) that have an inert fluorocarbon backbone with , 

sulfonic acid exchange sites bonded to it. "One conceptual 

model of this membrane is a hydrophobic matrix*with islands 

• of hydrated exchange groups connected -by channels in the 

matrix (Yeager and Kipling, 1979). , 

.. • One can then envision .a 'speciation procedure- .based 

upon, the following mechanism. One use's the membrane to 

separate ' the""* sample ' solution from a receiver solution. 

. Both the • sample and receiver solutions contain the same 

electrolyte at the same concentration (e.g.,'0.10 M NaN03). 

An ion-exchange equilibrium is established between the free 

metal cation and membrane sites on the sample side of the 

membrane: / ' ' 

,2NaX(M,S} + bu2+ -* CuX2(M,S) + 2.Na* ' (5-D 

* 

The adsorbed metal ions diffuse through the channels and 

redistribute to establish ion-exchange equilibrium with all 

sites: , " ' • • •>. 

\ \ CUX2(M,S) ^ ^ X 2 ( M , R ) • ' ' r (5-2) 

• . / / - _ 

and the exchange equilibrium is* finally established with 
* m ' * ** 

. ' - i * * 

the receiver solution: * " ,* , ' ' " 
> ' ' ' - * ' • » ' • ' ' 

"' • '-''CliX2(M,R) + 2 N 4 + ^ C u 2 > + , ? N a X ( M * , R ) ' ; - > {S-3)f 
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In the above* expressions, M, R and S represent membrane, 

receiver side and sample side, respectively. As illustra­

ted' in Chapter 4, it will beenecessary to maintain the same 

electrolyte concentration v in both sample ̂ qgid -receiver. 
4 

Under these conditions, the Donnan effect will be minimized 

and: 

[Cu2+.L =' [Cu2+U • ' (5-4) 

Expression 5-4 is for free metal cpncentrations. -..The 

charged membrane will exclude anionic species and. the 

"connecting"' channels" "will be partially, selective with 

™ to,.i„... . - : • • • • • ; . 
This chapter will describe . the application of Nafion*. 

ion-exchange membranes to the speciation of metal ions in 

model systems containing various ligands. . The working 

parameters" wi.ll . be- characterised and limitations estab-
• * -

lished. In' some cases, comparisons between calculated 

speciation and that obtained, experimentally, will be made in^ 

order to clarify the possible permselectivity parameters., -i 

5".l Experimental • • • ' \ *~s~t .-
*~- * • ' :J . V v. ,. 

The Nafion speciation dialysis experiments . were done 
- ' . • •f • *-~*V ' "• . ' % 

using an arrangement similar 'to-that shown in Figure 4-*l. 
> • • •• ^ ' . .' • ' :." •" ' • , 

A ^large volume, -.(2-4,• t>). stock solution was made up' in* 

http://wi.ll


- 170 

distilled/deionized water and contained appropriate amounts 

of. electrolyte (NaN03) and acetate buffer. Both receiver 

and sample solutions '"were taken from-the same stock «olu-

tion prior to spiking the sample solution with metals and 

ligands.' Unless otherwise 'stated, the sample solutions 

" (400 mL) were' placed in Nalgene beakers whereas the 

receiver solutions were placed in 25 mL volumetric, flasks 

made up, to volume. Sample solutions were stirred for the 

duration -of the 'experiment after which "-the membrane 

contents were emptied into the volumetric flasks. These 
** " ' 

were not made up to volume as this was considered to be .-a 

„ dilution of ah equilibrated system. With'a 400,.mL -sample'-
« * •A 

solution and a '25 mL receiver solution/ the dilution effect 

on chemical equilibria was les>B than, 6%. Receiver solution 
' -t i * 

fractions were considered- "free" (or dialyzable) wher,eas 
r * . ; * * ' • 

sample solution contents.were considered "total". 

, . Analysis of receiver solutions was done using' either 
.* ^ , • ' » • 

V 

'the HPLC/system 2 detector described in Chapters 2 ̂ nd 3 or 
* • ' , ' r 

a PAR •174A Polarographic 'Analyzer (Priftceton Applied 

Research,. Pfunceton, N. J.) with dropping "mercury electrode 

used in J:he differential pulse mode '(DPP").' Where possible, 
' "*< <. ' . ' 

• sample"-s5lutions w§re also measured {e.g., Cd-NTA" by DPP 

and"; M-CA by both DPP and* JIPLC)". In experiments where' pH 



171 -

v 

was varied, pH measurements were made before and after 

dialysis with the latter being considered the equilibrium 

.PH.- _ . , , * 

Membrane treatment was similar to that described in 

Chapter 4,?i.e., 2 M HNO3 for 30 minutes, 2 M NaOH for' 30 

minutes, and receiver solution for 15 minutes. Since 

speciation' experiments did not involve the preconcentration 

of contaminants -as was the case in Chapter 4, the membranes 

were used without the sample clean-up procedure described 

earlier. "*. - ' ' » ' 
'. .* v , •'' • • 

Dialysis experiments- were usually ' done using one 
5." * - • • 

*> x 

dialysis cell -arrangement to represent one .set of 

experimental conditions. For example, kinetic studiesf 

involved six individual dialysis cells run simultaneously 
• \ ' ' *~~ 

with, each be^ng stopped at a different dialysis .time. 

Similarly, pH ahd vtitration experiments • involved six 

dialysis cells, each cell representing a different pH or a 
*• . ' ' •>' 

•» ' 
different concentration of" metal or ligand. 

* * . * „ # 

Mass balance^ experiments were done as follows. Once 

the dialysis experiment was completed, the membranes were 

immediately "removed and placed" in a beaker containing 40-45 

mL of 0.5 M HNO3. ' The membranes were completely immersed 

and the »a"cid Wash circulated for .'30 minutes. The« wash was 

- i l i - 1 * Kaon ^ W to , «., ^ a c ' e ^ 

buffer. .These. washings . were-. then transferred 
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quantitatively to a 50 mL volumetric flask and made up to 

volume. Metal analysis was done by differential pulse 

polarography. 

The humic acid (HA) solutions were prepared by serial 

dilution of a stock solution made up as follows. Acid-

washed technical grade humic acid (Aldrich Chemicals Co., 

Milwaukee, Wis.)"was suspended in distilled/deionized water 

ahd NaOH pellets added to bring the pH to about 11. This 

solution was filtered through Whatman #42 paper' with the 

filtrate being acidified with HNO3 to pH 2. The humic acid 

precipitate was recovered by centrifugation at 3500 rpm for 

30 minutes. The precipitate ,was -redissolved in 

distilled/deionized water by bringing the pH to 7. " This HA 

solution was filtered sequentially through Whatman #1, 

"Whatman #42, Nuclepore 1 pm and Nuclepore 0.2 um filters. 

The "final filtrate ,represented the humid acid stock 

solution. Its concentration was determined by acid-

precipitation ,<PH 2,- Sfr^ d. aliquot.. The precipitate, 

were recovered on Nuclepore .0.2 um filters, dried under 

vacuum for 1 week and weighed.. ' The concentration, of the 

r " - * 

" sto'ck solution was .found to be-2580 ppm. ,JThe fulvic acid 

(FAiV^^tock • solution was ' prepared . by .. dissolving aft 

t appropriate amount of <freeze-dried fulvic acid (obtained 
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from Dr.. C. Langford, Concordia University, Montreal) in 

1 L of distilled/deionized wgter which was also made 0.30 .M 
^ * 

« 
in NaN03» The fulvic acid stock solution was 100 ppm. 

