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Abstract ) )
) R N ¢ a
® Photometric and electrochemical modules wers
by “ u

,charactefized as possible metal :'ion detectors after ion-

Eichange separations. The strong-acid, high performance "
-
resin (Aminex A-9) was suitable for separation of: Cu, Zn,,
Ni, Pb, Co and Cd in 18 minutes with a tartrate qfheﬁt.
. p

The same résifM-and a citric aciQ}eiuen%hcould determipe Cd4,
Mn, Ca' and Mg, in 15 minutes. - A simple tungsten lamp -
520 mm interference filter-phototransistor detector could

determine .these metals wusing 4-(z—péridylazo)éesorcinol

)\
‘reagent, at the 0.05 to (.10 nmole level using a ]: mL
s : t .’ #

injection. A Donnan dialysis preconcentration"usiﬁg 0.20 M

a »

tartaric acid as receiver electrolyte and.a Nafion cation-
. - st
" i . . :
exchange membrane gave -a 68-fold preconcentration ‘in 30
. - . i

minutes juéing a 200 mI sample to 2 mL.creceiver volume

ratio. High io;!t strengths and dissolved organic matter

s P

were Tound to lower preconcentration factors. “The Nafion
. - ‘g * ' .n . . . P
membrane” was found to be useful for metal speciation when
) . * .
sample and receiver electrolytes had the same *ionic
w \

strength (0.30M NaNO3Y. Thé membrane is permeable. to free

. [} L
cations, excludes anions, and can size exclude large

5
[t
s

neutral and cationic species.

‘ Y N
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* CHAPTER 1 > s
—_— . ' i
1.0 Introduction ; s
—_———*—-—-——W—_

Government regulations ‘on water quality are® usually
L) .
!

e.xfpressed? in terms of total metal c?ncentrations. A recom-

mended total metal level in drinki\ng' water is 5 .ppb for

3

‘ ¥
mercury and 1000 ppb for copper (Burrell, 1974). The total

"“metal concentration can be determined by atomic absorption,

a

atomic emission using inductively'cou\llpled plasmas, neutron
activation analysis, and (after appropriate sample treat-
ment) ‘anodic stripping voltammetry. . The .metal ions in a
natural“wager sample:ﬂhbwever, will be present in a number
of physicochemical forms. -

". This distribution of metal 'species is illustrated in
Fiqure lyl. Metal ions in natural waters can be present as
truiy é;l,é*é‘olved %qcomple;es (Eor example, aquo and hydroxy

.complexes, chlore complexes, and complexes with dissolved

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

and hydrous metal oxides, and adsorbed onto suspended
material. Analytical speciation, as defined by Florence
(1982), 1is the dgtermir}ation of the individual physico‘—
chemical forms » -t;he ‘element present 1n the.samf)le. The
dist‘:ribution' of h\

netal among the possible species dependé

on the total composition and history of the. water 'sample -

r

-~

)

e

v
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A

+"rand_ may be a better water ‘qua.lity.-p’arametexg than total

a

&

metal concentratiéns. » Thet impoﬂ;«ance of analytical specia-

tion results rela.tes"ﬁ"o the role of species distribution in

enviern;nental toxicology .and metal ion transport in aquatic

» v . e
LY

" systems,
Y © M
14 -
- - > ‘ )
* v '
1.1 Toxicology .

* All substancesf, inclucfing water and sod‘ium chloride,
aré toxic if present in large ’enough amounts. Certain
elements are considered essential for life: hFe; Ca, Na, K,
Mn, Zn, éu, Ct, F, Ni, Mg, Mo, Co, V, Se and Sr kSchrgeder
and » Darrow, 1973). "’ Lead, cadmium and mercury' are
cons;idered toxic. 'I'hg essential elements are also toxict
when present above certain levels. Foxf example, selenium
is. cqnsiderad essential but ‘theﬂ recommended concentration

*

" limit in water is 0.01 ppm  (Brooks, 1977). Copper,
although not listed as tfoxic to h'umans, is known to ‘'be
particularly- toxic to aquatic species. Steemann Nielsen
and Wium-Andersen (1970), for example, have suggested \i:hat
‘the low level of copper in the marine environment ;:éntrols

the growth of marine algae./ The concentration range over

N
which the metal satj e requirements for essentiality

and nontoxicity can be quite narrow. This narrow concen-
; :

Htration range and the possible role of chemical speciation



in metal ion distribution complicateswthe definition of’

.

_accep?gble watér‘quality'parameters: 7
The ' toxicity of trace metals is very dependent on
their chemicalj form. It is genperally accepted that the
free hydrated metal ion is e species most toxic to
aquatic‘ life (Florence and tley, 1980). The role of
~ copper speciation in aquatic - toxicity has been studied
extensiveiy. Wagemann and Barica (1979)_ have suggested
that in addition to Cu2+,‘ the species‘ "cuoHt and
u(OH);) may also be toxic to algae. Guy and Rean (1980)
‘have presented ev1dence -that suggests that complexes with
ethylenedlamlne and citric acid (Cuen2* and CuC:LtOH2 ) may
also be toxic to algae. Both réports-are based on indirect
evidences using computer calculated speciation. and not

direct'analytical determination of species. It is possi-

" ble, for example, that the appareht species toxicity may be

— b

a result of poor equilibrium constant data.
] w®

Strong metal ° complexes with aminbpolycarboxylate

ligands and metal ions adsorbed onto particulate or

eported that humic and aminopolycarboxylic acids decreaéed
- A

;ijloidal. matter are usually not toxic.  Poldoski +(1979)

cadmium uptake by Daphnia magna but diethyldithiocarbamate

1ncreq5§d uptake of cadmium. Albert (1971) has found that

8-hydroxyquinoline augments the toxic effects of metals

-



towards bacteria through chelation. Ligands may enhance "

4

the toxicity of metal ions by forming species thit are more
soluble in the biological membranes and hence increase
tfansport of the toxic metal ion into the cell.

Organisms can also deterﬁkne to some extent the forms
" of heavy metals to which Ehey’are exposed. Bacteria are

known to detoxify their envirbnment either by transforma-

. . \ ) ! . . .
tion of species to less toxic forms or by immobilization

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

Johnson (1978) has reported éhat phytoplankton blooms can

affect the As(III)/As(V) distribution. It is evident,
therefore, that biological systems can alter the chemical
speciation of an element. It is impdrtant to develop an

analytical ,(speciation method suitabley for monitoring

H

chemical speciation changes induced by biological activity

before one can unequivocally relate speciation and
-

.

toxicity.

1.2 Metal Transport

¥
the transport of ‘metals from the terrestial and sediment

* L]
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

]

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



L

water quality changes that. may affect metal ion transport
. ad

through species redistribution: changes in pH, salinity,

Id
’

dissolved organic matter and En. Adsorbed metal ions- on
clay p;rticuIajt:d‘s\, humic colloids and metal hydroxy
colloids interact via a combination of ion-exchange and
complexation reactions. The humic colloids aré capable of

binding metal ions using salicylic and phthalic acid groups

and the free/bound distribution ié pH dependent‘:‘ (Guy and
Chakra.barti,k 1976a). ‘I‘h‘e charges .of hydroxy co.lloiéls of
iron and manganese are’ controlled by the pH of the
solution. Ferric colloids, for example, ha\% a zero point
cl:xarge at pH between 5 and 6. Cation adsorption onto the
-iron colloids is enhanced considerably above p}i 6 because
bf the# negative charge of- the colloid.. The clay and

»

hydroxy metal colloids interact with metal ¢ations via ion-
exchaxige. Hence an increase in salin:'{.ty favors desorptiorg*g .
of the metal ions.* A second effect of changes in salinity
. is to compress the double layer and eflhancé coagulation of’
the colloids. Humic acid and iron or maMyanese hydroxy
colloids are known to precipitate in the fresh water =~
seawatér mixing zones and  the metgge ions are ‘de}posited in
the sediment (Lee, 1974). B

The addition o‘;f dissolved organic matter to the aqua-~

tic environment can increase metal transport both by
v

-
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chelation and by charge in En. The ion-exchange equili-
briums {

clay-M + nNat «# clay—ll\lan‘ + 'idf‘”’ (I-1)

o7

¥ v EY n - .
will shift to the right if a’ complexing l_igand;is. present

to bind the free MDt, Guyégg?d Chakrabarti (1976a) have

' ’
found  that tannic acid could sdlubilize copper from
."‘ » -

bentonite. . Hydrous manganese dioxide and ferric hydroxy’

i

colloids' can be‘ solubilized by reduction and chelation with
disdblved organic mai;ter.', Baker (1973, 1978) has illustra-
ted the effect of di'ssc;lved erganic ’matter 0;1 the solubili-
zation of minerals using uhumic acidL

) The ' species distribution of a metal ion in natural
waters will be cfependén,t on the s;mpie pH, ionic stréngth
" and complexing agent& prgsent. *A characterizati'on of the
water sample should include pptential distribution changas
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.. ?he complexity .of
the spgcies distribution illustrated in Figure -1‘and t};é
dependeﬁnce c;f the distribution on pH and .'i:OI’liC stren?th

will limit the operations avdilable for use in analytﬁ‘fal
speciation tec&x&iques. LA

v
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1.3 Speciation Methods

Analytical chemiclfalﬁspeciation problems can be divided
into three groups: N

Group 1: " differentiation between covalently bonded
organoms;tallic compounds, e.g., CH3HgCl vs (CH3)pHg or-

-

$38nt vs ¢23n2+, etc.

. Group 2: Jc}ifferentiation between oxidation states of

metai ion_é, e.g., Fe(iIl) vs Fe(III) or Cr(III) vs.Cr (VI).
Group 3; differentiation between free and bound forms

\chimple cations, e.g., Cu2t ys CuCO3 vs CuOHt vs

Cu~humic acid, etc. -

Group 1 and 2 spec'iation type problems can be solved

using chromatographic and electrochemical methods because
of the well-defined nature of the species. The Group 3’
speciation problem, however,7 is considerably more
difficult. The humic acid and metal hydroxy colloids are
poorly defined and tend zto be aggregates of smaller
species, The free metal ion is in equilibrium with simple
complexes (e.g., CuCO3 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. opt;rational

procedures =~ the analytical data obtained can only be

~ .
. f .
~1
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useful if the assumptions behind them are completely -

understood. .
2 .

’ s

1.3.a. Computer modelling: Computer calculated speciation

studies have been reported at two l$§els of diffi%ulty.

The first level assumes the concentration pf‘nwtal ions,
phrganic and organmic’ ligands, pH and Ep’ values, and calcu-
lates the‘eqqilibrium distribution using known equilibrium
constants corrected for temperature and ionig strength.

The Ep value is used to calculate the oxidation states of

AN ° '
important\species (e.g., S042~ vs S2—, Fe(II) vs Fe(III)),

and the pH and equilibrium coenstants are used to determine
the number of solid spécies (metal sulfides, metal Earbon—
ates, etc.) and the concentration of each soluble species.
The speciation obtained depends on the choice of spitablé
equilibrium constant data. The results in Taﬁle 1-1

%
illustrate this dependence on choice of equilibrium

L4 -

constant data.
A second level of computer calculated speciation is to
couple the equilikgium calculations fGE soluble species

with empirical adsorption isotherms onto clays andg* hydrous

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

such a model to study the adsorption'of cadmium onto oxide ’

» - .
surfaces. A comparison of model calculations and

-
- . -

'
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Table 1-1 . v

Effect of equilibrium constants
on calculated speciation

. % in seawater

(1980) .

" Zn species . Bgﬁ_;w égg_g -
7L BpECes =

znt 14.1 Y2
zn-chloro 79.5" 10.6

. Zns0,° 1.7 3.5
ZnOH" 0.9 0.2
'Zn(og)zo 0.9 62.8
ZnHCO, 3.8 , 0.7
chb3° 3.8 5.0

- Florendé and Batle
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exp?rimental results suggesteé that aésorption of metal
complexes was possible. The chloro and sulphate complexes
adsorbed léss strongly than the free metal cation. The net
effect was to decrease the. fractional amount of cadm%um
adsorbed. Thiosulfate, however, adsorbed onto v-Al203 and
Fep03 and enlanced the adsprption aof cadmiumx The authors
used the comparison.of‘caiculated speciation and experiment
to suggest that CdCly and Cd(S0Q4)yx adsorbed with the metal
closer to the éurface ahd‘éd(sgo3)x with the ligand closer

to the oxide surface.

~

Lerman and Childs (1973) incorporated a Freundlich’

isotherm (inéoifghe computer calgulated speciation. The

4

computer model was‘applied to & consiseration of a well-

v

mixed reservoir with a cons?ant rate of" idput of metal
pollutant. The model suggested that” the immediate effebt
of equilibrium ion exchange or adsorption wag to lower -the -
concentration of‘metalein éolution but does not affect the
steadywsﬁate concentraﬁion of ﬁollut?nt {(i.e., ev;ntually
the adsorbent is effecyively saturated). .

Computer modelling of peciatiqg:has several potential

. . \ .
applications. The '£MN¢st/ is the characterization of the
S

«complex chemical ‘interactions in multication and multi-

)

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

type of program* to -illustrate the "interaction ‘intensity

‘.
L3
’
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parameters"  (defined as 6§, , ~ ap x[ /0 PLY.}T ) when one
LY . A : ‘

varies one component in a multicomponent system. The

computer # study suggested that organic co;anlexi'ng material
plays a very important role in speciation. "In a purely

N

inorganic system, cadmium was buffered by précipitafion of

CdCo3(Scqd,cd f,l0‘3.) but in ° the presence of - NTA

N ~

Scd,cd = 1.1. Aisg, in the complexing medta, transition
~metal- interactions were increased: for example
;5ﬂcd,(:u = 0.13 vs S6¢gq,gu = 5.0 x 10~4 in the inorganic
. - . \ N

s

system. ' This computer model study indicates that’

'
t

muitication ‘speciation 'techniques are necessary for a’
complete understanding of metal jinteractions in a multi-
component system. -

MacCarthy and Smith (1979)"* have used computer
calculations (again level 1) for simple model systems to
illustrate species digtribution during a complexing
capacity experimept in a; multiligand sys‘tem’. Thg principal
implication of the stuéy was that for multiligand systems
it was impossible to determine a unique bil—tjng constant
for the system. The binding constant that one would deter-
mine analyticglly wouid be a weighted a{rerag’e. ofrnthé
binding constants for -each individual species. This is

important when one realizes that the' humic substances in

natural waters can act as a multiligand system.



A second application of coc;?puter modelling is the
demlo;ment and characterization of simple chenllical systems
for therstudy of the relationship between speciation and
toxicity. The computer calcf@lated equilibrium distribution
for system containing the metal of interest (e.g., Cuz‘j'),
nutr(';nt (NO3~, P0g3~, ca2t, ;492"‘, C032-), and complexing
ligand\s\\(cf‘, OH™, 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 cOmparétiQJe_'resulﬁs

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

aquatic species.

.

*

1.3.b. Ion Belective flectrodes (ISE): It is well known
‘ &

a

that ion selective electrodes respond to téqe actiyity of
the free hydrated metal ions (Ross, 1969). Metals bour§"to
ligands or adsorbed onto colloids and particulates ih prin-
ciple are not measured. These elé;:trodes, therefore, offer
the unique ability ?f measuringa ree metal activities
without altering the equilibria in a way. An example of
"such use is the work of Gardiner  (1974). He studied
cadmium complexation in a:the: presence of various ligands
(OH‘,C].",C032“, 3042‘, HA) at environmental con;:entrations.

N,

a substantial fraction of the

The results -indicated thai’:

L]



total cadmium was in the free form (e.g., 35-92%) and that

N

humic acid complexation accounted for most of the bound \\
-

fraction (e.g., 12—39%); ~ These electrodes, however, are
” : ’
not reliable below 106 M and are 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 1077 M cadmium the electrode ceased to
respond. Florence (1982) has noted that the copper ISE may

be responding to specids other than copper ion, e.g.,

-

. LY .
hydroxo and bicarbonato complexes of copper, natural and

synthetic complexing agents.
- \
r f \
o ' : ¥

1.3.¢. Anodic stripping voltammetry (ASV): The most

a

widely wused of  all speciation techniques is .anodic
- stripping Voltammetry. When used in. conjunction withlthe

pulse mode (i.e., differential pulse polarography, DPP), it
offers the advantage of having sufficient sensitivity. (10~9

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

A

. ' 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-
X ]

tion are reduced to form an amalgam in the mercury drop

-

n
AJ

®
a '
. 1

(HMDE) or film and a stripping step in which the metqls(fre .
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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 My in

equilibrium with an electroinactive species Mj:

Lo+ oy L, K = X¢ (1-2)
Ky Ky
neﬁ
M(Hg)

-~
.

*  In an ASV experiment, the solution is stirred and the

associated current, (ig)g, is convective diffusion limited:

_. nFADc -
d)s - § (1-3)
)

(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 f£ilm, D is the dJdiffusion
coefficeﬁt of the electroactive species, ¢ is its concen-
tration and & is the Nernst diffusion* layer. A second
contribution to the current is ¢aused by the éissociation

of Mj é'i this contribution is given by (ig)g where;
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% .
(i ) - nFADc
ks s s D%[LJKE/E (1-4)
‘ kf%(%+KfLJ)%

Davison assumes that the species Mj will contribute signi-~

ficantly if:

. )
ks
oy, v 0t (1-5)
d’s T .
\\ R '
When (1-3) and (1-4) are substituted into (1-5), one
obtains: 2
E%
K ;lP] = 0 (1-6)
kfzv(l+K{L])% D

Using Cu2t as an example: keMaX = 109 mol-lns-1,
D = 10-5cm2s~1, 5 = 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. Abége 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

Vs
d;fferential pulse polarography (DPP). In differential

pulse polarography, the controlling factor is the



x
L

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 convettive diffusion
) layer § and not the’electrglysié time. An estimate of the
effective measuring- time in ASV can be obtained by equating

the current in the éteady state case (for convective

[

diffusion) to the time necessary for the transient current
+ L4

s

to attain this value:

(igdg .= (ig)

I

nFADc _ nFADc
L , 5 (7Dt)?
I

(1-7)

(7 Dt)?

s
il

-

where t is the time of measurement. For the case cited
above for Cu2t, the value of t would be 32 msec. o

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 6. EQquation (1-6) defines tle
species measured in terms of the free ligand concentration
and the complex stability constant. The experimental
results of Chau et al (1974) have shown that at pH 7.0 and

typical operating conditions for copper with



w i

[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

~ '
- k] 4 13
using ASV in natural waters. ,Organic compounds are

A

reported to influence results either by adsorbing onto the
mercury Surface‘;nd él&ering peak currents and peak poten-
tials or by causing tepsammetric waves, i.e., currents due
to adsorption-~desorption processes .and n redox reactions

-
-

(Florence, 1982f. 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
e 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 ;atural waters (e.qg.,
proteins, fats, oils, deter%enbs, polysaccharides and
o}ganophosPhates) may sorb onto the HMDE surfacé and thus
lead to erroneous interpretations of speciation data.
Buffle ét al $l976) reviewed the various voltammetric
technigues used in speciation and suggested that disagree-
ment in thg 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

,
"
&
.

fin

.
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énd other high~frequency voltammetric methods to the

¥
analysis of natural waters.

1.3.4. Ion—~exchange techniques: Two ioq-exchange techni-

ques have bden used %e( 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‘totai nickei in the sample. If
the concentration of Nat is the same in all samples, if the
capacity of the‘ resin is much greater than the metal
adsorbed, and if the only species adsorbgd is the free

cation, then:

[Mn+] _ [RnM] (1-8)

X -
o

where [MPt] is the free metal concentration, [RpM] is the
amount of metal adsorbed onto the resin and ‘o is the
distribution coefficient for the free cation. The metal on
the resin is eluted and determined by atomic absorption.

A Secoﬁd exchange method. uses a complexing resin
(i.e., Chelex-100) to determine a}labile fractién. 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) :free metal ion that reacts with the iminodi-

acetate functio;al groups:

(ii) the, fraction of metal species that dissoéiates

@uring the contact time.

A comparison by Figura and McDuffie (1979) of.DPAS
and the Chelex—ldo method suggests that the Chelex—lOOb
method will measure a larger fractioniof the metal. DPASVt
for example, gave 50% and 0% labile copper in 5 x 105 M
EDTA and 3.5 ppm humic acid, respectively. Chelex-100 gave
recoveries of 61% and 154% £6r the same samples. The
measurement.time for the DPASV method was estimated to b€ é

x 10-3 seconds (cf section 1.3.c).

' . . a, ..
l1.3.e. gSize 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‘classdfication(as applied to metals is
. shown in Tablelﬁ}Q. mhis‘speciation approach often aiQF at

separating a small and therefore potentially biocavailable

fraction from larger forms which are generallx_considered
not to interact with biota. Size separations have been
xeportgd 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
4
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Table 1-2*%.- *

Metal speciation according to size

] +
» " '
Species

1

Simple hydrated metal
ions

Simple inorganic cwmplexes
Simple organic compl es
Stable inorganic complexes

Stable organic complexes

Adsorbed on inorganic
colloids

Adsorbed on organié
colloids

Particulate

’

.
AppProx.
Example diameter (nm) -
2+ )
Cd(HZO)6 0.8
‘ L »
Pb(H20)4Cl2 1
¢u—glycinate 1-2
PbS, ZnCO; - 1-2
‘Cu-fulvate 2-4 #
Cu-Féo_H 10-500
. Xy

Cu-humic acid 10-500
4 +
<

Retained by >450

*0.45 um filter

* -« Florence (1982)
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excluded,and will therefore not be retainkd. 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 Qolecular
size. Effective size separations are dependent on resin
swelling and are described in terms of £fractionation
ranges, Commercial packings gyailable offer a wide choice
of fractionation f%nges, e.g., 0;700 increasing éo 1,000-
200,000. . , )

Gel filtration chromatography pﬁf/applied. to metal
speciation suffers from a few significant limitdtions. For
example, both Fe(III) and humic acid are known to interact
with Sephagex gels (Guy and Chakrabarti,\1976b). Chromato-
graphic dilution ma§ also be substantial, a major conéern

when analyzing' natural water samples containing very low

levels of trace metals (Florence, 1982).

Ultrafidtration segarates species according to their
bility” to pass thro@gh a membrane of particular pore
digmeter. The method offers the possibility of separating
n 1ecular- from ﬂqolloidal species and a further size
4ractionation of co@ioidal substances, Ultrafiltration
membfanes are ;vailabie with nominal pore diameters ragging
frdm 1¢to.15 nm. These membranes, however, suffer f£from
adsorpfiqn and contaminatién problems. Guy and Chakrabarti

(1976b) - reported 40% losses .when wultrafiltering Cu-EDTA

A
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through Amicon UM2 filters. No such l?sses were observed
¥

when using Amicon PM10 filters. Ultrafiltration is alseo
suspected of altering chemical equilibria -as a result of
concentration gradients at the membrane surface . (Guy and

-

Chakrabarti, 1975; Florence, 1980b). .

Dialysis is similarl to ultrafiltration \ in that
separation is based on the ability of a spgcies to pass
through a membrane. 'Analyte will tend to diffusé from the

sample to a receiver solution until equilibrium is

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

same’ on both sides of ‘the nembrane. S}nce the membrane.

offers a certain selectivity, separation (and speciation)
will occur resulting £from siée and/or charge parameters.
The commonly use@ cellulose dialysis/’membranes separ;te
using pore diameter restrictions. Spectra/Por membranes

are available .with molecular weight cut-off (MWCO)’ vglues

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

it is possible to analyze the receiver solution using any
appropriate techniqﬁe.

There are some important advantages in using dialysis

i

W .
as a speciation tool. First, the method has a more general

applicability than most other speciation methods (Truiit
and Weber, 1981). It is not restricted to only,/é/ﬁfew
metals as with ASV or limited by lack of seénsitivity as

with ion selective electrodes. Most divalent metals

R

<

/
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¢ dialyze at approximately the same rate and Jherefore

i Y
¥

speciation gtudies can.include such  important metals as

_calcium, magnesium, manganese, 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
' [ 1 - ) ‘y‘ ) .
under proper éxperimental comditions, the effect on

equilibria is equivalént to a midor . dilution, tyi)}cally on

®

"the order of. 5%. dThird,* ‘the prgsente ‘of organic
surfactants and colloids does not -appear, to seriousdy

affect results as is the case WithnABY: ‘- <|A' .
. . [} 'P ‘r
» Dialysis has ' beene~ applied using a variety of
.

experimental approaches. Benes (1967) descr;ibedp a diarlysis

cell consisting of two coinpartments of equal. 'volume
separated by a cellophane memé‘r_ane (pore ‘size 2=8 nm).
Both sample and receiver solutiqns were stirred with 15

hours required to reach equilibrium. The method was

o
applied to the speciation 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). .
&\«’,/ . more common approach and one which has less effect
on’ chemical equilibria is to use large sample volumes with
l [WRIL »

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

This corresponds to a di;[iution of less than 5%. | This

@ ki
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method was applied by Guy andwbﬁakrabaﬂti (1976a5 to the
study of interactions between Cu, Cd, Pb and 2n. with

natural ligands such as humic and tannig¢ acids. A similar

dialysis arrangement was used to determine the complgxing \
capacities of soil fulvic acid ‘for Cu and Cd (Truitt and
v _Weber, 1981) and for Cu, Cd, Mn, Ni and Zn (Rainville aﬁd
Weber, 1982). :.Bé-nes and Steinnes (1974) réported the

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

dia%ybis bag was placed in a natural Qater system ané lgft
to equilib}ate for 1-4 weeks. The. method reportedly had
the advantage of rsatuzgting¢ adsorption sites oh "the
'« S ' membrane and Ehereaﬁter attaining an equilibrium truly
indicatiye of the undisturbed speciation. The methﬁd was -
applied to tﬁé study of the effects of sample storage on
D ,-chemical speciafion (Benes and Steinnes, 1275) andzto trace
. metal-humic acid’ interactions in fresh waters (Benes et al,
1976) . .. ‘ E
A npvell apéroach has been to couple dialysis to -
preconcentrat;bn 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

. - " ’

membr;ne“ placed in between two circulating solutions .
(sample and recei&er). The receiver wa;*pumped through a
Chelex-100 column, resulting .in .a "dialyzable and ion-
. exchanééable“ fraction as well as a° “diélyzable but’ not ,
» ' 3

-~
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ion~exchangeable"” fraction. The method was applied in

conjunctfhg with total metal analysis and batch ion-
exchange to descrlbe a total speciation scheme (Hart and
Davies, 1981).

Benes' method was simply to add an adsorbent (e.gq.,
FeOyHy) to phe_receiyer solution inside a dialysis bag to
maintain the receiver free metal ion concentration at leés

.

than 1%. The concentration gradient was therefore
L]

maintained and diffusion continued at a constant rate.

After an appropriate timé, the. receiver solution was

<

amalyzed 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 Fe(III) even though

] AN

calculations indicated that the /iron should be present as
colloidal Fe(OH)3. ™ . ,

There are two principal 11m1tat10ns to dialysis- as a
spe01atloA\ technlque. 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 f;gétion does not necessarily

e

(iepresent that which is biocavailable. It'??j;/ycﬁhsist

s ~— 3
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primarily of species not capable’of interacting with® biota,
e.g., PbCO3®. What would be of greater value would be a
dialysis method permitting the ééterminag&on of the  toxic

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

-

- .

1.4 Binding Capacity e -

we

Natural waters have theﬁability to detoxify Tatals by
converting the free metal to‘'nonavailable species. Onk use—
of the speciation methods described in sec;ion 1.3 is Fhe
determination of the binding éapacity of the sample. - A
typical binding capacity curve is shown in Figure 1-2. As
copper §is believed to be one of the more toxic of the
common metal ions to aquatic biota,’ binding capacity.
measurements are most often detefmined for this yelement.
The water sample being char;cterized is titrated with
copper and, aftér a suitable equilibration period,’ihe free
metal i; determined by an apprgpriate speciation teéhnique.

§$ypical&valueé for sea and river waters are 1-5\x 1078 M
- and .%—50 x 1078 M, respectively. “As in the case for ,
speciation déterminations, binding ?apacity determinations’
are al o,method—dependepf.- Among_the:mdéhodq reported are
ASV (Hart, 1981), ion selective electrodes (McCrédy and
bhamen, 1979), 'copper solubilization (Cgm be%l ‘et’ al,
1977), dialysis titration (Rainville gnd‘Weber, 1982) and
‘fluorescence quenching (Rfan and Weber:*1982). ' '

V?

v
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Fig.l~2=Typical binding capacity fﬁraﬁon«f'esults
Y for a strong ‘metal-ligand complex .
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1.5 Multication Speciation /
The éomputér_ model studies of Morel et al (1973)
reported earlier suggested that:organic iigands fg natural/
waters may increase transition metal interactions. This/
enhancement of trace metal interactions may play an
important role in water quality with respect to toxicity t7 “
aquatic biota. An example of this was' the work of Peterse%
(1982) who ‘studied the ‘effects of copper and zinc on tq@
growthh of freshwater,algae; Hé reported that algal growéh
rates were decreased to 50% when the concentrations of free
copper or free« zinc were 10-8-8 M and 10-5.1 /;,
respebti;ely. ﬁ;wever, wyeﬂ both metals were present/in )
the sample, competition between Cu and 2%Zn for a meéal—
w/ghfgering liéand present’qin the nutrient (i.e., EDTA)
resulted ik greater interdependént behavior, For exaﬁpl;,
in experiments where total: copper was ma%ntained constant
and total zinc was increased, =zinc Dbecame Hoxic at
concentration levels “lower than 10-5.1 M This was
interpreted to be a result of zinq_displacing the copper
bound to EDE%. %similarly, when total zinc was,maintained
cohstaht and copper was addeﬁ"at very low~concentrations:
(L.e., below Cﬁ toxic levels), algal growth rates increased
because copper was dféplaéing bound zinc and thereby making

available this essential element. = .

~
4

IS
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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
metals on bacteria and reported that low concentrations of
cd or %n increased the toxicity of Cu. Similarly, mixtures
of Cu and Cr(VI) gave an additive response whereas mixtures
of CA4 and Cr(VI) wére antagonistic. O'Shea and Mancy
reported 'Ehat calcium, because of its preséhcekp at
relatively high concentrations, was able to compete with
cadmium for 1labile sites present in humic colloids.
Calcium was much less competitive withJ the other metals
studied. In a complexing medium, toxic and essentiai
meéals 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 égsential for growth).

1.6 Research Objectives

A summary of the present state of Group 3 speciation

.is as follows:

(i) \Bioassayé suggest that the metdl species of
i
\ -
interest is the free aquated cation. .

N
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determitation of the free cation., The method of cholce was

S

(ii) Computer simulation and bioassay experiments
suggést that a multication speciation is

4 nécessa%& when complexing ligands are present. )
(iii) Bioassays suggest that the toxic species (free
metal is usually present at 10~9 M to 108 M

for toxic effects -to be observed. fhis
féqqire; either a- very sensitive detector or

the application of a preconcentration

[ 2

» technique.
(iv) The usual spec}ation metﬂﬁds (potentiometry,
‘ ASV, size separation or ion-exchange) either
lack sensitivity or provide analytical data
that is gifficult to interpret in terms of the
# free metal cation, .

The objectives of this project were to develop a

multicatien speciation procedure that was suitable for
. «

\

a dialysis separation using a tubular cation-exchange
membrane Nafion 811X- a produg¢t of DuPont used as a separa-
tor in electrochemical cells. The catioﬂﬁexchange membrane
is permselective to cations and excludes anionig species.

Difference in dialysis rates allows one to distinguish

-between free cations and neutral species. A multication

analysis' procedure was devised using highkperformance ion~

.

-
t

excliange ’° separations coupled to spectrophotomeéric or

B



amperometric detectors. Preconcentration procedures to
L)

provide sensitivity Were based upon the use of Donnan

dialysis with Nafion 811X membrane or ion-exchange pre-

-

columns. -

The results are géscribed in four chapters. Chapter 2
photometric 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—eicg:nge/detector systems.
Chapter 4 describes the two® preconcentration methods
suitable for use priér to the -ion-exchange separation,

Chapter 5 characterizes the Nafion 811X .speciation using

simple model systems. :

-

compares the perforﬁance of electrochemical and spectro--

-



CHAPTER 2

Metal Ion Detectors

2.0 Introductioh -

One of the primary objectives of this thesis was the
aevelppﬁent' and characterization of an ﬂ%alytical system
capable of -multication analysis. The system would pefmit
the study of multication speciation in model fresh wateré.
This application imposes & number .of. constraints on the
system. It must be sensitive enough to deteét micgomo%gr*
levels of transition metal ions and at the same time suffi-
ciently s?lective to permit the determination of trace

metal mixtures in millimolar levels of calcium and

3

magnesium. Other considerations were’ the possibility of
small sample volpmes, tﬂeb desirability of short analysis
times (<20 minutes ﬁer sample) and cost. -A possible method
for achieving selectivity is to do a pr;liminary ion-
exchange separation of the cations using columns packed
with small diam@ter resins. The problem of sensitivity is
solved by appropriate selection of detectors which is the

ect 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 compleges and electro-



chemical methods. Commercially available liguid chromato- -

-~ »

graphic detectors are variable wavelength UV-visible

photometers, amperometric and coulometric detectors, and

]

conductivity detectors.