5.2 Results and" Discussion 

5.2.a. ^Characterization of speciation by Nafion dialysis: 

As implied by equation 4-3, speciation using ion-exchange 

membranes requires that ionic strengths be the same in both 

sample and receiver solutions. >If this is not the case, 

• dialysis will either be reinforced or suppressed to the 

extent determined by equation 4-3. « For- example, if the 

receiver - electrolyte is 0.11 M NaM03 and the sample 

electrolyte* is 0.10 -»M NaN03, a preconcentration of sample 

trace metals will.result amounting to aft enrichment factor 

of 1.21 (i.e., (0.11/0.10)2) or an error of 21%. This 

requirement can be met if the electrolyte concentration 

used for sample and receiver solutions is much greater than 

the total concentration of sample trace metals. 

Initial experiments were done using 0.10 M,NaN03 as 

electrolyte, with 200 mL sample volumes- and 10 mL receiver 

volumes. Figure 5-1 presents the dialysis of a 10 PM Cd2+ 

* sample solution as a\function of time. The sample solution 

contained no strong ligands (i.e.,-10~? M acetate, pH 4.5) 

' and therefore, at equilibrium, both sample and receiver 
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^Fig.5-I : .Dialysis using O.IOM NaN03 and a 200/10 arrangement, 
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concentrations should be the same, 

simplicity, only Cd results are shown but sim.3̂  

were also obtained for Cu, Mn, Mg and Ca. x 

Several points should be noted. First, both receiver 

and sample solutions attained equilibrium concentrations 

after approximately 120 minutes. Second, the receiver, 

concentration was greater than the sample concentration, 

typically a 5-10% enrichment. Third, losses of 20-30% were 
/ 

observed for both solutions. 
> 

The facts- that the receiver metal concentrations were 

always 5-10% 'greater than those in the sample solution was 

thought to be the result of water- evaporation on the 

receiver side. This evaporation appeared to be proportion­

ally more significant on the receiver side, possibly due to 

evaporation losses from exposed dialysis tubing. Losses of 

several tenths of a milliliter during a 120-18.0 minute 

dialysis run were not uncommon. - The result of water 

evaporation would be an increase in electrolyte concentra-

tion,- resulting in receiver preconcentrations. For 

example, a decrease of" receiver volume' from 10.0 mL to 

9.5 mL would result in a 5.2% increase in electrolyte 

concentration and a 10.8% increase in divalent trace metal 

concentration (i.e., a lO.Slr enrichment with-, reSpect to 

sample). ' 
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4 i * 

U - ' ' - , 

A' mWre significant problem is' the 20-3,0% loss from 

I ' '• ' ' . ' > 

'both sample and receiver solutions. In the absence of any* 

"Adsorption losses- of metal ion, both solutions should 

•equilibrate at ~9.5 uM (i.e., 2"00/210 x 1Q yM). Th„e fact 

that losses cannot be accounted for• by' sample dilution 

indicates -that adsorption may be occurring. These 20-30^ 

. "losseŝ  were "independent of pH over the 3.5i-6.0 range. They 

wefe , also reproducible and proportional to sample 

concentrations. Calibration curves for Cu* Zn, Ni,»Pb,,Co, 
» Cd, Mn, Mg, and Ca were all linear despite these losses. 

Table 5-1 presents the results of * a reproducibility 

'experiment- using 0.10 M NaN03, 200/10 sample, to receiver 

ratio and a- 79 minute equilibration. The relative standard 

deviations for receiver concentrations ranged from 2.6 to 

5.4% and sample losses were typically 20%. -

Separate -experiments indicated that the adsorption 

loss was not onto the glassware or Tygon tubing but onto 

• the. Nafion membrane. Figure 5-2 indicates the amount of 

A 
' cadmium x adsorbed, onto the membranes (as determined by the 

i 

acid wash procedure) as a function of initial ' sample 

cadmium concentration. It is obvious that the^'amount 

adsorbed is directly proportional to the sample analyte 

concentration. Table 5-2 presents data for a similar 



- 177 

) 

X 

- Table 5-1 

4tL « 0 

Reproducibility of Nafion dialysis 

* Cu '.' * Cd Mn • 

: . , 167 ;•>- 172 • " 128 

X 

procedure 

' Mg Ca 

17 . -117 
std 

Xrec '<13Q(y4) 144(4.0) 101(3.6) 14(5.4) 94(2..6) 

X 
sam 

134 97 

1 wff 
14' 9Z 

X .-Vst*--mean response * (mm) ferr 2 standard solutions. 

X •"*= mean response (mmj for 6 receiver solutions, 

X -= mean response '(mm) for 2 sample solutions. -s,am r c 

- bracketed, values are, %Î SD, for 6* determinations.*•' 

- analysis by HPLC/PD. 
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Fig.'5-2= Adsorption of Cd onto , Nafion; 811X 

-conditions as in Fig.5-1 with^fT= 120 min, 
pri 4.5 and analysis .by DtV.< 
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Table 5-2* 

Adsorption of Cu onto Na,fion membranes 

/ 

Receiver (IQmL) Sample (200 mL) Wash (50mL) 

[NaNO,] . [Cu] nmoles [cu] 

O'.OS M-

0.07 M 

0.10 M 

0.20,M 

0.3.0 M 

'0.50 M 

•4.32" 

' 6.87 

6.87 

10.72 

11.74 . 

11.32' 

1 

J 43.2, 

1 '68.7 

| 68.7 

j107.2 

1/1/7.4-

1113.2 

4.26 

5.87 

6.76 

8.98 
S 

9.58 

9.58 

nmoles "'£cuj nmoles 

'852 

117"4 

• 1352 

1796 

1916 

1916 

20.21* 

13.29| 

/«?-69| 
3.1% i 

. 2.21i 

0 .90. 

1011 

66'5 

485 

186 

111 

45 

T = 120 min, pH = 4.5 and analysis ;by DPP 
/ ' 
Initial samptle concentration = 10 pM 
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adsorption stardy" but as -a function of electrolyte concen-

tration-, Thaee results are,, for Cu but similar results were 

also obtained fof Cd.,-'Pb and Zn.' Two observations should 

b^\ioted. First, essentially ail of the meta^ loss could 

be accounted -for by membrane , adsorption. Within 

experimental " error, the mass, balance j|or all electrolyte 

concentrations was obtained (vs theoretical '2000 nmoles). 

-.Second, membra'ne J uptake was dependent <* on electrolyte 

concentration. As electrolyte "concentration increased, 
v 

membrane uptake decreased and attained negligible values at 

0.30-0.50 «M NaN03. / " ° \ f" ; 

All of our da|a are consistent with metal adsorption"" 

ont» the meinbrane. .Blaedel and. Niemann (1975) reported 5-

10% adsorption-losses or copper onto ,ioh-exchange materials 

when the electrolyte was' 0.10 M*NaCL. They investigated 
' t o * • I 

these adsorption losses for three fon-exchange membranes :?„> 

AMF C-103, a sulfonated styrene, on a polyethylene backbone;" 

RAI P1010, a Teflon-sulfonated styrene, copolymer? and 

Nafion 4XR,-170, a sulfonated fluorocarbon -polymer.' .They' 

reported that of the three, the Nafion membrane suffered 3. ' The least from adsorption problems.* They attributed these 

losses to the presence of- impurities (carboxylate or 

olefinic groups) .in the membrane structure. 
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* • Ottr "results, however,. *woujJ.d seem to indicate1 that 
I I 

almost All- of the losses observedywheft using Nafion 811X 

tubular membranes are due to ion-exchange processes.* If 

adsorption losses'were the result of binding by impurities, 

wC would expect greater relative losses at low metal 

concentrations with decreasing losses as the binding sites 
" ' '#s • -. . *.' • " * 

becom* saturated (i.e., similar to an adsorption isotherm). 