AL

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 relaﬁ%ye%& insensitive to
flow‘ variations, are capable of high sensitivity
(0.002 AUFS with 1% noise), have a good linear dynamic
range (~103), 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
s%gbility, 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 wa&elength UV-visible detector is

often necessary. A deuterxium lamp (UV) and a tungsten lamp
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(visible] coupled with = a moncthromator presents the
! o
operator with the choice of any region between 190-650 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 & photometric detector to the - deder-

th .
fiination of metal ieons, a derivatization agent is required
. O L
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 wusing 4-(2-pyridylazo) resorcinol (PAR) have been

"reported by Pritz and .Story 61974), -Elchuk and Cassidy

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

v -~ -

reagenf'is versatile, giving, rapid color-forming reactions
. . i
with many of the common transition metals and with most of

the lanthanides. The .complexes have high molar absorptivi-

ties; for example, the manganese -and zinc complexes have

e valugs of- 7.8 x 104 and é.l X 104, resgectively (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 uSse. It was also the most sensitive".

. ~

-

¥t



Typical examples of pre-column derivatization are

“

those reported by Uden and Waiters (1975), ° Udeh) et ’al
(1975; and Gaetani et al (1976). They used the pre-column
formation of strong meta; organic complexes, e.g., copper
complexed with Qetradéntate B-ketoamines. After liquid-
liquidet. partition chromatography, the complexes  were
monitored using absorption photometry at 254 nm,

A combinatién of the two procedurés has recently been
reported by Beckett and Nelson (1981). They separated
metals complexed with 4-am1nophenylethy1ened1am1netetraace—
tlc acid using anlon-exchange chromatography followed by
post—column derivatization of the metal complexes with
fluorescamine. The derivat&ves were monitored using fluor-
escenqge deFection. ‘

Y

The detection limits for the three methods described

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

and Gb pg for . the fluorescence method.+ The detection
limits for the latter two methéds appear moré favorable but
dre somewhat compensated for by the decreased resolution in
‘the chromaFographic separationé. y
Molecular absorption bands of metal complexes are
broad and consequently the. use of a varlable wavelength
detecﬁgr may be superfluous. A 51mple detector for flow
ihjection analysis (FIA) reported by Betterldge et al
(1978) incorporaﬁLd a light-emitting diode (LED)/silicon

.
I * ”~

-
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phototransistor (SiP) assembly as an inexpehsive, ded}gatéd
but efficient continuous flow detector. This system was
reportedly capable of measuring metals at tpe pe;ts 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
i?ns.

2.0.b. Electrochemical detectors: Second only in impor-

tance to‘the photometric detectors are those based on ‘some
electrochemical process. These EC detectars are rather
varied in design, electrode material and mode‘of operation.
There are some inherent and sigﬁificant 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 carrie;r represent two of the
more significant limitaﬁions of EC detectors. Whéreas m#st
othér LC detectors are not very' flow sensitive, flow

variations do represent a major stumbling block when: using

P 4
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EC detectors, especially when a post-column addition 'o;.\

reagent or electrolyte 'is required. The method commonly
. . s
used to alleviate ¢his problem is the incorporation of

pulse dampeners. - As w&ll, ‘electrochemical detection
requires a carrier “which is conductive, LEE use has

therefore been restricted mostly o reverse phase and ion-
X, ‘

exchange chromatography. .

*

Three types of electrochemical detectors are those
based on measuremerit 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

v

have a low coﬁductivity eluent and, highly conductive

v

sémples, i.e., an ion as sample dissolved in water. 1Ion
chromatographic analysis of cations, for example, u

suppressor c¢olumns to remove . eluent ions. An example of
this is,the)analysis of alkali metals using dilute ﬁcl as

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

‘suppressor column is a strong base anion-exchange

» .

HC1l + Resin - OH ¥*Resin - Cl + Hp0, (2-1)

which neutralizes the acid and binds the chloride,. The

%

5esult is. an eluen} of pure deionized water. Sevenich and

Fritz (1983) have' recently used a single column separation |
R - R /
without suppressor and a low concentration eluent to deter-

mine some transition metal\ ions and alkaline earths using q’

'
'
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conductivity detector. They were able ?6 bypass the use of
a suppressor column by measuring decreases in conductivity,
the sample cation‘\having a lower equijalent conductance
than that of the eluent cation. Deteétion 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 rgsulting from an electrochemical
reaction occurring at the electrode surface. This reaction
can be described by Faraday's law:

“ Q = nFN (2=2)
where Q 1is the number of coulombs, n the : numbeé'.of
electrons involved in the electrochemical prdcéss, F the
Faraday constant amnd N the .number of moles converted to
product in the flow cell. The detector actually measures

"instantaneous current it" given by: .

R (O aN _ 4 equivalents _
Tt dt n dt 9-65 x 10 x[ converted /é (2-3)

A chromatograﬁ is, therefore, a measure of iy as a function
of time, B o

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

"

LY
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compared to the 1less efficient amperometric detectors

(Kissinger, 1977). This can be explained as follows. |, As‘,
' ’

a

more electrode surface. is added to a coulometric detector

N

to increase efficiency, each” increment of surface area

contributes proportiénally less to the amount of materiall
, .

conver ted lSut apgroximately _equally to ‘background current,

’

¢

resulting in a lower signal to noise ratio.

N

Ex“émﬁles of coulometric detectors applied to the LC

@

determination“of. metal ions are the studies reportied by

a

Takata et al (1973, 1975, 1977) and by Girard (1979).. They

+ o

studled the determlnatlon of trgzsition metals using the .

M

post=column exchangé reaction: ) ) \

. + \
c ML 4N e+ M u “ (\%—4)

‘where M; is the 'metai‘eluizing'from the column and Mp-L an
appropri‘a{te complex. Thé Teleased metal .542 is de éctedh
coulometrically using carbon cloth electrodes.: 'Takata WHsed

Hg—DTPA (1973, 1975) and Cu—*DTPA (1977) whereas Glrard sed

i

only Cu-—DTPA (DTPA = d1ethylenetr1an§1nepentaacet1c acid).

1 : >

AmperometriC* detectors also measure’ current but with

<

«

.much lower conve;si.on efficiencies than the coulometric
detectors, .typically 1-10%. In spite of this, they have
the greatést relative gensitivity (S/N) of any of the

electrochemical detectors. A great variety of detector

v
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flow cell designs, have been reported. ~ Of interest «ase
3 A . a . ’

those published by Kissinger (1977) and by Fleeks.anf Little

»

t

(1974). Kissinger's model uées a Teflon .gasket sandwiched @

between blocks of Kel-F into which have been imbedded

-

appropriate electrodes iofECQieve a low-volume (~5uL) flow

cell with f£fluid flow parailél to the surface of (the’

" ~

electrodes. Another option,is, to have the flow impinge

? A

directly onto the surgace;bf the-wor iig*electiode, as in

the "wall-jet electrode ; detector™ [reported by Fleet and
- 3 N . > ‘

Little. This ‘design. has the advantage of increasing mass

transfer of electroactive material to tHe electrode surface,

thus dincreasing sensitiwvity. . .

Amperémetric éefectors qlsb offer éhe flexibility of-
mode of. operation —codétant potential, pulse ‘and differ-
ential pulse amperomet;y, °
important advantages as'éppliéd to Lé detectors. Fleet and

Little (1974), Swartzfager (1976) and Mayér‘and‘Greenberg

"(19?9);have reported enhanced selectivity using pulse modes

of _amperdhetry. By -a judicious choice of potential. and

pulse height, selectivity not attainable by either

UV~vigible phoéometry or ‘constant potential amperometry is_
routinely accomplished. A second advantage of pulse modes

reported by Myers et al (1974) and Swartzfager (1976) is an’
N Y v

N R . v
A ~ e

-

. &
+
[N
-
¢

ey

¢

“The pulse ' modes have two /}2
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important decrease in flow rate dependence. They showed
that convection has little effect on-: the wurrent provided

that the Nernst diffusion layer is small in combarisbn to

.

. . . -
the convective shear layer. $his condition is more readily

Y »

z
attained in the pulse modes and flow variations _should

present less of a problem, ° 5

The - vast majority of applications' of amperometrié
detectors has begn in the determination of oréanic

Y

compounds in the oxidative mode. The reductive mode

presents the ﬁroblem‘ of dissolved oxygen and metal
contaminants. Efficient degassihg,of solvents and the use
of high-grade stainless steels help in Qecreésing the
‘problem. A few examples of aﬁperometric detectors applied
to the HPLC determination of metals; have ‘been reported.

MacCrehan and Durst (1978) determined cationic

organomercuyy species in biological samples by’ the revecse

phase LC separation of their neutral 2-mercaptoethanot’

compiexes. A. differential pulse amperometric detector -was
« @ .
used in the reductive -mode. Bond .and® Wallace (1982)

separated mixtures of four/transition métals using reverse

N

_phase LC of their neugra{ dithiocarbamate complexes. The

determination was done by "idative amperometry using a
b4 N

glassy carbon electrode. Qetection "limits were 0.1 to
4



0.5 ng. Lyle‘énd Saleh (1981) usé& a .dropf:irfg mercury
electrode to detérmine mixtures of bo;per, cadmium and zinc
separated by iSn-—exchange chromatography. The detector was
used in ’t,hé amperometric  reductive mode. However,
detection limits were poor} e.9., 300 ng for copper. - .

The third type of ;E‘.C detector 1is one based oan
Iheasu;en{enlﬁ\?‘. potential. This is accomplished by use of
either an inert electrode (e.g., platinum foil) or” with ion
seleqtiva electrodes (ISE). There are two serious limita-
tions associated with ,potefltiometric detectors. First,
-they have higiner detection limits than other commonly used
EC detectors. Second’, their response “is non-linear,
following a logarith}nic relationship dictated by the Nefnst
equation, i.e., 29.6 mV per 10-:fold change in conceni:rgtion
of divalent cation. As a result, thesg‘ détectors have not
been‘applied to liquid chron'latogra;phic systems. T.hey' have,
hov‘veveJ‘:, been used- in flow injection analysis to monitor
hitrate, potassium, sodium, copper, glucose and ascorbic
acid (Bette'ridge, 1978). . |

The sep tration ‘of transition metal ions on a high-
”capacity cajon—exchange rf:sin followed by the amperometric

_ determination of a displaced metal according to egquation

2-4 should be -feasible. It was decided to explore this



'possibility using three different electrodes - the dropping
mercury electrode (DME), the hanging mercury drop electrode

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

A Y
*

“TR\ ‘ 2.1 Expe$1mental - e :
' The experimental arrangement for the flow injection
LX analysis comparlson of - détectors is shown in Flgure 2=1.
~//_\\ﬁh pump used was a Constametric III (Laboratory Data
' Control, Riviera Beach, Florida) constant flOW'pump and the
- .sampling valve was a Rheodyne 7125 high prgssure valve
;;éted with 5‘259 uL stainless steel sample loop. Carrier
"flow rétes were 1.2 mL/min. All tubing betweeﬁnthe'sample
valfe and detector was 1)16" 0.D., x 1/32"™ 1I.D. Teflon
tubing. All cbnnqctions were made with flanged, tubing,
plastic fittingsﬁand couplings 1174" X 26). Preliminary
studies on Dowex 50 suggested that a 0.20 M tértaric acid
eluent-adjusted to pH 3.74 with NaOH would be suitable for
ion-exchange separa£ions. The flow injection analysis
studigs,l therefo}e, used ’this solution as the principal
flowing. stream. The erssurized 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 Syrinqe Pump (Sage Instrumenté, Cambridge, Mass.) and
a 50 mL polypropylene syringe (Becton—DickiAson 5663,
Fisher Scientific): The connection between syringe and
Teflon +tubing was made with an Uptight female 1luer
connector. The second system was a Np-pressurized system
described in Fig?re 2-2. The‘rgservoir was mﬁq?ined from
nylon and had a volume of approximately 300 mL. The bgie
of the unit was machined_féom plexiglass and the flowmeter
was a‘(ﬁjmont Valve. Assembly,, Size No.l, 0-4 mL/min with
micrometer control. The tube coﬁnecting the flowmeter and
plastic tee was 30 cm of-(0.01" I.D. Teflon éubing. This
small diameter tubing was used to increase the backpressure
in the system to 1-2 psig and, thereby, achieve greater
éontrol and’ constancy of delivery. ~ Thefgyringe pump and

pressurized delivery systems were used to deliver

derivatization reagents at the rate of 0.50 mL/miﬁ:

2.1.b. Spectrophotometric 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 plex}glass; Parts A and C were made to
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o
acgept standard 1/4".x 28 plastic connectors” and were glued
to central unit B using acrylic cement. Part D was
machined so as to agcept ~by push-fit a silicon

, phofotransistor TIL-78 (Texas Instruments). Part E:‘held
“the séurce - a gallium phosphide lig§t~emitting diode
(LED) (Texas Instruments) in system 1, or a fibre optic
light gaide and removable 'dielectric interfgfence filter
(Edmund Sci.Co., New Jersey) in system 2.  In most ;ases a-
520 nm filter was 'used. Parts D and E were held to the
central unit ‘using a. nut and Jbolt’ assembly. The cell
windows were 18 mm diameter microscopic slide cover® glasses
and were glued u;ing silicone sealant. The entire cell‘was
iacquered black and placed in a light-tight box in order to.
-equude ambient radiation. Flow channels were 1 mm.
diameter, giving—a cell volqme of 10.2 uL. The light gdide
was coupled to a high intensity t&hgsten halogen }amp.

\

The phototransistor was operated hsing the tranSducer

-

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

circuit shown in Figure 2-4. System 1 used only the -
circuit enclosed within the dashed lznes of section A and
was(essentiallyjthe same as that reported by Betteridge et
al (1978). The phototransistor, biased at a constant

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

»
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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 VRl was usad 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 potentiomet;er VR2 was used to sét an
arbitrary gain (Vp) « The output voltages (Vo) were
recorded oﬁ a Fisher Recordail chart recorder.

System 2 modified system 1 by adding a linearigation
circuit. The 100% adjustment was the same as in,sygtem 1.
The 0% light intensity was adjusted'by turning gff the
tungsii.en lamp and setting VR2 such that MP2 read -
1.00 volts. Potentiometer VR3 was used to adjust the
voltage at MP3 to +1.00 volts. If one assumes that the
voltage output V, is proport’ionai to the light intensity,‘
then the second part of the circuit (section B) gives us
the transmittanc;a. Potentiometer VR4 isﬁd to .adjust the
value at MP4 to read between 0 and 40 V. This is the
approximate-_linear range of th:a logarithmic amplifier
(TL441l, Texas Instr'uments). . The final section 'of the
circuit (sec}:ion 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 an’f 20.0.

-
I3
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2.1l.c. Electrochemical detectors: Three flow cells were

-

utilized in these experiments. The HMDE cell is described
in Figure 2-5a. The Princet?n Applied Research Model 303
Static Mercury Drop Electrode (SMDE) was eqpipped with a
glass ;leeve which fit snuggly around the capillaiy of the
Hq electrode, The distance between the m;rcury drop and
the flow outlet could be adjuséed by raising or lowering
the sleeve, Optimum results‘ were obtained when this
distance was 6 mm., A reservoir served to maLe eiect&ical
contact with the reference and counter electrodes.

The second .flow cell is described "in Figure 2~5b, The
main body was machined from plexig;ass and accepted a 1/4"
X 28 plastic malé connector. This connec£or was for 1/8"
0.D. tubing éﬂd accepted a glass sleeve held in place with
silicone sealant. This-sléeve‘acted as a Support‘for the
1/32" 1.D. x 1/16" O0.D. Teflon tubing cutlet. The cell was-
attached to the DME of a PAR Model 1746 dropping‘mercury

assembly. &



el

~REFERENGE ELECTRODE
COUNTER ELECTRODE

. : ' 6 mm ’
" TYGON )
TUBING

" GLASS CAPILLARY
v
——FLOW INLET

Fig.2~5a/HMDE detector
‘ 7
DME —H
/)

08mmXI1.5mm
TEFLON TUBING

GLASS SLEEVE//d//

—— et

4‘1_1-1&-.1.-. -y ‘?

\t\
SONSSESSNES

3

*~PLEXIGLASS
FLOW INLET _

Fig:2-5b:DME detector

o

, INLET~ '“r4¥1b—OUTLET -0
T

TEFLON SPACER —

¢

r

—KEL F

‘Ek}\ ——GCE
J

®

r

A

Fig.2-5c:BAS-GCE detector_°



¥

The third electrochemicai detector was“‘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 assémbly. The three flow cells described above
used the PAR Model 174A Polarographic Aﬁalyzer as the

potentiostat. T

2.1.d. Chemicals: The monitor'ing of metal ions either by

]

spectrophotometric ‘or, electrochemical detectors was done
either by direct ré&action of the cation with reagent or by .
a metal-displacement reaction. All metal—di;p}acement
reagents (for example 2.5 mM Zn-EDTA; 1.0 mM Cd-DTPA; 0.50
mM Cd-EDTA and 0.50 ﬁM,Cd—DTPA) were prepared byﬁtitraging
the ligand in 2.0 M NH3/1.0:M NH40Ac buffer with the appro-
priate metal uging_either PAR (i.e., %n) or.ion selective
electrodes (i.e., Cu, Cd4) as the indicator, The "’
4-(2-pyridylazo) * resorcinol (PAR) detection reagent was
prepared by dissolving 21.5 mg of indicatér grade compound
(G.F. . Smith Co.) in 500 mL of 2 M ammonia)l M NHyOAc
buffer. ' . o 5
All métal stock solutions (0.100 M) were_prepared by
dissolv%ng either metal (Cu, Zn, Cd) or reagent grade'salts
(Mg, Ca, Ni, Pb, Mn and Co) in nitnicwacid. fhese were

‘ . . P . 4
standardized using EDTA titrations. N \
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2.1.e. FIA procedure: All flow injection analysis studies
were .done using the apparatus described in Fiqiii:'e 2-1. The
carrier stream flow raté (tartrate carrier), was 1.2 nL/min

and the detection reagent was O.S"mL/min. All samples were
- L3

made up in tartrate carrier to minimize effects. 0of changes

in refractive index (for photometric detéctors) or

electrolyte (glectrochemical detectors).

.
»

1

2.2 Results and Discussion "

The method selected for comparison of the detectors
" :

¢

was flow injection analys'is (FIA). The advantage of this
method was that flll sarr}ples have the same bandbroadening
c;ontrol*le_d by injection’ volumes, c¢oil lengths, flow rates
and detec;:or volumes. One thus avoids thé bagdbroadening
int;oduced by retention of a. spegiés on a column. The
disaévantagé of this method was that the pulse dampening -
resulting from cd}uﬁn op'eratio‘n was absent, henc;el a high
backéround noise wés\ qgserved. The sensitivities reportéd
in this qhapterd are for : the comparison of detectors and
.(:Iietection reaggrits wher‘eas “®those reported in the next

\ -
chapter ' are . for the\ comparison of the various

8

separation/detection systems. .

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

» delivery systems were compared using.a PAR-Zn-EDTA reagent,

- [

>
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the artrate eluent and . photometric system 2 detector.

>~ . . ..
Baseline noise tracings are illustrated in Figure 2-6.

I . . G/'\ *:. T
‘ Sage pump . . Né—de]ivery system

3 - vt B . N
N : » . H R Y R
. « u‘
) i - ‘i, - -

Fig. 2~6: Baseline ‘tracings of reagent delivery systems.

The -Sage pump \hoise was thought to result.. from
sticking of the plun'ger agginsf: the si{riv‘ngé‘ walls. The

Np-delivery system has a noxse level that results from the

Constametric III pump‘.‘ The Ng—dellvery ‘system was used in ”

N

all subsequent studies.

“
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2.2.b. Photometric detectors: 'The first detector“'studieci

}

was the LED-SiP system 1 detector described by Betterldge.'

et al (1978) Figure 2 7a presents tracmgs of the system

A v

re5ponse for md:.v:.dual 1njectlons of several ‘metal ions

i » + M

1nto the flow1ng stream us:mg PAR as detection reagent.
Cobalt and copper were found to be 10 to 25% tlmes more

sensitive than the other metdls studied. . Pigure 2-8

3

illustrates the limitations of the simple LED-SiP. qystem.

- a
.

§
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The LED emission maximum at 565 nm overlaps better with the

2
.

cobalt and coppef complex absorption spectra than with
those of other metal complexes. To obtain better overlap

: !
of s@urce-dmission and metal complex absorption, on? needs

. \ L
a lower source wavelength. For example, 520 nm wodld be a

good compromise between metal complex’ absorption maxima and
free indicator absorption minima. To effect this change;
Lhe FED 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. Thé improved response
for Zn with respect to Co using the 520 nm source is shown
ip Figure 2-7b. A

To v?rify the linear response of the system 1 unit, a

calibration curve for bromothymol blue (BTB) was done using

0.01 M borax carrier and a 620 nm interference filter. The
o .

rebponse f r system 1 (Vo) is given in curve A of Figure 2~

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

r
.

readily expliained using Figure 2-10. K 3 .
As indicated in Figure 2-10, assuming that the
i

response of the phototransistor is linear, the voltage
outpuf ‘fdr. égstem 1 (VO) . should be proportional to the
amou;t 6f light absorb;d. For a linear calibration curve,
one needs a plot of absorbance (or' - log T) versus
concentration. and not a plot of absorption versus

concentraﬁfoﬂ. Since T = 1 =-~{fraction of light absorbed),

.

H
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Fig.2=9: BTB calibration curve.

* 1 unit = 200 mV(A); 0.2AU(B); 40 mm (C)

L
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Fig. 2-10: Schematit of system 1 detector
a plot of -log (1'“V0/VT) versus concentration should be
linear. The values of Vo and Vg 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 Fiéuré
» ' ’ )
2-4 ‘was used to calculate Vo/Vp, 1 - jo/éT and 'log
(L -Vo/Vp) automatically. ThezBTB calibration éhrve using
system 2 is shown in curve C of Figﬁ}e 2-9. An extended
linear range was observed,followéa,by c?rvature at high BTB
conc%ntrations. This curvaéure is not "due to éhe.
phototransistor which haé»,a linear 'response ffom 1008 T
(0.00 Afhto at least 12% T (0.90 A) as shown by curve B -in

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

linearity is due to the logarithmic amplifier. Figure' 2-11

1 ° B3
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Fig.2-11: Log amp r’onse.

- smboth curve is a result of 15 equally spaced measurements
(not shown)
- points shown correspond to, BTB calibrat:i;on 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)
cérresponded to that in gﬁe BTB -calibration curve %%igure,
2=9c) .’ ' )

A calibration curve for Zn wag)done usiﬁé the §ystem 2
detector with PAR as the photometric reagent., The resﬁ;ﬁs
are shown in Figure %512. As in Fhe case of BTB, a;linear
range was obserYed followed by negative curvature above 0.6 ‘

absorbance. The calculated- -log (1 - Vo/Vp) curve was

again 1linear oveg. the entire range studied, i.e., 0-0.74
S

absorbance. Despite the curvature noted, ‘the system 2
detecgtor represénts a definite imprsvbmqqt over the
Betteridge medel <in two respects. . Figst, yith 2ﬁe,
exception‘ of Co and Cu, sensitivities are -much improved
through the use of a more appropriate wavelengéh (Siolnm vs '
565 nm). _Second, linear éalibration curves are obgninéd
over the (0-0.6, absorbance range witb a useful qerking ranée
up to 0.8 absorbance.
Thé PAR photometric, réagent, while giving good-"

responéé 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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Fig.2-12: Zn calibration’, curve.
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| unit = 4Qmm(peak height,e); 0.2AU (calc.,®)
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cadmium calibration was only 14% and 23% the cobalt and
éinc‘slopes, respectively. This is directly reiated to*the
molar absorptivities of the metal complexes.

An improvement -in sensiﬁivity 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;’lo Zn~-EDTA
would be a‘suitable candidate for study. The results for a
PAR~Zn-EDTA reagent are also shown in Figure 2-13. A
ccmpa}isog 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. -

5

If displacement is occurring, a decrease in sensi-

* 520 520

tivity for cobalt would be expﬁcted as €co-PAR ~ SZn-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- corresponde& to a . free zinc
* ¢

concentration of approximately 7.5 micromolar. Since the

initial 2Zn-EDTA concentration was 100 micromolar (assuming

-

no dissociatiopn); one can readily calculate ;{'conditional

stability constant for this solution: . © .
. .o . ' ¢
~ . !

N -

e‘ __6 .n ! -
. ) 92.5 x 10 6. (2-5)
K _ ., ) = —~ =.1.64 x 10 ,

o' ~EDTAL- 5 & L .10 6)2, :




This condztlonal 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 l();7 ji.e., using values f£rom Ringbom,
1979).1 The two curues‘ show slight’ curvature nea;~ the
origin but the linear regression slcpes’were 0.71 and 0.86
for the experlmental and calculated condltlonal constants,s
respectively. This suggests that the presence of PAR and
dissociation of the Zn—ED?A ccmplex is one of tge main
causes for .thegwdﬁserved decreased “ sensitivity. ‘ The
addition of a post-column dlsplacement reaction may enhancé .

4

sen51tldﬁty by formlng a PAR complex w1th greater molar

. absorpt1v1ty‘(e.g.'Cd). The sen51t1v1ty may be decreased,
i 4
however, if the displacement reaction results in species.of

lower molar absorptivity or if the metal ion interacts/%ith
.2 4
the free EDTA present in the  eluent/detection reagent

solution. ; . T ,
Table 2 1 presents the relatlve sensitivities for n1ner

. metaly ions reacting w1th both PAR and ﬁﬁhR—Zn—EDTA

-

phoﬁchetric reagents. The ch01ce .of Ehe more Sultable

ai""l'eagent wila® depend on which metals "are to be analyzed

ghe° advantage of .the 'PAR-Z n—EDTA, geagent " is tha%
significanffincreasesiin'sensitivity are achievéd for Cd,

[y ¢ . \'. e ® '
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Table 2-1

=
~

Sensitivity* Data for Photometric Detection

6 ¢
v

.Metal icn PAR PAR-Zn-EDTA
Co (1) 69.2 60.0
Ni(Ir) - - 62.4 L 56.8 “

. . L7

Cu(II)- : 45.2 . 42.0
Zn(IT) ° 41.4-. . 30.3 |

Mn (II) 44.0 . . 27.2-
Pb(II) - 9.2 . 28.0
Cd(Ii)") ’ 9.6 . © 25.3
Ca(II) 0.0 . 24,0 .

. Al . . P o
Mg (II) | 0.0 /. . 5.2

* - sensitivity = response in mm/nmole injected

- gaiﬂ = 1OX. .o

- recgrder = 1VFS

a LY
H

5
§
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\Pb,Ca‘ and Mg while suffering only minor losses for Co, Ni,

o

Cu, 3%n and Mn. The dreater experlmental flex1b111ty
[ 4

4

offered through this choice of reagents has in some cases

-

; o . .
considerably facilitated the design of experiments to be

reported later in this thesis.

[
v o
#

2.'2.0.' Electrochemical detectors: The first of \three
Jary ¢

electrochemlcal detectors investigated 'was the dropping
mercury electrode (DME) . _Preliminaryxbafzch studies using
various metal~polycarbdxylic acid comple’xes had shown that
a mixture of CA-EDTA, 5 x 104 M and Cd-DTPA, 5 x 10-2M in
tartrate carriér was a promising detection reagent.

Relative sensitivitiea as determined by FIA using this

~

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

"

Zn, Co and Cu -gave 51gn1f1cant responses. 'Little ex¢hange

,was noted for Ni, Mn, €a, and Mg. = The poor exchange for
Ca, Mg- andg Mn was due to the solution pH of 3.74 (hence

poor llgand exchange constants) whereas nlckgl was probably

]

the result Gf slow lg;,netlcs. .o ) »

#~

-

S

The callbratlon curves ﬁor the"” f1ve metals tisat ' ‘gave

good response were lihear ° from. detection 11m1ts, to: 60™
, » T, Co ”
nmoles . No curvature was nbt“ed at, the 60 nmole level and

The main’

8

higher amounts could probably be ihjeo't" d. -

problem obeerVed\ wi or was n01se. High

packground current

-
P

‘bhe nmse . gavey

P
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Table 2-2

T
’

s . " .
Sensitivity*.Data for Electrochemical Deétection

Cd-EDTA

@

™

(Y

» -

- N'D = not deiect@d- .

3

-

* —~ sensitivity = response in pA/nmole injected

¥

N Cd“EDTA/ ) v
Metal ion CA=DTPA/DME (}'d—DTPA Hl}’IDE Cu—DTﬁ/GCE
cormy 0.078 _ 0.365 0,116
Ni (II) 0.006 " 0.009 " 0.095 .
‘Cu(II) 0.035 .«  0.290 0.150
Zn(II) 0.081 0.411 0.157
Mn (I1)- \ 10.005 - 0.091 0.154
Pb (IT) 0.097 .0.480 0.153
‘ca(zn)  0.103 0.491 0.142
ca(II) - N D ND . 0.113
Mg(1f), . . ND - N ND 0.024
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. I .
unacceptably high detection limits on. the order of 5~10

’ » .
nmoles, The moiée wae,due to several factors - reduction

o -

of dissolved oxyden, lack Of mehanical stability of the

-
~

mercury drop, drop-siz€ irreproducibility and noise due to

the drop knocker.. Ag a result of the poor sensitivity, no

further- work was done with the DME éetector.
The hanging mercury drop electrode (HMDE) using the

Same detectlon reagent gave more satlsfylng results. -

- s ¥ - [EPVRRV

ﬁackground ‘currents and. noise were much' reduced when

compared to the DME. . The HMDE has the advantage of
elim¥nating nolse ‘associated w1th ‘the drop knocker and with .

e [

reproduc1b111ty in drop size. Relative sen51t1v1t1es u31ng'

#

this. detector are shown in Table 2-2, As expected, results

o -

"are 51m11ar 'to thOSe u51ng the DME. Calfbration éurves for

»

the metalé@ were once agam l:mear over the range studled

a

' (detection "limits to 10 nmoles). The detectlon llmltS were .

's -, - Fl
about @.2 nmoles. ' T ) v
' ° g

One problem : observed wlth the HMDE Jetectpr was

.
A 1

‘passﬁgarlon.; Elgure 2-15 shows the detector response for
< Qﬁ
repeated 1njettlons of a SLngle solutlon of cadmium. One

can see ¥nat pa351vatrpn does occur, being ‘most prbmlnent‘
; . e - , - y

in.the‘first-S minutes and@levelinghoff afterwards. The’

) ’, s Fy Y .
' &herefore ‘be’ somewhat compromlsed T g/ T

a e ¥ e ° ] .

+ »
routlne appllcatlom of this detector in. a &C system#fould
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The best performance of the three detectors was given

by the BAS glassy carbon electrode (GCE). The absence of
mercury p'e’rmitted one to use more anodic potentials tha:;:‘ in
the HMDE and DME work. '.I‘he 1atter electrodes at high pH
and anodic pote;}\l“a\\}.s gave' 1arge mercury ox1dat10n
currents, The GCE allowed the use of a Cu—DTPA detector
reagent at pH 10 and anéapplled potential of -0.300 V.

Passivation of this electrode surface did not appear

to be a major problem. Slight decreases J'f‘n\sensitcivities'

occurred on start-up but the system respbnse 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 rangs.ng -»fg:om 0.3% to 1.6%.

The GCE detector system was also operated in the pulse

mode, npu151ng from 0 mV to -330 mv (vs Ag/AgCl). Higher
background currents and ng‘;\.?e resulted and as a consequence
.a 4<fold decrease in sens1t1v1ty. No further studle/é were
done 1n the pulse mode, and all remammg results are for

the: differential pulse mode, ” 1.e.°,. =300 mv‘wz.th a 50 mv

-t ¢ PR 4
Rl - - &
’ pulsQ - ¢ ,
M N & 3 ’ * » ;

#

o

Relative s,,ensitivities'; as determinedw'by FIA using the

GCE detector with the Cy;-DTPA-reagent are shown in ‘I'abl'e 2~

e

7\': 2. . It can be seen- that near quantltatlvez? displacement

\



o

occurs for Cu, %Zn, Pb, Cd and Mn and that important
displacements (i.e. >60%) areé observed for Co, Ni and Ca.
.>0nl§ magnes;;m gavé poor'résulks. Examples of palibratfbn
curves for Cu and ‘Pb‘ are given in Figure 2-16. .Good

linearity is observed 'over the detection 1limits to

) v . N .

6.25 nmole range studied with detection limits being, on the
- 4 N o hd ., ™

aorder of 0.5 nmoles for both metals.

w

. . N ..

»

2.3 ‘Conclusions

£

»

Five detection systems were characterized for the
. e ' '
detection &f - metal -ions: ' separated by ion-exchange

chromatography. Figure 2-17 presents éIA injections near

-

the detection 1limit ‘for each of the detection systems.
Table 2-3 presents the detection 1limits for each of the
P -

metals for each of the five detection systems. The system

2 photometric detector was the most sensitivk detector
studied, with FIA detection limits of approximately 0.05-
0.1 nmoles for Co, Ni, Cu, Zn and Mn, The .detector qid

exhibit non—linearity“at low light levels b its-ﬁbrking

\ .
rénge of 0-0.8 absorbance units would -satisfy most common
\\5 ge. . In addition, the flexibility offered through choice

“6f photometric reagents (PAR or PAR-Zn-EDTA) permitted the

3 - .

determination of trace(transition metals in the presence o=
Al ¢

-
.

in the absenge of. miflimolar levels of calcium and
A . ‘ st


file:///usjage

w’ e -

0.80

0.64

048}

i(uA)
0.32

0.6

[ -

25 . 250 375 500 625
nmoles injected’

-

lFig.2—16=FIA calibration curves usi'ng
- BAS-GCE detector. |

-

.
' «
! -
. » -
Lo
¢
\ " s
. , s
i
s
v



Cd Co
NN A /J\. '

1’25 nmoles 0.125 nmoles

Co

Cd
B B
| /\,/\,,/\, AL, e PAR-Zn-EDTA

0.625nmoles  0.125 nmoles

Pb T Iis i ¢
W w0, DME
6.25 nmoles
. HMDE M/\/\
o 1.25 nmoles:
i '
0.35 nmoles . “

- Al
.
>

Fig.2-17: FIA injections near detection
’ T
limits for 5 detector systems.