However, we obtain both linear calibration curves and- a 

vlinear adsorption curve (Figure 5-2)\ As well, adsorption 

, is reflated to*? «NaN03 concentration.,, It is therefore 

probable that the . los*ses observed were ttie result of \ the 

* • • •: " • ' • .- ' .J2> \ 
s-imple equilibrium processes described in eguatiaMr 5-1 

" • * •' '). 
5-3.' .As electrolyte-• concentration /increases, sodium ions 

> ^ / •?* 

are better able t» compete for the sulfonate sites and 

lower losses are observed. ' ' . 

It ois possible that at very low metal concentrations, ' 
* * ' . Is"*- .- ' 

non-proportional adsorption will'occur as a result of metal 

uptake by membrane impurities. However,' none was observed 

over".the concentration range studied, i.e., 0.5-50 yMi The 

practical implication of the above* is that experiments must 

either be carried out in 0.3-0.5 M NaN03 or that losses be 
A * . • 

taken into account by using «calibration curves obtained 

under Aidentical. conditionss This latter approach might 

,lead to greater .irreproducibility and a ̂ greater perturba-

tion -of sample chemical equilibria. It was decided to 
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carry o.ut future speciation experiments using 0.30" Mt NaN03 

as- the background electrolyte. Furthermore, a 400 mL' 

sample/25 mL receiver arrangement (vs 200/10) was also 

incorporated with the hope of decreasing the 5-̂ L0% precon-

centra^on - that was. thought" to. result from rec'ei-ver 

evaporation. Unless otherwise stated, the following-

results" were all, obtained under these experimental 

conditions. c 

To' examine" the Nafion dialysis v of - this new 

experimental arrangement, a kinetic study was done „ under 

conditions similar to those in Figure 5-1 except that the 
c » 

* * 

electroly'be concentration was increased from 0.10 to 0.30 M 

and that a 400/25 ratio was used instead of the previous 

200/10, Samples were again made up in 10~3 M acetate 

buffer, pH- 4.5. Results aire shown in Figure 5-3. , The 

change in volume ratios did not appear too significantly 

alter kinetics as equilibrium was once again achieved 

'within 120-180 minutes. There were," however, two important; 

improvements when compared.to the "previous conditions. The 

preconcentration observed when thê «jê ceiv"er* volume was 10 

o-mL was no longer discernible. The face tihat an increase, in „ 

receiver volume resulted in«a decrease* /in the small precon­

centrations observed previousl3£~j5u#ports the suggestion 

that -water evaporation from the receiver solution was its 

cause. In addition? adfeorption losses due to the membrane 
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' t Fig. 5-3 : Dialysis using .0.3'0M NaN03 and/a 400 /25 arr-angenrent. 
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uptake, were , no longer observed."- Both sample and r e c e i v e r 

••concentrations e q u i l i b r a t e d a t 95% (vs 40~0/425 x 100 - = / 
». 

94.1% theoretical) .«• Similar0 results were also obtained for, 
' ,'iJ ' • - ,( , ' ' 

the other metals studied. * •< -

The Nafion dialysis speciation conditions discussed^-
e - ' *"*\ * o " . ' 

above (i.e., 0.30 M NaNC^.^oq/aS, 3T = 120-180 min) appear -

to be giving, meaningful results. In the absence of any 

strong ligands, measuted receiver- 'Concentrations are the 

same as those 'in the Sample. , Calibration curves for Cu, 

Cd, Pb and Zn obtained under these conditions are"given yi 

Figure 5-4. Linear curves were dbtained fpr all metals 

over "the/ 0-5 yM range studied. . -

, Thes^Nafion .membrane will have two mechanisms to effect* 

a speciation -the Donnan exclusion of' anionic species and 

the size exclusion of the "connecting channels". >- To
r " 

characterise the selectivity of the membrane, an 

equilibrium dialysis, experiment was done for a number of , 

classes of possible species.- The' kinetic„ dialysi<6 curves 
are shown in Figure 5-5 (i.e., percent dialysis as a 

_, .function of .time). The first species,; the. aquo complex of 

cadmium, attained .dialysis equilibrium after 120 minutes. 

• A second catibnic species," triphehyl tin (,f!3Sn+), did not 

"dialyze over the 240 -minute duration --of the experiment. 

The anionic species, Cd-NTA~, was also completely excluded 

; by the membrane. •. This^ is in* contrast with* conventional 
l > • 
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Fig.5-4; Calibration curves using 0.30M 
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- T=l80min,pH=4.5, analysis by DPP, 
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Fig. 5-5 : Permselectivity of Nafion 811X\ membranes. 
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- conditions . as in F ig.5-3 with analysis by DPR 
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dialysis ̂ procedures where the 'anionic 'species Fe-EDTA~ 

(Benes and Steinnes, , 19'74) ' ..and Cu-EDTA2-^ (Guy and 

Chakrabarti, 1976a) dialyzed slowly ' but did attaini 100% 

dialysis'. - ' „ 

A neutral species., 2-methyl-5- nitroimidazole (1°), 

dialyzed slowly "and "was 26% dialyzed w'hen the free cation 

was-100% dialyzed,at 120 minutes. The fifth system/studied 

was the lead cation in the presence of a large excess of 

phthalic acid at pH 5.00.o Equilibrium calculations using 

•conditional constants (Ringbom, 1979, p325) showed a 

species distribution of 9.1% Pb2+, 90.6% PbL°, and 0.4% 

EbL'22-. » The experimental dialysis attained equilibrium 

after 120 minute-s and showed that 28.5 ±1.0% of the lead 
t-

0 was dialyzable. At 240 minutes,. 30.9% of the lead was 
* 

dialyzed. , These results'.-suggest that the rapid dialysis -up 

. f . * 

to 120 minutes was for the-free cation and the very slight 

increase ..at 240 minutes might be dialysis of neutral 

species. The Ringbom conditional constant for PbL° was 

1000 whereas the experimental results suggest a constant*>of 

- 250. 00 

* This simple study suggests that anionic species are 

definitely "excluded. The selectivity with'respect to size,,' 

however, would require further characterization for neutral 

species. It is thought that the ionic strength of the 

aqueous medium may' play a role" in determining^ the degree of 
> » 
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°*.« **•. *-

swelling^ of* 'these ̂  membranes'-and consequently/the <&iag*of 

/ the diffusion """pathways. It would appear' £hat these 

pathways would be-&H&9' than 4 - nm i'fr diameter and^possibly e 

as low as-1 nm (Yeagef and Kipling, 19^79). It, is therefore .. 

reasonable to assume 'that Such large species as humic acids & 

and inorganic colloids will be sizev excluded. Smaller 
•9" ' ' , . * --. 

i t , ' ' S 

s p e c i e s , such as n e u t r a l ' compounds and simple - i n o r g a n i c -
* ' »•'•*" JR r r 

complexes .(e.g., CUCO3) should, »be character izetf 
,{ • *• « * • •" * 1. 

individually" to determine their rate of' dialysis. 'For 

Group 3 ttype speciation studies, an erroro estimate of
r.th'eo' 

contribution by neutral speSies could be easily obtained by 

comparing the dialysis' at-* 120̂  minutes (simple* eationte) ahd " 

240 minutes (complex-cations and neutral• species).' •• 
v. 

%, i 

5.2.b. One metal-one ligand • speciation models; Two 

procedures are commonly used to characterize.' a 'water 

sample. The first is a binding capacity experiment »in, 

'T 
of J 

, which *the sample is titrated with the metal ion , of 

interest. The second method is' to adjust the sample p£ and 

monitor the speciation cha'nges. The first method gives a 

measure of the ability of the.ligands in the sample to bind 

the metal of interest whereas the second method allows one 

to estimate the "available" metal in the 'sample. The 

latter method^for example, often' uses0 a pH of 2 or less tS 
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give "total available" metal.- The Nafion'speciation method 

\' should'permit one to monitor- the free cation species during 

both of these'types of experiments. 

Figure 5-6 illustrates the use of the Nafion membranes 

for the measurement of binding capacities of a simple 

Solution containing one ligand at a total concentration of ^ 

10 UM. Three "separate, titrations' .are given: EDTA " 

(log Kcond' = . 9.9), NTA (log*Kcond = 5.7) and EGTA-(log 

Kcond f 4.7). t The three titrations each -provide "a binding 

capacity of 10 n» .but the EGTA result is best described as 

*' J *" ' ' 
ortuitous. Extrapolation of the binding capacity curves 

. to the abscissa or drawing tangents to the" curves will give 

an accurate potential binding capacity when the conditional 

binding constant is large an<| one has a significant number 

of data' points. Th,e EGTA^titration, for example, has such 

a low binding constant that"it is difficult to graphically 

determine an unbiased binding capacity. One can fit/ -for 

example^the experimental data to the expression: 

" • * MB 
K = 

MpLUp 

(5-5) 

(Mp)(LT Cm + M„) T F 

where K, Op, Mp and L^ are the conditional stability 

constant, total, metal added, metal free ' and binding 
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Fig.5-6* Zn binding capacity titrations for EDT^NTA,EGTA . 

-conditions as in Fig. 5-3 , T = l80min, analysis by HPLC/PD,pH = 5,00. 

O 

' I 
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capacity, respectively. , This " expression assumes no 

secondary complexing agents and the formation of 1:1 

complexes. The'" experimental data - Op and Mp - can be used 
no 

to obtain a best estimate of K and Lm-

A .simple non-linear regression program for micro­

computers (Duggleby, 1981) was used to fit the Zn-NTA and 

Zn-EGTA titr.at.ions. The Zn-NTA titration gave .a Value of/ 

2.16 x 105 ± 1.8 x 104 for K and 1.05 x lO-5 ± 5 x i$~7* M 

for Lrp. The Zn-EGTA titration ,gave a value of 4.71 8.x 104 

± 2.5 x lO4 for K and *7.6 x 10-6 ± 3.1 x 10-6 M for LT. 

The greater uncertainty in the Zn-EGTA data is a result 'of 

a • lower binding constant, hence the • amount bound 

(calculated as the difference, .between C^ and Mp) has a 

greater relative uncertainty. This approach of fitting 

experimental titration data to obtain binding, constants and 

binding capacities of real water samples or humic acid 

suspensions, however, must be applied - with caution 

(MacCarthy and SmithJ 1979). 

If a .metal, is added to a ligand solution under 
- * , ' rt • ' * - * 

conditions where the ligand is in considerable excess, a 

constant fraction of the metal is bound (Glass, 1977). 

This is illustrated for a cadmium titration into 5.0 mM 

citric acid in Figure 5-7. A .constant fraction, 38.7 

±0.8%, of the added cadmium was found to be free. NThe 

r? 

http://titr.at.ions
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Fig.5-7 = Speciati.on .of Cd l with - 5 mM G.A., pH 5.00. 

-conditions as in Fig. 5-3 with T= 180 min and 
analysis by DPP. 
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fraction of free metal depends^on the conditional, binding 

constant and the ligand "concentration. Figure 5-8 ̂  shows 
D 

' ' ' »' , . ' ** 
three curves for , the individual titrations of copper, 
•' i , ' * 

nickel ' and zinc into 100 yM citric acid. The results 

showed that 22.5%, 41.5% and 66.5% of the- added, copper, 

nickel and zinc, respectively, was free over the#> metal 

concentration range of 0-20 w M. These percentages' reflect- .v. 
' i 

the decreasing conditional constants, i.e., log K - 4;9, 
« ' 

3.6 and 3u3 for copper, nickel and zinc, respectively. The 

effect of concentration is illustrated 'in Figure 5-9 for 

cadmium in the presence of increasing amounts of citric 

acid. A calculated speciation using citric acid binding 

and ̂ protonation constants corrected to ionic strength of 

0.30 (Ringbom,. 1979) was included for comparison. 

Excellent agreement was observed between the experimental* 

Nafion and calculated speciation. 

The first example of a speciation as a function of 

sample pH is given in "Figure 5-10. The sample contained 

10 uM Cd2+ in a 10-fold excess of NTA. At the dropping 

.mercury electrode, the reduction of Cd2+* and Cd-NTA~ are 

sufficiently ; > ; well-resolved in differential pulse 

polarography. to allow one to' estimate the concentration of » 

the free metal ion. The speciation done usincj DPP on the 

outer sample is compared with ,the DPP determination of free 

cation after Naf ion dialysis. The two methods/ were found 
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Fig. 5-8 : Speciation of Cu,Zn and Ni with 

100 uM G A . / l ^ pH 5.00. 

-conditions as in Fig. 5-3 with T= 180 min 
, find • analysis by HPLC/PD. 
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to agree within experimental error. It should also be 

noted that no Gd-NTA reduction peak* was found in the Nafion 

receiver polarogram. The theoretical, speciation- for this 

system was calculated using , binding and protonation 

constants taken from 'the- literature (Martell and Smith, 

1977) and -corrected for ipnic\ strength changes (Ringbom, > 

1979, p22-28). + There was good agreement between the /two 

analytical speciation methods and the- calculated 

speciation. 

A second example of pH-type .spediation is given in 

Figure'.5-11 for cadmium' in the presence' of citric acid. 

The calculated speciation using- corrected constants is alsoi 

included for comparison, The calculated and experimental 

speciation curves do* not 'coincide as well as the Cd-NTA 

example shown earlier. The experimental uncertainty from 

repeated -,experiments 'Indicates that for' the GA-Cd-pH 

titration, the error would be on the order of ±2%, but the 

uncertainty in the calculated curve may be much" larger 

because of - the. uncertainty in' literature stability 

constants. . 'The difference between the calculated and 

experimental curves at low and high. pH regions is probably 

not due to "changes in the membrane characteristics. 

Further evidence for this is provided later in this 
% - * 

chapter. - . , . 
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5.2.c. Multimetal speciation models': The Nafion 

speciation • studies described earlier indicate that the 

membrane is suitable for determining free metal ion in a 

complexing medium. One advantage of coupling a multication 

analysis method to this Nafion speciation is the ability to 

monitor metal competition for binding sites. 

A simple 2-metal competition study is described in 

Figure 5-12. A -10 tiM EDTA solution was titrated with 

aliquots of metal ion containing equimolaf* concentrations 

of copper and zinc. The conditional stability constants 

for copper and zinc are log K = 12.2 and log K =JT9.9, 

respectively.*. The 200-fold difference in stability 

constants indicates that copper should displace zinc from 

the Zn-EDTA complex. The data illustrated in Figure 5-12 

shows that below the potential binding capacity (i.e., 

v 10 yM total metal) , no competition occurs but that after 

f the ligand is, saturated, zinc is displaced from binding 

sites by copper. The slope of the curve in this region is 

2 (1 for the added zinc and 1 for the. displaced zinc). 

After copper has occupied all of the binding sites, the 

slopes for both metals are nearly one. 

A typical binding capacity titration of real* water 

samples is potentially a competition experiment. Studies 

reported in the literature suggest that binding capacities 

are only 1-5 times greater than the trace metal content. 

( . 
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Md,uM . 

2 4 6 8 10 12 14 
M f - [Zn]t, pM 

% Fig.5-12= Cu/Zn competition for EDTA at pH 5.0, 

-conditions /as in Fig.5-3 with T= 180 min and 
' analysis by HPLC/PD. 
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"Wĥ n a titrant metal, is added 'to the water sample, the 

metal will bind available free sites and will compete with 

bound metal ions for the" already occupied sites. • * The 

" degree of the displacement of bound metals will depend on 

the titrant metal iont For example, cupric ion'"will 

displace most metal ions whereas zinc or padmium will 

displace smaller fractions of the bound metals. 