4 ’ )
- «
.

&

e &



34

- a
-

Table 2-3

" Flow Ingection Analysis Detection Limits

R

. .PAR- .
M _ PAR Zn-EDTA DME HMDE  GCE
Co(II) P.05 "0.12° 8 0.3 0.7
. Ni(II)« 0.06  0.12 116 <9 0.8
Cu(II) 0y08 0.16 18 0.4 0.5
N, .
Zn(II). 0.09 -0.23 8 .0.2 0.5
Mn(II) 0.08 0.25 130 » 1.0 Q.5
Pb(ITf 0.45 0.25 6 0.2 0.5
ca(II) 0.50 0.27 6 0.2 0.5
ca(II), - 0.29 - - /0.7
Mg (II) - 1.33 - - 2

3.

o . ]
- det%ction limits in nmoles (2X blanks)
™, ’

*»
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detectors studied. Tt demonstrated comparable ' sensi-
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bgﬁt results of the three EC
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tivit®es to the photometric °system 2 detector with FIA

detegtion, limits’ of approximately 0.5 nmoles® for the more
L] .

L

sensitive metals.. It did have the advantage. of ;inearity‘
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:  Liquid Chromatographic Separations , ° '

- e
v s 1 t

L] . [

: 3.0 Introduction )

> - - 0 . %
N

Multication speciation ' requires an analytical'lsyétem g .

” .

capable of: selectivity, i.e., determining one metal’ in the

. A - -
-

3 3 ° <4
. presence of varying amounts of several other metals.

{ Selectivity is = often . achieved , chromatcg®aphically,

«

isoladting the compound or compounds qf interest from

matrices of varying complexities. Ohce,ghe selectivity is
P - - T . 6 0
. accomplished, degtection and determinations are carried ofit

- a

by the use of an appropriate detectdr, the‘ subject of

1

. Chapter 2. - This chapter will describe , liquid
k . .

chromatographic separations of mixtures of me;al’ iops
" , ¥!pertinent to multication speciation in model, systems.

Liquid chromatography ' (LC) was first conceived ahd

o
~

3 de 1oped by Tswett 4 the turn-of the century in the form
. \\@1\(/ )

Research over the following 50 years resulted " in. the
L) N . - i 3

' development of various forms of 1liquid -chromatography =
: e

open~éolumn" 11qu19rsolld or adsorptlon chromatography.

-

Ed
-

¢

¢ partition, . paper, thln—layer, ion—-exchange and size
. : .

exclusion or‘gel permeation. Althougc)gag‘chromatography
' " ducceeded in displacing LC'with respect td mpany separatlons
* of volatlle organlcs, llqpld chromatography remalned the

. - A -
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mgthod of ‘Ghoice when separaj-g non-volatile or thermally
unstabfte compounds and ionic gpecies, (-

Before the development of moderh lquJ.d chromatography

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

2

ion-exchange chromatography ,using- Yarge particle synthetic

’

“»resins such as Dowex-AG50W. . [These separations were tedious

o

. * o
and time-consuming and .often required the se Jf several
i »

- : b , v,
eluents. Arr example of this is the work reported by Kraus
and Moore (1953). 7 They §’epar.ated mixtures of six

¥ - v

transition metal ions by anien-eaxchange ch’romatogr_apﬁi

using a large particle (200-230 ‘{nesh) polystyrene-

"divinylbeWPS—pVB) 'strong-base resin (Dowex-1). The .
. o .

A

relution procedure"’involved six different concentrations of
"y

»

HCl,. one for each; metal ion. . The procedure was ‘further

compllcated by use bf three dlfferent det&tion techni/r;les~ -

spectrography “for .Mn2+, radiotracer analysis for Fe3d+ nd’

zn2+ and 'colorimetry for Co2+, 'Ni2t and Cu2+. More |
£ -

,recently Seymour and-Fx;jti (1973) and. Fritz and Story

(1974) reported the ' "forced-flow":

@

chromatogra hic .

sepaiations of m:iqxtures; 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 (90 psig). In the former study, 150-200 mesh

~

Amberlyst ‘A-26 anion-éxchanger was used, w1th a féilfferent

ro . :
t.lydrochloric-perchloric acid nmixture. requlredg for the

o

»

@

.

[

-

Aq‘
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elutlon of’ eaqh metal. Detection 'was by -photpmetric deter-

mlnatlon of the chloro compiexes at 225 nm. In' the latter

. -

paper, the separatlon of 5 tranmtlon metals (Zn, Pb, Cu,

Mn, Ni) was accompllshed in only 10 mlnutes u51ng partially

v ot -

sulfonated low -capacity resins. - . Ho ver ‘the s,eparation
required ifive‘ different combinatib‘ns ¢j§f /aceﬁonitriie—
hydrochloric acid..”: Eluted metals‘ “were * determifed
qphgtomt’atr;icalllihua’i)ter“ the post-;ci.ol::xmrr formation  of PAR

:

' [

-

§

' z
" The development oi:'/qmodern liquid chrom/t:ography
permitted. shorter  analygis

times through more efficient
ol

P I . T .
separations, This increase in efficiency -was due 1to the

& [ . < -
utilization o;f- -smaller particle ackings, typically
. “ . . t o .
5-20 um. The result was an %{icreése“'in the number of.
F] .

plates pef column and, therefpre, better separations 'in

L 1

. B - .
» .

less- time. . . . o

LY . - - - e,

The most common high performance separations of metal

tons have beeh by ion-exchange chromatography. The rpacking

t LAY - > -

IS L >~
materials consist of either polymeric porQus resin

particles .(e.g., PS-DVB) or siliga supports -with a

4

¢hemically or mechanically bonded -organi¢ substrate. : In

both cases, ion=-excharge” sites al_:é int::oduéed," tybically

‘ }
) o @

—503~ | for cation-exchangers and —N(CH3)3"‘\for ‘anion-

exchangers, Transition metal ion mixtures 'were sepwgated .

@

by Takata and Fujita (1375) under ,(.isocratic condltlgns
' L o’ M}

o

-

,
&7
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using varibus PS-DVB resins. ' They succeeded in separating
Lu; Zn, Ni, Pb, Co and Cd in 7 minutes using 8-11, im

s particlee'and tartrate eluent -at 509C. Cassidy and Elchuk

7
(1980, 1981 a, b) ‘uded either tartrate or citrate under

_both isocratic and gradient conditions’ to sepaféte mixtures

e

- g N . °
of tré%sit}on%ggp%l ions., e.g., Cu, Co, Zn, Pb, Fe, Mn, Mg,
. » " .
' and Ca in 30 minuwtes. - They reported that gradient

\J

condltlons were preferable when look;ng at several metals

»

Whereas isocratic elutlon was preferab;eﬁ for maximum

o 2oy A}

-

M a

- basellne stability. }Z <

u .
‘"

In comparlng bonded—phése ion—éxchangers to

- ™ LY

ponventionél° résin ion—éxchangers,' Elchuk - and\\CaSSLdy

o=

(1979) and Cas51dy and Elchuak (19 k) found that - altﬁb i\v/
s

)\ bonded—phase columns gave slightly better peak shape

. their Llow- capac1t1es made them less convenlent to use.

. a ©

example of a bonded—phaseean1on~exchange separatlon is ‘the
work reported by Beckett and Nelson (19&1) They used an
_ anlon—exchanger (PartISIl‘lO SAX) to separaté mixtures of

Pb, Cd and _Zn uslng the pre—column formatlon of anienic
P )

polycarboxylic acid complexes of thé metgls. The 3—metal

separation, hotkever, required 24 minutes.

s ¢ @
hl

I.iquid . chromatographic. separations of .alkali metals,

-
- %

-

alkaline earths and many of' the common anions have been .

N [

rep@rEea by ion .chrogatography originaiiy developed by

ﬂSmall,'Stevens'and Bquﬁan (1975). This dual-column method
. <y ; J o ,0.

F
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"using the formation .

? € " . .

> \ »

-

requires an ion-exchange séparation of." the eOmponents

[
4

followed by elimination of backgroun:d conductisfity bj way
of ? éuppressor column. Until recently, the method had‘not
been § commonly used * to separate transitionf metal .ions
becégzg tﬁe‘hydroxiéé form of thé suppressor column would
precipitate most transition metal ,cations. As described in

Chapter'™ 2, Seveﬁich ‘and Fritz (1983) eliminated the
suppressor columﬂ and separated Zn, Co, Mn, Cd, Cu, Pb, and
Sr in 15 minutes K using a low capacity cation-exchange

’ 3 -
. »

resin, . . v .
‘ 4 Fa

= Ad§orb£ion or _iiquid—solid chromatography. (LSC) has

»
been used less frequently than ion-exchange chromatography

to separate metal ions but has been used to separate

neutral metal chelates. Lohmuller et al (1977) separated -

)

wmixtures of three or four trangitién metals using the’

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

_the adsorbent, ' benzene as Ehe_ gluent; and the meta;

dithizonates were determined at 525 nm. Separations were
o L3 .

.

not very good because of peak tailing~‘and the separations

required 20-40 minutes.  Moriyasu i Hashimoto (1978)
x - . . - IS . ,

.7 . %
separated various mixtures of Hg, Pb, Cr, Bi, and Cu

¢

their neutral
diethyldithiocarbamates (DDTC).

siliéa particles, watér paturated hexane as eluent, and
- o ‘
spectrophotometric detection at 254 ngi O'Laughlin _and
)

~

s

Al 2] *

e separations usei/yo km
» .

/
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- . . . ., . o <l . tor
‘ ** O'Brien (1978) used “both DDTC and Dz chelates with' 10 um
s . silica and toluene. eluent. Howeve'rﬂ',’ On;L?\"z—metal mixtures
\ s ] < o A

s

< . \l

-could be successfully resolved.

. : T .
Liquid-liquid- or partition -chromatography has also
_— been used to separate metal’ ions by HBPLC. Separations are

based on distributions of soluteb.&mpl‘.u.ecules between two

- ' N T .
; f immiscible liquids present as Sstationary and mobile phases.

8 > Tav

s

The -statjonary phase is either mechanigally held onto an .

a

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

_as in bonded-phase chromatography (BPC) .

’ \ " An example( of .LLC &dpplied to the separation Dof metal

« ¢ v

ions was thé work of Huber et al (1972). ‘They separated, .

. a

1

*"3 v ° ¥ M M Y
neutral metal - 8 - diketonates using two ternary .water

v -

c. ~-2,2,4-trimethylpentane-ethanol mixtures as s‘tat‘i‘onary and

'

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

20 um ;diaéomaceous' earth. Detection“u.was; at 310 nm. A
-‘ ‘b

Ru, 'Co) was achieved in less #%han 25 lpinq'te's. vR"eirgrse-—

1y

) _ phase ‘LLC ,Jas been used "to éepagate metal ions by Uden- &t
al . (1975) and byc Bond and Wallace '(i982). Uden et al used
/ wl0 um C“lg columns, to separate, various .Schi‘ﬁf base chelates

followed by phoi:ometr'ic detegtiég at’ 254 nm. Only 3-metal’

[y » \ N . .‘ ~
. separations were given, those of Pd, Cu and Ni. Bond and
. A .

L4 @

. -Wallace ‘also used a Cjg column to separate DDTC cdmplexes

w

- S

s

separation of six metal-aggtylacetonates, (isé," Cu, Ai,“’Cr,»

1
"

»

T,

’

-

w"

"=
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ST , e ‘of Cr, Co‘, : Ni and Cu. | Resolution- of the 4-comppnent LT
® ~* - 9}
- . i . "
. . < mlxture‘ r,equlred 16 mindtes. - < . I .
o . Ton-pdir - chromatography (also . ex,tract ion chroma--: . °
) . . . i
‘ tography, soap ‘chromatographg and chromatography with oo ,
- L e 7 .
: . lthuld 1on-—exchangers) has roq\ently been developed as an

- “ alter-natlve to 1on—exchange chromatography. It is based on ‘

) the formatfon of "1on-pa1rs" i.e., sample iohs;ﬂwith eluent %

counter—lons. These Q"lon-p‘alrs" appear to be resolved by

r 3 ° v <
A _* either ,part\;.ition or ioh-excha:r\ige prot)e"sses, E}ependnj.ng on )
* the sizeft‘ and nature of tﬂhe‘ couni:.;erv-ion. As ar; ex’amplé“‘, .
ot = carbox}l’ic‘.acids (RCOO™) can be separated® by IPC us:bng as N 4
. ’ . counter'gibn ‘tétrabutyl ammonium and Cjig ' reverse—phase .. \
’ columns.” - The® .eluent, is an dqueous buﬁt’er" solution. ° ‘

s - )

‘ +  Beparation is thought to be the result of partition ,of

, , [RCOO TBA+] between the Cig organic statlonary phasé and" . -

/ . . P

AN the aquebus. ,buffer mobileu phase. ~ However in _soap ., . .

[ 3 «
-, . 4,

s .. N chromatography, where the countﬁ:—xons are usually much

. ’ do s larger and are thought to be adsorbed onto the orgamc“ .

- - ©

ar . stat\ionary phase, -separation, would result from ion-exchange

‘at the liquid-liquid interface. St . -0 o

| , n Ion-—pair chromatography ha® been applied to the
& v %, ' L)

separatlon of metals usmg}both mechanlcally—-held and

- —
. o . chemlcally-bondéd organlc phases- . Horw1tz ‘et al (1976,
P T 1977) reported the -separation of radlonuclldes us:.ng 5- aand . ;

. .

: Y20 um pprous asili,da-mic‘:rospheres coated with 25-30% (w/w) .
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a " of, di(2-ethylhexyl) orthophosphoric acid in dodecage.

.+ Nitrie acid was used as the mobile phase! Théy separated

da
.

225pc and “four daughter nuclides..in less than 2 minutes
: N hging a shert 1 -cm coluamn and four différent concentrations ;
. . of HNO3. Recently, Cassidy and Elchuk (1982) described an

' IPC separation of tripsition metals using Cjg phases bonded ‘ .
to both 5 -and 10, vm silica.particlés in.equilibrium with
':aqueoﬁs tartrate solutions (0.045 M) containing either 0,01

N

M CpgHg1SO4Na or CgH13S03Na as  counter—ionms. The
separation of Cu, Pb, 2Zn, Ni! Co, and Mn rquired only 10 ’

minutes. Detection was by photometric determination of PAR

.
a
K} 4 o

\ »

b .complexes. % / ) ..
. ¥ The .more .promising * methods for. the liquid

1 ' -, . . .
chfomatographlc separation of metal ions are the ion-
~ ‘ .o o :
T e o N . s, toa, i
exc¢hande and the ion-pair methods. The former is more

an P

adaptab%éztooboth photometric and electrochemical detection

| : .

. N &y
. whereas the®
: ‘.
times.” Earlier work on the _detection usystems' suggested

lattér - gave better resolution and analysis

- that” a pleconcentration method would be necessary before

W ‘ -the séparation. The. Donnan éiaIysis method to be reported'

" [
T o in ~ Chapter 4 requires high salt or complexing ligand

ﬁ? t )
concentrations to be effective. .This limited, the choice of

[N

R separation to ion-exchange and this chapter summarizes the
< b b * ' ¢

. ’ methods used for the divalent metal gohs of interest. -

N 1

- ’ 4
] A "
v »
\ s ) . .
‘ t
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.
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3.1 Experimental _. .

; . a .0
. The ion-exchange' experiments were done wusing the

® B o

, arrangément described im Fig’u're‘ 2-1l¢ s Two modificétions

-

were made /tcj adapt the‘;"FIA.syste;n €5 the chromat’ograpﬁic
o : // -

app%ications. The connection between sampie:,, 'valve and ,
* - » 3

ﬁ:-lastic_tee ‘was replaced with a column packéd with »ion- -

exchange resin. The selection of eluent was facilitated by
- N )

ysing a low pressure Altex 6-way ﬁotary Selection Valve

(DRainin Inst. Co., Woburn, Mass.) between the eluent

a

reservoirs and pump inlet. This permitted one to select

-
3

-

%o

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

o

chromatography. . - v

B

.

I & P ~ J
Eoid a “
N

3.1.a. Reagents: .Eludpts_ were prepared from either

4
tartaric acid (Analar, B.D.H,) or ax‘lhydr\é»us citric acid

K

(Buéker Analyzed Reagent) dissolved in glass - distilled

- - L]
water. Inorganic salts -to modify fthe eluents were NaNOj

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

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

4

appropriate pH, filtered “through 0.2 um Nuclepore membrane

" filters and degassed for five minutes, using a ‘water

a » "

aspirator. . e

’ Packed ion-exch@nge columns were prepared using either"‘*
‘ 2 o . ’

Aminex A-9 (1.5 * $0.5 ¥m) or Aminex A-8 (7.0 * 1.0 um)

supplied in the sodium ‘form' by Bio Rad Laboratories
¢ N - s » '

< a ®

. .
o .
/ . ] .
n 4
v 4
. o



'(Richmond, Calif.). The columns were . slurry packed in.
' ; S . &
- eluent usinq an -air-driven Haskel pump. The. resin

suspenszgn in the eluent was ultrasonicated. and added to a,

13.0 mL reservoir." The resin was s transferred from the
reservoir /{; the g§§§& ,column usihg an initial pump

pressure. of 300)psi~ « The, column packing was equilibrated

by passing eluent through ' the column and graduélly
increasing the pressure to 4500 psi in steps of 500 psi
v . . .

over a period of 30 minutes. Packed columns were stored

. -

in a refrigerator (-20°9C) between use to inhibit* bacterial

a

growth: K ‘ : » -

Il 3

AN

PREEY

o -
After extensive use.(three to six months) or ,to change
S N
counter-ions, the resins were regeneratetl to remove metal
o . r

impurities., The resins were successively 'equilibrated with

-
» ‘

[} - b}
0.10 M EDTA, 6 M HCl1 and 2 M base'pf'the appropriate cation

* Y{i.e., NaOH for sodium form resin -or ﬁHg/NH4NO3 for

= b

. . ammonium form resin). The resins 'were equilibrated with

fresh eluent before packing.

'3 "y L

3.2 Results and Discussion “
#

The objective of the study was to 'QeVﬁlop a }apid

¢
o

exdhange . separation suitable for. future multication

speciation studies. ° The metals of interest-Cu, 7n, Pb, Ni,

A3

Co, Mm and Cd atjthe.micrdholar level ahd Ca anddMg'at the

millimolar level - should be analyzed in the ' same

J
’ - .
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. separafion y dE- ,;,possx.ble. Lhe minimum requ ement 6 A :
5 - "
, .. model studles) 1s t@ deternine two metals in tbe flrst ) - 9
: A P |
T group and one in. the mcond groupl. ~Thls ~would be useful 50 Xm
o * -

for, studylng the effect of macro concentratlohs <5f alkallne

.

o~ earths on the trace metal blndlqg. . . )

~ . 3

Ion—excharg’&e separations ; are . controlled . b‘y\ the . 'y

dlstrlbutlon' coefficient 'for the éi(change of a g ta,l ion | T .

. o
LY

v between’ solutlon and exchanger. ‘For an exchange reactlon .
. » " \, R . . ) a

- ‘ . . 2+ voa - .. + 10 o (L . .
: = . 371y~ N
, » M7+ MR MRy + 2M, . . o ( A
. ‘ N .

.
- , . e

_in the presence of a complexing buffer, the distribution,, °
. T, 4 - B & 3 » oy

n‘l«\:‘)_ (1 - L3

coefficient D is given by (using the formalism [of Ringbom— ;n .
t M L ]

- (1979)) ¢ S . R Y o
4 ¥ & LRI .
.. 5= M%7 Ko, , « ~ (3-2) ’

-where [MZ]a and [Mg]R represent the concentrations-of t,he rf"“ )
M;
v metal in solution and resin, respectively, KZMz represents

the select1v1ty coefficient for the , resin; and ‘GQMIL

* - * B - N
represents the masking reaction hetween Ml2+ and- a - x
complexing ligané: ’ ‘ ' .. ’ .

- . 2+ : o T
. v o - [M;] not on resin ___[ﬂ&l 1 +. T_MlL] .+ [Ml'LZ] +.0 .
. b 7F —_— - .
. Ml ] . 4 A [MI s ] * ’O )
- ~ 2 ¢ ) :, ’
: =1 + 51[1_.1 + BQ[L] P ' (3—3)‘ ‘
E:3 3 ' , - v .
[ \ - - -
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"+ fhe elution volume for a ‘metal ion is

% s

- . Ve-=D'g+V

given by:

) (3 4)

where’ 9-15 xhe welght of resin in grams and Vg is the v01d

volume‘qf thejcolumn in milliliters.

» -
@

-

it is evident from 4

these expressidns that the elution volumé depends on the

capa01ty of ‘the Tresin rMZ]R' the

counter-ion in soldtion [MZ]a: and

freg complgylng ligand 4in solution..,

s

concentratlon of the

..

the concentratlon of

-

The concentratlon of

Co ’;i);reeadigand in’solution can be controlled by adjusting the
“ 4
' ’ pH of theyeluent. .

NE

-
[

* ion mixtures depends on two factors:
4

-

[
o

The abildty of an ion-exchange system to resolve metal

the separability of

» the 'metal ion pairs (Vey/Vey; Vey/Ve3, etc) and the number

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

¥

bystem' is préportional to the particle diameter - thé

. smaller the resin particle size,; the smaller the plate

ht and the greater the number

lengyH. The separability of metal

ontrol for the separation (both

the development of a

gf plates per column

ion pairs obviously

S

depends on ‘the distribution coefficients. The principal

elution volumes and

’

résolutipn) is to alter oM 1, by either choice of ligand or

¥

varying the pH. The remainder of thls chapter

number®™ of separation

>

Il



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 Cﬁ, Zn,
Pb, Co and Cd mixture using a 0.10 M ammoriium tartrate/0.10
«M NH4NO3 eluent at pH 4:6. _The metal ions are well
rgsolvgd'but Ni could not be determined becauseiif eluted
" after Zn but before Pb. The other pkoblem was the
excessively ilong reteption 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—l‘as a function of

P

chloride ion concentration. » " —

vt -

. To improve the separation\between Zn and Pb and allow
the inclusion ef 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

L]

forms a more stable complex and its elution volume shéuld

be most susceptible to dhanges in solutio pPH. A
(

difficulty was noted with the ammonium tartrate system -

<

ammonium hydrogen tartrate is relativély insoluble and was

not sultable for further stdﬁies as an eluent. Sodium

1

tartrate was used for further studies of pH on the elution

volume.

° Bas
Figure 3-2 presents ‘the results for a separation of

Cu, 2n, Ni, Pb, Coj and Cd using 0.20 M sodium tartrate at

Y
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Fi,g.g3—lh= Isocratic ~A'-9/NH4— Tdrti separation .

'eluent - 0.10 M NH‘tartrate (pH = 4.60)/0.1() M NH

4 NO

4773
column ~ 12.5 cm x 4.2 mm Aminex ‘A-9 ) o
flow rate - 1.25 mL/min ’ ‘o .
injection - 1 mL of 5¢uM Cu, Zn, Pb,, Co; 10 M cd )
detector - W-SiP system 2 with PAR-Zn~EDTA and Sage

’ delivery system , .
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Table 3-=1 € . o
- . *Effect of [Cl7]on t,
v T -
Metal © ou2m NH,-tart 0.2M NH,-tart ‘0.2M NH -tart
Ion , 0.05M NH,C1 0.075M NH4CL 0.10M NH,C1
Cu(II) . 3:10 2:50 ' 2:45
» .
 Zn(II) 6:45 . 5:05 4:30
Pb(II) . > 8:55 6:37 . 5:40
Co(IT) ' 16:03 11:38 9:40
cd(II) *19:00 . 12:32. 9:45
- tR = retentio}x time (min;:sBc)
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‘ Fig. 3-2: Isocratic A-9/tartrate. separation.

eluent - 0.20 M Na-tart (pH = 3.74)/0.05 M NaCl1/0.056 M NaNO3
column - 20 cm x 4.2 mm Aminex A~9
flow rate - 1.2 mL/min

‘injection - 1 mL of 3 uM Cu, Zn, Ni, Co; 6 uM 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 giveé a poorly shaped peak. A
possiblehexpl;nation for the poor.coppér peak shape is the
prgsence.qf strong .copper b}nding sites on the resin., The
péak shqpe'riseé.sharpli and'exhibits;si?nificant 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
- L . - - »

vfhypothesis. At low copper concentrations, the peak shape’

is more symmetrical. suggesting a .linear isotherm binding

® A

region for the strong sitgs: The analysis time of 18
" minutes for this resin, dould not be shortened without

- . .
decreasing the resolution of the separation.
# - ) .
A second resin ~ BAminex A-8 - with a smalleér particle

size was used to improve the resolution. and allow’'a shorter
A ” .

analysis time. Figuré 3~3 presents the chromatogram for

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

+

at pH 3.65. This systqy wés capab%e of sépéfating the six
%ons in 14 minutes. with’ adgﬁ@ate resolution. The
difficulty of the Aminex A-8 system)@as a high backpressure
which requiwed‘aalarge diameter column (8 mm I.D:)" and a
large amount of resin.':The Aminex A;é resin increased in
backpfessure over time, increasing from 2600 ﬁsi _to
4500 '‘psi in 4-6- weeks. . The;Amipex A-9 columns could be*

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

eluent ->0.33 M Na-tart (pH = 3.65)/0.042 M NaCl/0.05 M NaN
column - 10 cm X 8 mm Aminex A-8

flow rate - 1.2 mL/min .
injection - 1 mL of 3 uM Cu, Zn, Wi, Co; 6 uM Pb, Cd
detector - W-SiP system 2 with PAR-Zn-EDTA
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required repacking. The difficulty with. the Aminex A-§

resin guggeSted that ' the "Aminex A-9 resifi would be the

better system for routine studies.

The optimized 6-metal separation presented in Figure

3-2 was used to cparactérizg’the detection limits for the

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

five of the six metals and the inset givés the‘chiomatogram

for the separation- near the detection Iimits. The

1

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

reagent and systeﬁ 2 photometric detector. The calibration’

curves for these five metals were linear but the copper

calibration curve was non-linear. ‘Figuré 3-5 presents the
L . Co - . . .
calibration curves for single injections ©of ‘copper using
id

both peak height and peak area measurements. The peak area

calibration curve was found to be 1linear which suggests -

that the problem is a result of poor peak- shapes.
Reproducibility studies' using 6x5 nmole injectiohs

gave relative standard deyiations A 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 aré twice

those obtained by flow injection analysis because of the

increased dispersion in,the ion-~exchange column. .
: | Y .
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Fig.3-5: Copper calibration curves .’

- conditions same as in Fig,3-2.

- | unit= 20 mm (peak height,®); 5.0 mg(area, 0 ).
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3.2.b. Citric acid eluents: Tartaric acid was not strong
. N w»
enough to elute calcium and magnesium within 40 minutes.
=,

To lower the elution times for the alkaline earths required

a stronger compléxinq agent to increase the value of uMlL
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 Figure 3~6 which shows the chromatogram for
Cu, Cd, Mn, Mg and Ca qsing 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. VThis exchange“system woulé 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
a chromatogram for the metals near the detection limits
using the citrate system. Copper, cadmium and manganese
gave linear calibrat%on curves over the range oé 0 to 25 M
{or nmol?s). Magnesium and calcium, however, were non-
lihear over the range of interest for model stﬁdies (0-250
and 0-1250 yM for Ca and Mg, respectively). This non-
linearity is a result of the exchange reaction in the
détectqg where the ‘calcium and magnesium concentrations are

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

Reproducibility studies using’G injections of 10 nmoles Cu,

f
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: Fig. 3-6:Isocratic 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 mLAwin

injection - 1 mL of 10 yM Cu, Cd, Mn; 500 uM Mg; 100 pM Ca
detector - W-SiP system 2 with PAR-Zn-EDTA reagent

¢ ¥
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K -

= . cd ‘and .MnFBan 100, nmoles of Ca gdve relative standard
déviations of 2.5%, 0.5%, 1.2% and 1:3%, respectively. The
* detection, lin{its were found to be 0.5 nmqles Cu, 0.25
nmoles Cd and Mn, 5 nmoles C2 and :25 nmoles Mg. These
* Values compare favorably with the values determined by fldw

injection analysis. .

[l
£}

~

3.2,c. BStep-gradient systems: * The citric acid eluent was
too stronlg to permit the separation of all of the ions of
’ nteresgt in one chromatogram. One way to increase the

mymber of metals separated in a chromatogram is to do a

»

-

gradient elution with increasing eluent streng‘th. The

possibil:’jty of using ‘a step-gradient system for the
se’paration was investigated to evaluate the [;ossibili.ty', of-
detérmining the alkalime earths in, the same chx‘:qmatogram‘aq_
the transition metal ions. iguure 3-9 illustrates the
advantage of the step-gradient system for éhe ammonium

) tartryate eluent, The steﬁ—gradient allows one to shorten
the elution time for cadmium without adding chloride ion
but does not allow one to determiﬁe Ca, Mg or Ni. .
Figure 3-10 presents the results of a 2-step gradient
chromatogram for seven metal ions. A low éitrai-:e "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

b d 4
- !
-

o~

“*
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24 min—

Fig.3-9: Two-step NH,-tart gradient’ separation

.

7
eluents - A = 0.125 M NH;Btart (pH = 4.6) + 0.075 M
NH,NO,; B = 0.20 M)NH4-t.art (pH = 4:6) s

column - 12.5 cm x 4.2 mm Aminex A-9 #

flow rage - 0.75 mL/min

injection - 1 mL of 5 uM metal

detéctor - W5S%P system 2 with PAR-Zn-EDTA and Sage '

delivery system

A—B at 8:00
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Fig.3-10: Two-step citrate gradient separation

eluents - A = 0.10 M Na~Cit (pH = 4.3); B = 0.30 M Na-Cit
(pH = 4.3) ¢

col - 20 cm x 4.2 mm Aminex A-9 '

flow rdate - 1.25 mL/min

injection - 1 mL of 10 yM Cu, %n, Pb, Cd, Mn; 50 pM Ca;
500 uM Mg :

detector -~ W-S5iP system 2 with PAR-Zn-EDTA and Sage
delivery system ‘

%
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remaining ions. This system would allow the analysis of
nd
one of copper ox 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
concentratidns. Figure 3-11 presen£s 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 changeé in 'background absorbance associated with changes

“

in citrate concentration. This decrease in baseline
stability fgﬁst ultimately,,  lead to greater

irreproducibility.* A second disadvanﬁage observed in our

Rl

3-step system was the appearance of a calcium contaminant.

not present:.in the isocratic or z;stép separatiéns. It’ is
thought that this calcium was present in trace quantities

in the citrate eluent. " The trace _calcium was

5

preconcentrated onto the Aminex A-9 ?olumn during the first
step and was being eluted during the third step. Step-

gradient did permit one determine the metal ions in a
: . )
single chromatogram \b the error introduced by the

L)

+ contaminant, the demands of precise timing and variable

o

o \ » ‘

. . J
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Cu h “ Mn  JCa .

I= 0.035M Na-cit (pH 4.6}
. 0.133M NaNOs '
W : 2=0.15 M Na-cit(pH 4.6)

: 0.05M NaCl :

3=0.30 M Na-cit(pH4.6)

%

2:00

12:00

2 3

E

-Sage delivery system
(PAR-Zn-EDTA)

-2

Fig.3-11"Blank and sample chromatograms with
a three-step gradient procedure.
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baseline indicated that it was more efficient for model

studieg to use the isocratic citrate system'<for, alkaline

” - . .
earth analysis. .
. ~

»

3.2.d. Injection variables: Chromatographi¢ resolution

can be affected by the chgracteristics of tQS sample
solution. rFigure'B—lZ preéents chromatograms of identical
6-metal mixtures (Cu, zZn, Ni, Pb, Co, Cd) made up in three
different sample'matrices. A good.separation was obtained
when the sample medium was acetate buffer (Fig;re 3-12a)
but a considerable 1loss of resolution occurred when the
sample was in the tartrate matrix (Figure 3-12b)." The
principal reason for the difference was the "effective"
injéction volume: when the sample was injected En acetat?