Three examples of a binding capacity experiment- are 

illustrated in Figure 5-13. The first and simplest case is 

the titration of one complexing ligand in the absence of 

competing metal ions. .The example in Figur^S-13, curve, a, 

is- for the. titration' of 10 PM NTA with Zn. The • potential 

binding capacity was found to be 10.5 ± 0.5 pM (as 

previously reported). Curve b is the titration".of a 

mixture of 10 yM NTA + 10'yM Ni. Curve' b in the inset 

shows -the free nickel concentration presenT^Ln the system' 

during, the Zn titration. At the start of the titration,1^ 

the concentration of free Ni is 2 yM; hence, one has 2 y M of 
. v. < 

available NTA sites. During the titration, the Zn and" Ni 
mm 

compete for binding sites and some Ni is displaced from"the 

NTA by., the added Zn. The competi^fen favors the, Ni and at 

a 2.5-fold excess added Zn (i.e., 25-yM Zn), only 37.5% of 

the bound Ni had been displaced. Curve c shows the same 

titration but with an additional 100 yM citric acid added 

as a secondary complexing ' agent. The *citriq acid (CA) 

f V 
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. binds an additional fraction of the free Ni and Zn. The 

effect of the secondary complexing agent is toest seen in 

the inset where 6ne has plotted the free Ni^ concentration 

as a function of added Zn. The slopes of the two curves 

' ban be used to approximate the interaction intensity 

parameter described "in Chapter 1. In the absence of the 

secondary complexing agent d[NiJ/d[zn]rji is 0.122 and in the 

^ presence of citric acid d[.NiJ/d[znj T is 0.060. In .natural 

waters the principal binding agents are" humic colloids 

which contain multiple sites of varying conditional binding 

constants. The presence of a large number of weak sites on 

the colloids will tend to lower the interaction intensity 
* * 

parameters. A measurement of these parameters may be 

useful in characterizing binding capacities of natural 

waters. • > 

A final illustration of the potential of coupling the 

Nafion speciation procedure with multielement analysis is 
* 

presented in Figures 5-14 and 5-15 afb. Figure 5-14 shows 

the results of a pH-type speciation for six metals in the 

presence of 5 mM citric acid. The high ligand to metal 

ratio ' in this solution results in the . six metal? 

interacting.independently. For example, the curves for Cd 

in Figures 5-14 and 5-11 overlap. The curves in Figure 
I* 

5-14 suggest that the conditional stability constants for 

' 'V 
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» % 
">*u 

Fig.5-I4 = ^Metal-citrate speciation _vs pH 

-conditions as in'Fig. 5 -3 with T= 180 min. and 
analysis by HPLC/PD . 
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the six metals should decreases in the order: 

Cu > $i •* Pb > Co ** Zn > Cd. ' Literature values (Ringbom, 

1979) indicate' that lead and nickel should be reversed. 

The problem of the uncertainty in literature stability 

constants is best illustrated in Figure 5-15 a,b. The 

diagrams compare the experimental and calculated speciation 

using stability constants from two sources and/the computer 

program by P§rrin and^ Sayce (1967). Calculated speciation 

1 used constants fr««n Ringbom (1979) and calculated specia­

tion 2^used constants from Martell and Smith (1977).' The 

latter reference listed the "best *sel'ected constant" as 

judged by the compilers'. The relative order of conditional 

constants can be summarized.as follows: 

1 - Expt: Cu >* Ni > Pb .> Co - Zn > Cd ~ 
* 

2 - Ringbom: Pb > Cu > Ni. -> Co ~ Zn > Cd 

' 3 - Martell & Smith: Cu > Ni > Co ~ Zn > Pb > Cd 

Both compilations appear to have selected a poor lead 

value. The use of calculated speciation data for metal 

toxicity studies must be examined with care, especially 

where there exist discrepancies in' reported stability 

constants. This will be of particular' importance in 

studies where one uses a low concentration of complexing 

agent and a 2-metal mixture to study relative toxicities of 

metals. - • ' • * 

} ' . 

/ 
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/ 4 

j 5.2.d. Metal speciation in humic colloid systems: The 

speciation studies reported so far 'involved ligands of 

knowp structure possessing well-established stability 

cdhstants with most of the metals of interest. * These _ 

ligands represented one or possibly two types of binding 

sites. However, metal complexation by humic and fulvic 

"acids differs from conventional complexation in that these 

ligands do not represent .well defined systems. 

The structures and binding characteristics' of these 

natural ligands will depend on such variables -as their 

source, age, past history and present environment. These 

ligands are usually viewed as having a continuum of binding 

sites. Metals will be bound by the strongest sites first 

and occupy sites in order of decreasing strength.. Various 

models have"been used to<describe the complexation of humic 

and fulvic substances; for example, the "weighted average 

stability constants" of Gamble et al (ly80) » and. js&e 

"stability surface concept" of MacCarthy and Smith (1979). 

This section will describe the application of the Nafion 

dialysis speciation technique to a few model systems 

containing humic and fulvic acids. 

' ' A binding capacity experiment is illustrated in Figure 
•a *-

5-16 for a 10 ppm fulvic acid solution at pH 5.0. 

Extrapolation of the binding curve to the abscissa gives a 

potential capacity,of 4.6 yM\for cupric ion. The titration 
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Fig. 5-16= Cu binding capacity titration for 
. 10 ppm. FA at pH 5.00. • • 

- conditions as in F ig .5 -3 'w i t h T- I80min and 
analysis by HPLC/PD. 
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curve can be used to obtain a binding isotherm which is 

shown in Figure 5-17. The binding isotherms for cupric ion 

onto both humic and fulvic acids- attain a plateau similar 

to a Langmuir isotherm. The maximum capacities were 0.46 

mmoles/g and 0.33 mmoleSy/g of fulvic and humic acid, 

respectively. 

The value of 4.6 PM capacity for fulvic acid was low 

when compared to reported values obtained using various 

instrumental techniques (Ryan and Weber, 1982). These 

values of copper complexing capacity measured for 10 ppm FA* 

in 0.1 M~KNC>3 and" pH .5.0 ranged from 5.2 PM to 17 P M. An 

additional value of 22.7 PM was given.for an ion selective 

electrode determination made in 0.01 M KNO3. It is pos­

sible that our low value was at least partially due to the 

high ionic strength medium (0.30 M NaN(>3) in which the 

determination was made. Another possibility was the fulvic 

acid used, its * source and its mode of preparation. For 

example, in measuring the "maximum binding ability" of 

several humic substances obtained from various sources, 

Zunino and Martin (1977) reported values ranging from 0.29 

to 2.26 atom-micrograms of Cu/mg of HA. These determina­

tions were all made using the same dialysis technique, 

indicating that variations were entirely due to the HA 

source. . 
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6 8 
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10 12 

Fig.5-17= *Cu adsorption isotherms for HA and 
FA at pH 5.00 and 0.30M NaN03. 

-conditions as in Fig.5-3 with T* l80min and 
analysis by HPLC/PD. . , ' 

o - from Table 5 - 3 . 