&

buffer, the sample ions were preconcentrated at the head of
the column but, " iR the tartrate, syste@,l theéf;qﬁgfl
injection volume was 1.0 mL with no préconcentration. .hhen
the pH of the tartrate was lowered, the tartrate eluting
power decreased, a similar precoﬁbentration occurred and
the resolution was improved. This.is illustrated in Figure
3-12c. ‘

. Further evidence of  the, 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 m?de up in

e t

?
‘
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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 tR and N

Vx C = 5 nmoles R N
A B (64 A B C

@

1 mL x 5 gM Zn ,6:34 . 6:00 6:31 749 226 769
100 uL x 50 uM Zn 5:40 :5:34 5:38 441 561 469

20 uL x 250 uM Zn 5:35 5:37 5:32 467 532 516

- tR = retention time (min:sec)

- N = # plates, calculated,u;ing lG(tR/Wb)2

- A = sample in 5 x 1073 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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° 5

either acetate or acidified . tartrate medium. This
T observation is most\“evideﬁt with 1 mL sample , volumes.
Furthermore, peak bréadeniné is obtained when large volumes
(i.e., 1 mL) of tartrate sample are injected, -as seén by
comparing valqes of N in Table 3-2 and in Figure 3-12b.
'These results suggest tﬁét for chromatographic resolution
to be retained, the saﬁple matrix must be non-eluting in
nature (e.g., distilled iﬁi, acetate buffer, 0.1 M NaNO3).

In some cases, chromatographic resolution may be restored

¥

bf 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 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
reagentsse, As expected, " the Ca contaminant observed with
the PAR-Zn-EDTA reagent was not detected whén PAR was used.

These calcium contamination peaks were observed either when



~ conditions same as in Fig.3-2

Ca{43:20)

PAR-Zn-EDTA
4

* - . 0’ "

Fig.3-13:Ca contamination with PAR agd PAR~-Zn-EDTA.
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large injection volumes were used or when a pre-~column:

9

preconcentration step: had been. included before analysis.
This will be illustrated in Chapter 4. ‘

" An example of the same 6-metal mixture determined
\ - £

usihg the GCE/DTPA detector syétem is shown in Figure 3-14.

When compared to the photometric detector systems, Pb and
b -

Cd respgnses were improved relative to those of the other

four * metals. It should also be nofed that the Ca
contamination problem discussed above Y}il be more severe
with the GCE/DTPA detector system. 'This is due to its
greater relative s;nsitivity to calcium than that shown by

the PAR-Zn-EDTA photometric detector system.

=

-,

3.3 Conclusions .

*

Three ion-exchange separations were found to be
suitable for model speciation studies. A tartrate system
ﬁermitted the analysis of 6-metal mixtures in 18 minutes.
However, strongly retained metals such as Mn, Mg and Ca
céuld not be ‘analyzed in acceptable separation times.
These metals were ‘analyzed using ; 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

-
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Fig.3-14: GCE/DTPA detector system.

14

~ImL of 3.75uM <Cu,Zn,Ni,Pb,Co,Cd.
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suffereq from a shifting baseline. These separation
- . »

R

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 ﬁholekfbr the ions Co(II) and CH(II),

»

respectively. 'If one assumes a 1 mL sample injection,
these detection limits give cohcentration detectioh limits
of 0.é§ uM and 0.50 for the two i;:s. ‘These~detecti§ﬁ
limits are suitable for nq}ysis of contaminated waters but
not sufficient for many natural waters or for chemical
speciation studies. ‘Typical‘_éadmium levels in natura®

waters are in the range of 0.1 td 20 ppb with a mean of 9.5

ppb or 0,084 ﬁM (Manahan, 1972). Thesg would require a

preconcent}ation of 10 to 100 times to bé'grea;er‘than the
detection limit. Metal speciation studies of model systems
with algae (Guy and Kean, 1980) indicaééd that whereas the

total levéls of copper ranged frem 1-10.H M, the "active"

species- (Cu2+) was present at 1levels ‘of 108 M. The
studies of  metal speciation | would 'require a
preconcentration of at l?ast 10‘ ‘times for favorlble
samples. A study of preconcentra%ion methods was

undertaken to evaluate tﬁe'pos;%bility of eitending thé use

of the ion-exchange system t® natural waters and sp;%iation

A .« "

analysis.

[

-

a®

ta



One requirement imposed by metal® speciation on the

S . : ) . .
preconcentration technique is tRat the preconcentration be

done after the speciation. This requirément isha result of
the labile nature of the species present in a water saméle
X-a preconcentration technigque that removes free c;tion
quantitativély wili’ ultimately strip the metal from any

labile species by shifts in binding eqdilibriq.

A large number of preconcentration techniques have-
r i -

Wi been proposed for metal ions. Solvent extraction of

- . i

neutral metal complexes @nto organic’ solvents is not well-

4 _suited for polarographzc or _ ion-exchange .Wethods of
analysis. Po}aroéraphy requires & conductive medium and

the Aminex ion-exchange resins and eluents require agueous

media for easy use. A back extraction of the cofiplex into

7 acid media would. overcome these difficulties but introduce

possible interferences into the analytical measurement

stgp. A second: method commonly used for preconcentration

‘ 's to convért the met;l dissolved in solution to a metal
adsorbed onto a solid phase. This solid phase could result
f dmfco—precipitatiOn with oxine, Mg (OH)g, hydrous oxides
‘0f manganese or iron, or be am ion-exchange  material. The

(latﬁer method * has ‘potential applications for preconcen-

trating metal .ions prior to ion-exchange analysis.

.
+ .
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A preliminary. study on the use of ion-exchange
membranes for speciation indicated th&t sample volumes of
25 mL containing the frqe metal: c'ation-in a salt ’matxv:ix
woulé] be the ' most probable sample requiring
preconcentration.' Two methods for preconcentréting these
samples looked promising - a Donnan dialysi‘s procedure
using Nafion 811X cation-exchange tubing and an ion~-

¥
exchange pre-column preconcentration of +the metal 1ions

prior to the analytical separation.

¥

¢

4.0.a. Nafion 8l1lX ion-exchange membranes: Ion-exchange

nmembranes have been produced as separators for industriél
use in purifying process streams by electrolysis. DuPont
has’ produced a perfluorosulfonic /amid catic'm—exc_hange
membrane that is:sold under the trade name "Nafion". These
membranes have a Teflon-like backbone with a'n' anionic
functional group as a substituent. A general formula for
Nafion 811X is: ‘

L
(CF2CF2) n(CFCF2) m

(OCF4CF); ~OCFCF503Na

! CF3 . ;
Nafion 811X is available in sheet and tubular form. The
I\

4

membrane has an equivalent weight (for Pprotons)* of

approximately 1100 grams. ' This membrane exhibits the

-

‘&
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. chemical stagbility of Teflen and the hydrophillicsites make

I . i
T, - : ‘ . )
+it suitable for use in agueous media. .

-
i

When a' membrane is ion selective and the solution
contains seweral different - free ions, an unequal

distribution of ions will result acress the membrane.

-

- C nsequéntly, osmotic and electrical potential differences,

. 7 - .

called’ "Donnan ,poténtial"™ or'. ‘membrane potential,- will

oy : -

result (Hwang :and Kammermeyer, 1975). Supposg a charged

membrane (e.g., Nafion 811X) :is‘ used to separate two

@ 4 e v Ll 12

electrolyte solutions I and II. 'I'he two solutions contaln

two d¢ounter-ions, (i.e., catlons), 1 of valence Zl and 2 of
‘valence Zs, and a common C.;D—].Ol’( ;(amon) Y of valence Zy.
. . P @

- ) If the solutions are suff1c1ently dllute (CR ('capac1ty of

membrane)>Cy), then the passage of the *qo-:.on through theé

EAN

membrane 1is neg-llglble due to i:)onnan exclusion of the co-

@ s

" ion. The result of the ion- xchange equilibria will be

.{(Hwang and Kammermeyer, 1975, pl38):

I |1 I .
Il [l l%,
II II (4-1)
. .ay a, .
A\ subject to electroneutrality conditions:
I "I i T
' 2,C7 + Z,C,0 = |z ]y
L A . ' (4-2)
C L IT I 11
BaCpF 2,050 = (ZY]CY . )
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The implications of équations 4-1 and 4-2 can be best

understood if the solutions are ideal, i.e., v il = ¥iII =
1. Then,’ ‘
Z L]
g [
. = = K (4-3)
CII CII
1 2

The equilibrium distribution depends on the initial

distribution of co-ion which does not change because of. the

e »

\permseleci:_ivity of the membrane. If one selects .the
electrolyteé such that (;YI;CYII>1,‘then.the counter-ion 1
v;n'.ll bé pumped frofn II to I. The driving force for the
diffusion of 1 is due to the .electric' potential generated
by the"distr‘j:butio'n of the anion Y. A large driving force
can be achiev?d by contrgolling the anionic concentrations
in I and II and this can often exceed the force due to the
diff;arence of its Swn concentration between the solutions.
This proceddre was initially proposed by Kelley ‘et al
(1973) ;'-3.5 a means of separating metal ions from a stream:»

' A U «

This continuods dialysis or Donnan dialysis is often

[y

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’

3



accelerated by adding a comple ageJ! to the stripping

[

{or receiver) stream.

The'ywalidity of equation 4-3 and the potential

analytical use has been demonstrated for cations (BiaedelA

and Haupert, 1966) and anions (Blaedel and Chrigtensen,
1967). One can envision two possible uses o} equation 4-3
and the Donnan effect. If Cy 11 = C2,1 (and Cy,11 = Cy,1):
it would be possible to use the membrane as a selective
speciation device for free catioms. This application will
be illustrated in Chapter 5. The seconfi use is to have
C2,11 > C2,1 (with eleétrolyte I .the sample, and II ihe
reéeiver) ’and use the device for prggoncentration. This
application will be described in this chapter.

Blaedel and Kissel (1972; have demonstrated that the
ini£ia1 transfer rate across the membrane is proportional
to the analyte concentration. T§7¥ used a fixed enrichment
time and obtained linear working curves’ even though the
recoveries were less than the theoreticql Galue (i.e.,
Donnan equilibriu@ 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

b

enrichment of cations or anions in various matrices. The -

, catiaon—~exchange studies used a receiver electrolyte

composed of 0.2 M MgSO4 and 0.5 mM Al5(SO4)3 to enhance,

-

1
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3" -
enrichment factors "and rates. The Al3* was thought to

" ¢
 interact with strong sites on the membrane and thefeby

minimize the interactions between these sités and the

[

analyte Yons. Cox and Twardowski (1980a) reported that a

" » Y L]
tubular membrane enhanced the eprichment rates over .flat

-

i) . . .
membranes. The advantages of the tubular membrane are a

greater surface area to receiver volume ratio, and the’

) -

flowing receiver stream minimizes copcentration

polarization,

1
3

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 %¢sadvantages to this approach. First, enrichment is

adverselx‘affected when the sample ion is in a solution of
moderate to high ionic strepgth; T For example, "Cox and
DiNunzio (1977) réborted a 50? decrease iﬁ‘ gnr}chment
factors when ' the ionic strength of ‘-the copper. analyte
solution incteased from 0.0l .to 0.02. Second, qyantitative
enFichméqfs\are not obtained. Cox and fwardowski (1980%)
reported enrichment factors oﬁ 17, éB,‘dB,'and 49 for 10,
20, 30 aﬁd 40 minutes, respectively. The enrichment
factors were found to:hecrease-if londer enrichment times
were used even ' though the theoretical | -200-fold
preconcentration had not been approached. They ﬁaséulated

that less than ideal permselectivity may.-be the cause. Cox

P
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‘and DLNunzlo (1977) noted that poor reprodu01blltty was a

problem unless one approached the equlllbrlum dlstrlbutlan.

To* {rmprove khe reprodu01b111ty, they required precise

temperature and stirring control and recémme‘ded the use of
‘o

o

an internal ‘standard. . E o
¢ » « Yo " ' - 0

One means to overcome these difficulties is to

* s

introduce a complexone into the receiver solution, The |
complexéne can enhance the dialysis rate by lowering the

free metal cation concentration ‘in the receiver and also

-
-

minimize adsorption problems . caused by. metal-membrane
) : . 2
interactions. Blaedel and Haupert (1966) and.;Waliace

(1967) used EDTA in the recéiver to preconcentrate %n and

v s
R

La .or S, ;espectiveiy. 'W'A stroné comglexoneﬁ’like EDTA
would be suitable for qtom{c absorption and ICP  analysis

but would be unsuitable for an _ ion-exchange analysis

+

procedure. A tartrate or citrate receiver solution would

.
t

i .
be' useful -for preconcentration' and -would alsa-*provide a
medium exchange, suitable for the ion-exchange procedure

described in Chapter 3.

* -
» . “ {
2 .
* -

4.0.b. ‘Ion—exchange pre—-column precOncentratidns: The

P ¥

ion-exchange equilibrium for a system .at constant .ionic
‘- 2

strength is given by: ‘

¢ M .

: +
#° M 4+ nRNa = MR+ BNa (4+4)

i

e

*

3

-,
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*
where MR+ is "an analyte cation and R the resin. The
equilibrium constant K is given by:
. 1
i ‘. [MRn]ﬁNa 1 45’
= — , , )
e [rva]®™ (M) .

-

- - K

where concentrations are used instead of activities because

of constant ionic strength. A distribution coeffi?ient D

(]

can be defined as follows:

n
Lo MR N RNa.
D = [ I_:']‘ = K _[,' +]I * (4-6)
; ] [Na'] o
The preconcentration could be given by:
- amount Qf metal on regin _ [MRnJ .'gfz D g (4-7)
v

-l

amount of metal in sqlution - [Mn+]

where -g is the weight of resin in grams and V the volume of
{ P - .

solution in milliliters. With typical values of Kgﬁé =

0.71, [RNa] = 2 meq/g and([Na+] = 0.1 meq/mL, D would ‘have

a value of 2849(assuming cu2t is present’at trace levels). .
‘ LY
For a batch equilibration using 1 gram of resin and 5 mL of

3

sample solutien, the preconcentration would be:

LI
B

amount of ‘metal on resin _ 1.0 g _ ' _
amount of.metal in solution 284 x gigpg ~ 968 (4-8)

a
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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 estimatﬁe the volume of solution for
guantitative uptake 'by assuming that the sample volume must
be ~20% of the elution volume. Then

Veample = 0-20 V_ 2 0.20 D.g (4-9)
For the conditions described earlier, Vsample = 0.20 x 284 x
1.0 g = 56.8 mL of sample cogld be preconcentrated (assuming
concentration of metal ions is less than 1% of %h%\w,resin

sites; in this case, less than 1.8 x 10-%4 M). "It is evident

that ion-exchange preconcentration can be very effective,

‘assuming that no species 1is 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) ha\;e used a short column (0.30 g
of fesin or l.5 meq) a.nd large sample volumes (1.0 L) to
effec’é a speciation of metal cations. The column was elu.ted
with acid to give ]:MRn] and equation 4-6 was used to deduce
[Mn+1. The large sample volume was necessary to ensure that

thé column and solution were in equilibrium. It is evident

*that it is possible using this method to do a

preconcer;\gration of free metal ion and speciation of metal
catiohs in thee same expﬂeriment‘ The work also illustrates,
however, that preconcentration will deéend on the species
present in the solution.

1
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Trace enrichment of metal ions on pre-columns has.been
reported by Cassidy and Elchuk (1980, 198la). They used a
strong-acid cation-exchange resin (Aminex A-5) to

preconcentrate metal ions £from nuclear reactor coolant and
u“
natural waters. Near quantitative recoveries were reported

for Ni, Co, Zn, Pb and Mn. However, the samples studied

A

were present in rather simple,. uncomplicated matrices. It

was decided to, study the use of Aminex A-9 pre-columns with

3

the aim of characterizing recoveries under various sample
’ *
conditions including sample pH, metal concentration and the
v

presence of dissolved organic matter.

|

4.1 Experimental

4.1.a. Nafion 811X ion—exchange membranes: The

precqnc%‘gtration 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,

Wilmipgton, Delaware) with dimensions of 0.025" I.D. and
0.0¥M coiled in 3 cm' diameter circles and tied
using Teflon tape. Push-fit connections were made by
inserting the Nafion tul;ing ‘ into /the Tygdon  tubing
(0.0BlS"I‘.D: x 0.1625" 0.D.) outlet of a Masterflex‘ $7520-00
Variable Speed peristaltic Pump (Cole-Parmer “Inst. Co.,

Chicago; 1Il1l.) equipped with Masterflex Pump Head £7013.

The merqbrané coil '‘was placed in the .éanfple solution and one
. N

4

@ s

ay

a



Nafion 8IIX QTygon tubing

[ 34 ;

/‘ Solution
flow ;

T
N
N
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PUMP HEAD ]

JRe eiver
(infer).
&
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(outer)

STIRRER

»

Fig. 4-1:Preconcentration by ion~exchange membranes.
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end of the tubing was placed in the receiver volumetric
flask. The sample solution was mixed using a magnetic
stirrer and the receiver soluEiOn 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
‘ samplé. The Masterflex pump was capable of driving six
heads which permitted six experiments to be done simultan-
eously.