The complex interactions relating'^ ionic "strength 

effects and metal complexation can best be illustrated by 

the' results of the following experiment. A 20. ppm humic 

acid solution at pH '5.0 was equilibrated with a 6-metal 

mixture (i.e.; 10 H'M of Cu, Zn, Ni, Pb, Co, Cd) at three 

ionic strengths - 0.05, 0.10 and 0.30 set with NaNC>3.' A 

control dialysis at each ionic strength was used to 
a* 

determine the amount of metal adsorbed by the Nafiop 

membrane and, hence, the total metal in solution. Zinc, 

cobalt and cadmium did not interact with the humic acid and 

the results for copper, lead and nickel are given in Table 

5-3. The results for the copper interactions clearly 

illustrate that the principal effect of increasing ionic 

strength is to decrease the adsorption of copper onto the 

Nafion membrane. The total available copper 'increases' from 

6.7 to 10.0 pM when one raises the ionic strength from 0.05 

to 0.30. This would suggest, therefore, that in 0.05 M 

NaNC>3, the copper species distribution will be a result of 

the competition between the Nafion membrane and the humic 

acid for available copper whereas in % 0.30 M NaNC>3 the 

membrane has no effect. ' In comparing the three copper 

adsorption values (i.e., M^/g) with* the humic acid 

adsorption isotherm given in Figure 5-17, one can see that 

the three adsorption values fall on the curve. This would 

suggest (within experimental Jterror) that ion-exchange 

r 
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E f f e c t 

M 

Cu 

-

» 

P b 

« 

-

Ni 

i 

o f NaN0 3 

[NaI10 3 ] . 

0 . 0 5 

0 . 1 0 

0 . 3 0 

0 . 0 5 

0 . 1 0 

0 . 3 0 

0 . 0 5 

0 . 1 0 

0 . 3 0 

M 

M 

M 

M 

M 

M 

M 

M 

•M 

T a b l e 5--3 

c o n c e n t r a t i o n 

*MT,yM 

6 . 7 

8 ' .1 

1 0 . 0 

6 . 7 

8 . 5 

1 0 . 0 

6 . 8 

8 . 9 

1 0 . 0 

» 

o n M-HA 

M .yM 
r 

1 . 9 -

3 . 0 | 

4 . 0 

3 . 8 

6 . 1 

7 . 9 * 

5 . 9 

8 . 1 

9 . 4 

> 

s p e c i a t i o n 

M A / g * 
J 

>0.24 

-0- .26 

0 . 3 0 

0 . 1 4 

0 . 1 2 

0 . 1 0 

0 . 0 4 

0 . 0 4 

0 . 0 3 

± 0 . 0 1 

± 0 . 0 1 

± 0 . 0 1 

± 0 . 0 2 

± 0 . 0 2 

± 0 . 0 2 

± 0 . 0 2 

+ 0 . 0 2 

+ . 0 . 0 2 

M' = total metal; M_ = free metal; 
T „ i 

M /g = mmoles metal adsorbed/g HA. 
* -t precision obtained from triplicate measurements. 
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I, reactions play little role in the adsorption of copper onto 
i, 

humic acid in solutions containing sodium above 0.05 M. 

The relative uncertainties in the adsorption values for 

"lead and nickel are large enough to mask any small depen­

dence on ionic strength or competition for sites with 

cupric ion. More extensive measurements over greater 

concentration and ionic strength ranges are required before 

- one can reliably assess . the applicability of Nafion 

speciation in humic colloidal systems. 

. A pH-speciation profile for lead and copper in a 
'". / 

20 ppm humic acid solution is given in Figure 5-/18. The 

trends for these ions are similar to ones reported in the 

literature. 

5.3 Conclusions 

In this chapter, dialysis using ion-exchange membranes 

was shown to be ah effective method of measuring a fraction 

consisting almost entirely of free cationic metal ions. 

This speciation method was applicable to a wide variety of 

metals, thereby offering the distinct advantage of a multi­

element approach. Metals such as Ca, Mg, Mn, Co and Ni 

could be studied using this speciation procedure coupled 

' with analysis by ion-exchange/photometric detection. This 

is of importance since the speciation of one metal may 
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significantly alter the speciation of a "second and, more 

toxic metal. For example, the speciation of Ca may play a 

role in the bioavailability of a toxic^metal such as Cu. 

A second - advantage of this speciation method is that 

it measures a fraction which may be more representative of 

that which is bioavaiJ.able.-. Techniques such as anodic 

stripping voltammetry and Chelex-100 ion-exchange are known 

to measure free metal but in addition metal which is bound 

in a labile complex. \ However, these labile complexes may^ 

represent metal not available to aquatic organisms. 

Similarly, size separation) t'echniques such as dialysis and 

ultrafiltration measure small neutral and anionic complexes 

which may also represent metal "not: avail-able to biota. In 

the Nafion dialysis method, anionic complexes are charge-

excluded and neutral species dialyze but ' at a much slower 
4 

rate than cationic species. Their contribution to "• the 

measured fraction is therefore secondary.. As a result, the 

dialyzate contains mostly- free aquated metal ions. 

A third advantage of this technique is that-, when 

compared to conventional dialysis, much less time is 

required to attain equilibrium. Dialysis techniques using 

cellulose membranes usually /require 24 hours or more to 

reach equilibrium. Dialysis usiwg Nafion tubular membranes 

(811X) reached equilibrium in 120 minutes. ^ 

< 



- 217 

• The main limitation to the method' is the requirement 

of a high ionic strength sample matrix, e.g., 0.30 M NaN03 

or 0.50 M NaCl. Samples present in a low ionic strength 

medium and where ion-exchange is a principal mechanism of 

analyte binding may not be amenable to this ,type of 

speciation analysis. it should be noted that, some of the 

other speciation methods.also require higher ionic strength 

media than those found in fresh water systems, e.g., ASV 

requires an ionic strength of 0.02 or greater. This,Nafion 

speciation method may offer its greatest potential in the 

study of trace metals in seawater. , ' . * " f 
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CHAPTER 6 

Conclusions 

The Nafion 811X tubular membrane has been found useful 

for the preconcentration of trace metal ions prior to 

multielement analysis and for the speciation of free metal 

ions in solution. The optimum preconcentration 'procedure 

employed a complexing agent as receiver solution .and'a high 

sample to receiver volume ratio. This set oir conditions 

permitted, one to attain dialysis equilibrium rapidly for 

maximum reproducibility. A 200 mL/2 mL sample to receiver " 

ratio gave equilibrium preconcentrations of 68-fold after• 

30 minutes. The principal* limitation of this procedure is 

the effect on the enrichment of sample matrix. High sample 

ionic strengths must be matched by high receiver ionic 

strengths to effect any preconcentration. The studies on 

Nafion preconcentration of humic colloidal solutions 

suggested that complexones in the sample solution lowered 

the enrichment factors. Additional studies are required to 

determine the relationship between enrichment factors and 

the conditional stability constants of the receiver and 

sample complexones. This relationship will play an 

important role in the potential application of the Nafion 
* 

preconcentration mode as a means of purifying reagents. 
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The Nafion speciation mode was found to be selective 

.for metal cations and smali neutral species. The Nafion 

1 ' 811X membrane was found to .exclude anion's (.e.g., Cd-NTA"), 
• / " • 

large cations (e.g., triphenyltm) and the neutral complex 

lead phthalate. A further refinement of the, size 

separation mechanism of the membrane is __ necessary to 

determine whether small cationic. complexes" or ion-pairs are 

capable of dialysis. Tracer studies using labelled neutral' 
., » 

molecules and anions may prove useful for such a study. A 

high salt content m both sample and reweiver solutions was 

required to minimize adsorption by> ipn-exchange. This 

limits the application, to syste%sj"[ that dô  not use ion-

exchange - as a principal *b,inding mechanism. The membrane 

was found to be useful in solutions containing trace petals 

at total concentrations of 1-LO PM. ' AA' further 

characterization of the membran^ is required ^o determine 

whether a secondary adsorption mechanism is 'important at 

sub-micromolar concentrations. ' „ • 

4ĥ  
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Appendix 1 

Species Distribution Calculation 

i 
at « v. 

8 > 

For a metal-ligand complexation reaction where only one 

complex is formed, we have:. 

M + L <?=^ ML ^ (1) 

and , 

K = M (2) 
. . MM 

If the ligand is present in large excess (e.g., > 10-fold), 

its concentration can be considered constant. The total . 
1 

metal concentration i s given by: 

r 
[MT] = [M] + [ to] ' • " (3) 

and therefore 

&M = |.„n M - T- x 100 LMJ V [MLj 

[M] 
[Mj + K[M] [L] 

1 

x 100 

. i + K M 
x 100 (4) 
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/ 

Introducing the a term for lig^ 

1 

tonation yields: 

*M = 

Similarly, 

&ML = 

i + K[L] 
a 

l + K|L] 

r x 100 

x 100 

(5) 

(6). 

The formation of secondary complexes (e.g., ML2, ML , 

MOHL, MHL, MOH, etc.) can be treated in the same, way. 

/ • 

'.( 



- 222 -

/ 

'"' , Bibliography 

S. Ahrland and R.G. Herman, Anal.. Chem., 47., 2422, 

(1975)., 

A. Albert, "Selective Toxicity", Methuen & Co. Ltd., 

* London (1971), p331. " . 

W.E. Baker, Geochim. Cosmochim. Acta, 37, 269, (1973).' 

.. ' - W.E. Baker, Geochim. Cosmochim. Acta, £2, 645 (1978). 

M.C.G. Baldry, D.S. Hogarth and A.C.R. Dean, Microbios. 

Lett., 4, 7, (1977). 

G.E. Batley and T.M. Florence, J. Electroanal. Chem*., 

55, 23, (1974). 

J. R A Beckett and D.A. Nels'on, Anal. Chem., 53, 909, 

(1981). 

P. Benes, J. Inorg. Nucl. Chem.', 29, 2889, (1967) .„ 

P.Benes, J. Inorg. Nucl. Chem., 31, 1923/ (196-9). 

- P. Benes and J. Kucera, J. Inorg. Nucl. Chem., '22, 103, 

(1971a). i r ' 

.̂- P. Benes 'and J. Kucera, J. Inorg. Nucl. Cnem., 33, 

4181, (1971b). 
•t. n i ' 

*- P. Benes- and E. Steinnes, Water'Res., 8, 947, (1974). 

y - P. Benes and E. Steinne.s, Water Res., £, 741, (1975). 

P. Benes, E.T. Gjessing and E. Steinnes, Water Res., 

10, 711, (1976). '.. • -

\ 



f 

- 223- ' - * 

r . • 
- / . . • , 

P. Benes, Water Res., 14, 511, (198Q) .* J f ,l 

M.M. Benjamin and J.0.K Leckie, Environ. Sci. T.echriol., 

151,- 1050, (1981) . , * '• 

M.M. Benjamin and J.O. -Leckie, Environ. 9ci. .-T.echnol», 

16, 162, (1982). * , . 

D. Betteridge, Anal. Chem., 50, 832A, (1978) .„ 

p. BetterJLdge, E.L. Dagless, B. Fie.lds- and N.F. Graves, 

The Analyst, 103, 897, (1978). . i 

,W.J. Blaedel and T.J. Haupert,- Anal. Chem., 38, 1305,; 

(1966) . ' " . ' < • 

W.J., Blaedel and- E.L. , Chris tens.en, Anal. Chem., 3!9, 

1262, (1967). ; • 

W.J. Blaedel and T.R. Kissel, Anal. J3hem., 43, 2109, 

(1972). 

W.J. Blaedel and R.A. Niemann, Anal.. Chem., £7, .1455", 

(1975). 

R.R. Brooks, in •* "Environmental Chemistry", ed. by J. 

O'M. Bockris', Plenum Press, ,NY, (1977), p470. 

-A.M. Bond and G.G. Wallace, Anal. Chem., 54, 1706, 

(1982). * • • 

P.L. Brezonik, P.A. Brauner and W. Stumm, Water Res., 

10' 605, (1976). ' : 

J. Buffle,' F.L. Greter, G. Nembrini, J. Paul and W. 

Haerdi,,Z. Anal. Chem., 282, 339, (1976). 



( 
t 

I 

- 224 -

D.C. Burrell,. "Atomic»Spectrometrie Analysis of Heavy-

Metal Pollutants in " Water", ' Ann Arbor Science Publ. 

Inc., Ann Arbor, Mich./ (1974), p27. 

P.G.C. "Campbell, M. Bis-son, R. Gagne and A. Tessier, 

Anal. Chem., 49, 2358, (1977). W 

F.F. Cantwel^l, * J.S. Nielsen and S.E. Hrudey, Anal. 

Chem., 54, 1498, (1982). 

R.M. Cassidy and S. Elchuk, J. Chrom. Sci., 18, 217, 

(1980). 

R.M. Cassidy and S.' Elchuk, J. Chrom. Sci., 19, 503, 

(1981a) . '• 

R.M. Cassidy and S. Elchuk, J. Liquid Chrom., 4, 379, 

(1981b). 

R.M. Cassidy and S. Elchuk, Anal. Chem., 54, 1558, 

(1982). 

,Y.K. Chau, R. Gach'ter and K. Lum-Shue-Chan, J. 

Fisheries Res. Board Can., 31, 1-515, (1974). 

J.A. Cox and J.E. DiNunzio, Anal. Chem., 49, 1272, 

(1977).' 

J.A. Cox and 'K..-H. Cheng, Anal. Chem.; 50, 601, 

(1978a). , 

J.A. Cox and K.-H. Ch'eng, Anal. Lett., All, '653, 
o * — — — 

(1978b) . '-

J.A. Cox and Z. Twardowski, Anal. Chem., 52, 1503, 

(1980a). , n ., . 



- 225 -

J.A. Cox and Z. Twardowski, Anal. Lett., A13, 1283, 

(1980b). 

J.A. Cox and Z. Twardowski, Anal. Chiitf. Acta, 119, 39, 

(1980c). 

J.A. Cox, E. Olbrych and K. Brajter, Anal. Chem., 53, 

1308, (1981). 

J.A. Cox and R.", Carlson, Anal. Chim. Acta, 130, 313, 

(1981). 

J.A. Cox, P.J. Kulesza and M.A. Mbugwa, AnalN«Qhem., 

54, 787, (1982a). 

J.A. Cox, R. Gajek, G.R. Litwinski, Ji Carnahan and. W. 

Trochimczuk, Anal. Chem., 54, 1153, (1982b). 

W. Davison, J. Electroanal. Chem., 87, 395, (1978). 

" R.G. Duggleby, Anal. Biochem., 110, 9, (1981)'. 

S. Elchuk and R.M. Cassidy, Anal. Chem., 51, 1434, 

(1979). . j ' ~ v. 

R^ Ernst, H.E. Allen and K.H. Mancy, Water Res., 9, 

969, (1975). 

P. Fig-ura and B. McDuffie, Anal. Chem., 51, 120,' 

(1979). 

'B. Fleet and C.J. Little, j. Chrom. -Sci., 12, 747, 

(1974). . ''t
 5 

T:M. Florence, Anal. Chim. Acta, 119, 217, (1980a). 

T.M. Florence, Biochem'. J., 189, 507, (1980b). - . 

T.M. Florence,* Talanta, -29, 345, (1982). 



j-^ 226 -

T.M. Florence and G.E. Batley, / CRC yrit. Rev. Anal. <1 

Chem., 9, 219, (1980). 

J.S. Fritz and J.N. Story, Anal. Chem., 46, 825, 

(1974). 

E. Gaetani, C. Laureri, A. Mangia and1 G. ParoJLari, 

Anal. Chem., 48, 1725, (1976). I 

D.S. Gamble, A.W. Underdown „ and C.H. Langford, Arial. 

Chem., 52, 1901, (1980). 

J. Gardiner, Water Res., jB, 23, (1974). 

J.E. Girard, Anal. Chem., 51, 836, (1979). 

G.E. Glass, Annals New York Academy of Sciences, 298, 

31, (1977). 

R.D. Guy, and C.L. Chakrabarti, "Proc. Int. Conf. Heavy 

Metals Environ.", Vol. 1, T. Hutchinson' (ed.), Univ. of 

Toron|p, Ontario, (1975)., p275. 

R.D. Guy and C.L. Chakrabarti), Can. J. Chem., 54, 2600, 

(1976a). 

R.D. Guy and C.L. C h a k r a b a r t i , Chem. in Canada, 28, 26, 

(1976bTT^O 

R.C. Guy and A.R. Kean, Water Res., 14, 891, (1980). 

B.T. Hart, Environ. Technol. Lett., 2 7 95, (1981). 

B.T. Hart and S.H.R. Davies, Aust. J. Mar. Freshwater 

Res., 28, 105, (1977). ^ ' 

B.T. "Hart and S.H.R. Davies, Aust. J. Mar. Freshwater 

Res., 32, 175, (1981).' 



» * 

V 

E.P. Horwitz, W.H. Delphin, C.A.A. Bloomquist and G.F. 

Vandegrift, J. Chromatography, 125, 203, (1976). 

E.P. Horwitz, C.A.A. Bloomquist and W.H. Delphin, J. 

Chrom. Sci., 15, 41, (1977). ) ,t 

J.F.K. Huber, JX. Kraak and H. Veening, Anal. Chem., 

44, 1554, (1972). f 

S.-T. Hwang and K. Kammermeyer, "Membranes in , 

Separations", Wiley & Sons, (1975). 

D.L. Johnson, Chemosphere, 8, 645, (1978). 

H.M. Kelley, D. Randall and R.M. Wallace, DuPont 

Innovation, 4, 4, (1973). 

P.T. Kissinger, Anal. Chem., £9, 447A, (1977). 

K.A. Kraus and G.E. Moore, J. Am. Chem. Soc, 75, 1460, 

(1953). * , 

G.F. Lee, in "Heavy Metals in the. Aquatic Environment", 

ed. by P.A. Krenkel, Pergamon Press, New York, (1974), 

pl37. :" 

A. Lerman and C.W. Childs, in "Trace Metals and Metal-

Organic Interactions in Natural Waters", ed. by P.C. 

Singer, Ann Arbor Sci. Publ. Inc., Ann Arbor, Mich., 

(1973) , p"201-235. 

Lohmuller, P. Heizmann and K. Ballschmiter, J. 

Chromatography,-137, 165, (1977). 

G.L. Lundquistf G. Washinger and J.A. Cox, Anal.-Chem., 

47, 319, (1975). 



- 228 -

S.J. Lyle and M.I. Saleh, Anal. Proc, 18, 24, (1981). 

- P. MacCarthy and G.C. Smith, in "Chemical Modeling in 

Aqueous Systems", ed. by E.A. Jenne, ACS Symposium 

Series 93, (1979), p201. 

W.A. MacCrehan and R.A. Durst, Anal. Chem., 50, 2108, 

(1978). 

S.E. Manahan, "Environmental Chemistry", Willard Grant 

Press, Boston, Mass., (1972), pl71. 

A.E. Martell and R.M. Smith, "Critical Stability 

Constants"^ Plenum Press, New York, (1977). 

.W.J. Mayer and M.S. Greenberg, J. Chrom. Sci., 17, 614, 

(1979). 

-t J.K. McCrady and G.A. Chapman, Water Res., 13, 143, 

(1979). 

F. Morel, R.E'. McDuff and J.J. Morgan, in "Trace' Metals 

and Metal-Organic Interactions in Natural Waters", ed. 

by P.C. Singer, Ann Arbor Sti'i. Publ. Inc., Ann Arbor, 

Mich., (1973),*pl57-200. 

M. Moriyasu and Y. Hashimoto, Anal. Lett., All, 593, 

(1978). 

D.J. Myers", R.A. Osteryoung and J. Osteryound, Anal. 

* Chem., 46, 2089, (1974). 

H.W. Nurnberg, Sci. Total Environ., -12, 35, (1979). 

J.W. O'Laughlin and T.P. O'Brien, Anal. Lett., All*; 

829, (1978). 

-Jwi 



- 229 -

T.A. O'Shea and K.H. Mancy, Water Res"., 12, 703, 

(1978). " 

- • D.D. Ferrin and I.G. Sayce, Talanta, 14, 833, (1967). 

- R. Petersen, Envdron. Sci. Technol., 16, 443, (1982). 

J.E. Poldoski^ Environ. Sci. Technol., 13, 701, (1979). 

D.P. Rainville and J.H. Weber, Can. J. Chem., 60, 1, 

v (1982). 

- A. Ringbom, "Complexation in Analytical Chemistry", 

Krieger Publishing Co., Huntington, N.Y., (1979). 

J«W. Ross, Jr., in "ion Selective Electrodes", . NBS 

Special Publication 314, ed. by R.A, Durst, (1969). 

D.K. Ryan and J.H. Weber, Anal. Chem., 54, 986, (1982). 

E. Sawicki, J.D. Mulik and E. \ Wittgenstein, "Ion 

Chromatographic Analysis of Environmental Pollutants", 

Ann Arbor Sci. Publ. Inc., Ann Arbor, Mich., (1978). 

H.A. Schroeder and D.K. Darrow, Prog. Anal. Chem., 5, 

81, (1973). 

G.J. Sevenich and J.S. Fritz, Anal. Chem., 5*5, 12, 
t 

' (1983). 
I 

M.D. Seymour and J.S. Fritz, Anal. Chem., 45, 1394, 

• (^73)-. 

ff. Small, . T.S. Stevens and W.C. Bauman, Anal. Chem., 

47, 1801, (1975). 

si 



- 230 -

L.R. Snyder and J.J. Kirkland "Introduction to Modern 

Liquid Chromatography", Wiley-Jnterscience Publ., Wiley 

& Sons, inc., New York, (1979). , ' n-

E- Steemann Nielsen and S. Wium-Andersen, Mar. Bio., 6, 
- * 

93^ (1970). 

R.M. Sterritt and J.N. Lester, Sci. Total Environ., 14, 

5, (1980). * * ' " , 

D.G. Swartzfager, Anal. Chem., 48, 2189, (1976). 

Y. Takata and G. ̂ uto,, Anal. Chem., 45, ̂ 864, (,1912). 

Y. Takata and K. Fujita, J. Chromatography,- 108, 255, 

(1975). ~ ' . 

Y. Takata, Y. Arikawa and G. Muto, Bunseki Kagaku, 26, 

407, (1977). • 

R.E. Truitt and J.H. Weber, Anal. Chem., 53, 337, 

(1981). ' . 

P.D. Uden and F.H. Walters, , Anal. Chim. Acta, 79, 175, 

(1975). * 

P.D. Uden, D.M. Parees and F.H. Walters, Anal. Lett.., 

8, 795", (1975) . * * , ' * 

R. Wagemann and J. Barica, Wafer Res., 13_f -515,- (1979). 

R.M. Wallace, ind.'Eng: Chem., Process Des. Develop., 

6, 423, (1967). * „ 1 
* * 

H.L. Ye^ager and B. K i p l i n g , J l \ p h y s . Chem., 83', 1836, 

(1979). 

H. Zunino and J . P . Mar t in , S o i l Sod. , 123, 188, (1977). 