_ The receiver soluf?&ns usually had, a higher iogic
strength \%an did ‘the sample solutions and were ‘therefore
susceptible to osmotic dilution. As a result, receiver
flasks were not £filled to thé mark, leaving sufficient
margin to compensate for this dilution '(typically 0.5-1.0
mL), After prescribed e?richment times, the membranes were
emptied into the wvolumetric 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 H20 (i.e., 75 uL cqnc:
INO3 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 ESA
JY48 inductivei& coupled plasma (ICP) spectrométer

(Instruments SA Inc¢., Metuchen, N.J.). The analytical



conditions were as follows: RF power 1300 watts; épncentfic

.

type nebulizer with'h.s 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 an? ensure uniform
membrane characteristics, the membranes wére 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; bas? or buffer was used both‘as sample and receiver

solutions. For certain studies at High preconcentration¥
N .

ratios near the detection 1limits of the ion-exchange

analysis, the unspiked samples were treated to remove metal,
impurities. The unspiked samples with membrane coils in
place weré_cleaned by passing. 50-75 mL of receiver solution
through the membrane and to waste. This cleaning.proceduré
reduced reagent blanks to a minimum. . The samples were

spiked with the metals of interest and the preconcentration

experiment completed.

LY

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
detegtor and connections were the same as those describei in
Chapters 2 and 3. A Rheodyne 4-way Teflon Rotary Selection
Vaiye equippéd withqg 5 mL ?eflon sample loop was uséd Eor
the injgction of£ large volumes. Smaller sample volumes were
injected usin‘ythe Rheodyne 7125 valve fitted with 1 mL, 250
L, }gp EL' or -20 1 L. sample loopé. All injections were made
by suction because the conventional "direct injection" mode
produced metal contamination £from Ehel syringe components.
The Aminex A-9 pre-column produced a backpressure of
~ 300 psi. A medidm pressure single piston pump (Eldex
ElZOSZ Menlo Park, Calif.) was therefore used for solution
sampling. The sampiing flow fate was 1.8 mL/min. A Valco
Modely CV-6-UHPa-N60 w6—wdy high pressure sample injection
valve (Valco Inst. Co., Houston, Texas) was used for
switching between sampling and analysis flow moées. The
pre—column was 3 cm x 4.2 mm stainless steel tubing packed
witﬁ Amineth—9. The pre-column was placed in the saméle
loop position of the Valco Valye. Figure 4~2b illustrates
., the flow patterns for preconcentration and analysis steps.

v

4.2 Results and Discussion

. 4.2.a. Theoretical Nafion preconcentrations: Theoretical

precencentration or enrichment factors (EF) can be
- ’ '
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B

[ - s Ly
calculated using equafioﬁ,-4f3. If one assumes that the
ionic strength is' the same on both sides of the_meﬁBrane,
then: . ’

CMrr = CMFO (4-10)
where MF represents metal frée, I and O represent inner
(receiver) and outeg (sample) solutions, respectively. The
‘inner receiver éolution, however, contains a complexing

* ligand that is not dialyzable éo that: )

/

where MT and MB represent metal total and metal bound,

Curr = Curr + CMBI (4-11)

respecsively. If one uses Ringbom's o-notation for metal

L3
-

complexation equilibria (Ringbom, 1979), then:

+ C

o = MBI " “MFI (4-12)
Cur1 -
and Cmqpr = l(a—l)CMFI. The value of o can be rgadily.

calculated if one knows the pH, the concentration and
binding constant for the metal complex. The experimental
A

arrangement would be:

.o Yo
. L
4
= - Y =
; ML

and the percent extraction is given by:



i metal in § - ¥
LB E S metal in O + me in T * 100
_ Vi Cyuprompr) L <100\
T .V C AV _(C __FC, )
T O MFO ITTMBI TMFT
»
L v (-1 G Cypy) < 100
= - e 3
VolurotV (1) Cyp o)
k = —2 _ %00 (4-13)
¢ o + VO “ \/ N
VI .
“ ~
The extraction obviously depends on two factors - the

a value (controlled by complexone and Fecgiver pPH) and- the
sample to receiver volume ratiq. Two examples will
illustrate the possible implications. Suppose ohe has a
choice of two receiver solutions - a’0.20 M tartrate eluent
at pH 4.0 and a 0.0l M EDTA solution at PH 5.0. Table 4-1
presents the calculated enrichment factors for éoppér and
zing.

The predicted recoveries for zinc are much lower in th
?artrate system because of the weak complex formed with
t%rtrate. The strong complexongnﬁhould be more effective in
attaining high enrichment facto;s. N

Under practical operating conditions, the ionic

£y

strength of the receiver solution will be greater than the

ésample solution. . The equations given earlier ‘can be
’ /
modified to give: Na_12 /
/

CMFI _ Ll =F (4-14)

Curo 20 ,
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Table 4-1

”»

Enrichment factors for sample receivers?

- EDTA*
v/ Cu 7n
10 10.0  10.0
20 20.0  20.0
60 60.0  60.0
100 100.0  100.0
- . % g = 4.0 x 10°
Epra - 4 ,
_ 10
’ % u-EDTA 1.58 x 10
_ 7
Gy popa = 7-91 x 10

Tartrate* -
Cu Zn
9.9 6.6
19.6  10.0
57.1  15.0
92.2 16.7
“tart = 2.51
_ 3
Ycu-tart ~ L+l ¥ 10
azﬁ—tart = ?9

¥ assuming equilibrium is attained

+

iy

1
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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:

]

= —9%F 100 (4-15)
- I : *
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 (Ig). "

It is evident that ionic strength differences will play -

e

an important gole in .the enrichment faétors. ,A weak

st
.

complexone like tartrate will be very dependent on the ipnicl

) ¥ 2

strength dlfferences whereas tﬁ2- stronger compleﬁ%ne EDTA

will be less dependent

. Wr .
' N 3 A
e

S ' 4 : co
4.2.b. _ Experimental Nbfidn preconcentrations: Nafion
membrane pgeconcentratioﬁ' experiments ‘ using - .ubular P
membranes have three variables suitab%e for.  study: the

. . A v
ionic strength ratio F, the value of o controlled by the -

ligand, and the ratio Vg/Vr. ‘Figure 4-3 présents the
cadmium kinetic eyrves for a Vy/Vp ,ratio of 400/10 for EDTA

.

and tartaric acid lggands. Both»ligand systems gave maximum-
enrichment factors of 36 * 2 after ‘45 minutes and both
systems showed a graduaﬂ'dgcrease in enrichment ﬁactorg at
longer time {ntervals. The apparent difference between the

two systems was not considered. significant becdause of

4
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Table 4-2 ‘ﬂ

3

Calculated enrichment factors for Zn into tartrate+

. .- T “4!Enrkchmgnt factor .
I, £ F Vo/Vy = 10.0 +20.0 60.0~ 100.0
0.002  10%. Y 10l 20,0 60:0 '100.0
0,02  10° CTt 1000 1008 58.1  95.3
0.05 16 ' . 8.7 188 50.9  76.2
0.10 4 8.8  _16.0  34.2  44.1
0.20 1 p o 6.6  10.1  15.1  16.7.
¢.50  0.16 . .2.4 2.8 3.0 "3.1-

. -
. e
v
. v
.
©
. .
-
. P

# qssumingneéuilibrium is attained,
o not corrected for I )
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Fig.4+-3:Enrichment factors as a ‘function .of
Timewforhs/Cd into 0.0IM EDTA (pH&8)
or 0.20M- gartrate(pH 3.74).
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experimental uncertainties in the measurements at short time

intervals. ' ot ¥
B . [} = >

Figure 4-4 presents the enrichment factors  as a
. function of time for a tartrate inner solution at various

Vo/Vr ratios. All curves attained experimental enrichment

factors below the theoretical Vg/Vi ratio. The..time to

3

\

, attain the maximum enrichment factor ranged from 20 minutes
" ~for 5X to 60 minu\teSH for 60X theoretical ratios. One
possible method to attain rapid preconcentration :w‘ould be to

use large Vy/Vy ratios but stop the expefiment at times
before equilibrium is attained. ”Inspection of Figure 4-4
suggests that to attain wal preconcentration o;‘E 20X, one could

either use VO/VI"'= 20 and 30 minutes to reach equilibrium or

4 . use Vo/Vyi = 60 and’1l5 minutes to reach a 20X preconcéntra-

tion. Table 4-3 presents the results of two expériments,

the first a 40-fold preconcentration wit,h'“méasurements at

’

equilibrium (60 minutes) and thq second a .100~fold precon-
c_entrétion measured at 45 minutes. The: results indicate

“that' it is possible to obtain rapid preconcentrations but

the reprodhcibility suffers unless the experiment is allowed
K "=~ to attain eq\ﬁ.libriurﬁ.

One megns to obtairf” high preconcentration ratios but

[ v

maintain small sample volumes s to decrease the internal

B

. ° volume (V). .Precancentration ratios after 15 minutes for

Vo/Vy = 100 but with Vi values of 2, 4 and 10 mL were 53.5,
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max
50F  [zn]T™" = 15uM
o 60X
40
. 40X
‘0
30X
EF '
.20 i - 20X
10X
, 10 o’ O o 2 o
- 5X
- 0] O O \®
20 40 60 80
T(min)
' Fig.4-4:Enrichment factors ¥§ time.
;o ‘ -

~Vo/V%=50,100,200,300,400,600 mL to IOml: .
- receiver = 0.20M tartrate (pH 3.74).

in 0.0IM acetate (pH 4.0).



" Table 4-3

-

Reproducibility measurements for 40X preconcentrations*

Preconcentration

. 40X 100X
Sample Equilibrium ‘ éS minutes

1 ' . 33.0 37.5

2 ’ 33.8 N 31.9

3 . 34.6 . 35.6

4 ‘ 3‘ 32.1

§ 1 35.6 N 41.6

6 a2 34.0

‘342 . 3.5

S.D. 0.86 3.7

%R.5.D. 2.5% 10.4%

»

#
i

* - 0.20 M tartrate, pH 3.74 receiver solution.
40X = 400/10 ratio; 100X = 1000/10 ratio.
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Y

42.4 and.15.4, respéctiv;ly. Figure 4-5 presents a kinetic
curve for a 200/2 mlL 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 volqmé.‘ Table’ 4-4
presents a reproducibility study for six samples of 200/2 mL
preconcentrations of ziqc. If one omits sample 6 (by Q
test), the mean preconcentration factor was 67.1 and ithe
relative standard.déviation was 3.0%. This was considered

to be the optimum situation for preconcentration using small

‘at

sample volumes on a routine basis. Higher Vg/VT 9afIBs\\\\
K L]

using Vy = 2.0 mL can also be used to attain high

preconcentrations, but for good reproducibility one must

f

attain equilibrium. /

The data in Table 4-2 sugge€sted that the value of F
will affect the enrichment factors and equation 4-15
dindicates that a stronger pomplexoné Qill be less
susceptible to ionic strength differences. Figure 4-6
presents the enrichment factoréa.for cadmium into 0.01 M
EDTA, 0.01 M EDTA + 0.20 M NaNO3, and 0.20 M tartrate buffer
as a function of sample ionic étrength. The data for 0.01 M
EDTA + 0.20 M NaNO3 and 0.20 M tartrate fall along the same
line contrary to the expectations of equation 4-15. The
Ehree systems have "a decrease in EF at an outer ionic

strength corresponding to 0.05 M NaNO3 and are at 50% of
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EF.

20 40
T{min)_

60

Fig..4-5=A 200/2 Préconcentration of zp
into 0.20M tartrate (pH 3.74).

= initial  sample, Concentration = 0.125 uM
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. Table 4-4

200/2 reproducibility study

Samgle
1
)

0.25 uM and 30 minutes enrichment time:

B

EF

63.9

'67.0

67.3
69.3
68.0

76.7
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l6er
- @-0.0lM EDTA(pH 6.0) ,
ol a- + 0.20M NaNOg
©  ®-0.20M tartrate (pH 3.74)
<4 | . 2 |
81 ’ F = -[!id‘ s
! . [Na]\o
4 i v
" -3 -2 - 0 ] 2 3¢ 4 5
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Fig.4-6: Preconcentration  of 'Cd ¥§ - ionic strength.
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full preconcentration at 0.20 M NaNO3. This value
co;reéﬁonds 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 %hg breakdown in Donnan

exclusign at high ionic strength and slow leakage of anions

~

across the 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 meméranes
fo; cation speciation had indicated that a high salt matrix
(0.30 M) would be necessary to prevent cation adsqrption
onto the membrane. The optimum fnﬁer solution volume for
sPeciat?on was'found to be 25.0 mL. The results reported
earlier {h,this chapter suggest that }t should be possible

to "effect a preconcentration-using a 2,0 mL inner volume of

- 0.20 M.tartrate + 0.30 M NaNO3 and a 25.0 mL.volume of 9§ter

*

s { . . . .
sample solution obtained from a previous speciation

expefimen%. The Donnan dialysis preconcentrafioﬁ for 30 mL
. ) 4
of 6¥30 M NaNO3 outer solution and 2.0 mL of 0.Z0 M tartrate
Y g ] .
+ 0.30 M NaNOj3 inner solutiQn gave a mean.enridhment factor
(]

after 60, minutes of 12.3 with a relative standard deviation

of 5.2% (6 repeat experiments), - The slightly higher -

L3
’

[ ']
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relative standard deviation for this run was a result of.
poor membrane[éolution contact.' A glass insert with tubing
lcoilefd around it shguld 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 inne—r solutions. The
tartrate systems were “analyzed 4 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 1l.4%. The
preconcentration step. contributes éonsiderably to the
unceri;ainty. in the measurement. The EDTA experiments were
detgrmined using the ICP and the analytical measurement had
a pre'cision.ranging from 1.7 to 4.4%. The two experiments
have approximately the same precision when one takes into
. account the ‘uncertainty intfoduced in the measurement step
and the higher EP for the EDTA system, .
Pigures 4-7 and 4-8 present 20X calibration curves for
tartrate a}ld EDTA inner soluticzns, respectively. Both
systems gave linear ‘calibratJ:.on curves and the slopes of the
lines repre§ent the relative sensitivities of the -metal
detectors. The ,chromatographic separation gave a

»

significant nickel blank which arises frt)m the leaching of
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Table 4-5

*
i

1

A~

tartrate = 20X preconcentration; Dﬂs

v

EDTA = 40X preconcentration; [Nﬂs
Mn, Ni, Co; 0.45 uM Cu; 3.00 uM Ca, Mg.

' Enrichment factors for Donnan’ dialysis preconcentrations
i tartrate* EDTA*

Metal EF RS BF &RsD
cu 19.8 6.6 (1.3) 38.4 7.3 (1.9)
Zn 18.5 4.4 (1:0) 39.2 3.1 (2.1)
Ni 18.7 4.4 (0.7) 37.2 4.5 (2.2)
Pb 18.4 3.9 (1.0) 32.6 10.2 (2.2)
co 17.9 3.9 (0.8) 32.5 6.2 (2.2)
cd 17.6 5.3 (1.4) 36.1 6.2 (2.4)
Ca 38.8 4.8 (4.4)
Mg \ 13.9 16.8 (1.7)
Mn 36.2 6.1 (2.3)

= 0.20 uM

Cp, Ni, Zn, Cu; 0.40 uM Pb, Cd.
» .

= 0,15 uM Cd,

bracketed values are for stan8ards.

all values of %RSD are for 6 repeat experiments.

.
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¢ Co
g N
120} ; o Zn
~ i 4 ,
- E Cu
= Pb
mo = r,
(O]
: 4 ,
H A * k] ¢ L]
x L
<
i
a
|8
40} Cd
- r\ ﬂ
i I " { " ] " g * L
0l0 020 (Co,Ni,ZnCu) -
0.20 . 040 (Pb,Cd)
1, , ﬁg .,tg . , -

Fig:4-7: 20x preconcentration info O20M tartrate .

- 200 mL sample-in acetate buffer,0.00IM{pH4.0).
- 1O mL tartrate receiver,{pH 3;74). .
- T=60min; analysis by HPLC.
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. Cd
L B » Mn
1600} : . .
1200}
"N
\
800} L ” ‘ i
Ca
- : n . ] ' Co
- 400} . — “Cu
y . o . . Mg
= : > .
0.05 0.5 (Cd,Mn,Ni,Co)
0.15 ’ 045 (cy)
1.00 300  (Ca,Mg)

[Ml,pM

Fig. 4-8: 20x preconcentration into 001 M EDTA, *

—conditions same qas i Fig.4~7 except pH 6.0 p
and analysis by |Gp, S .
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nickel from stainless steel by the acidZéied tartrate. The
curvature of the copper calibration was discussed in Chapter

3. Using a Vo/Vp ratio, of 100 and Vi ¢f 2.0 mL, the

detection limits for the chromatographic system could be ,

lowered by a factor of 60~70.
. 2 L
The precision of the enrichment factors'anﬁ the linear

callbratlon. curves indicate that Donnan dlaly51s would be

suitable for- preconcentrathn factors ranglng from 10- 60“

with precisions of #58%. A routine use of this method would

1

require the inclusion of a~ control to determlne the

enrichment factor for ‘each equilibration. For the system

Pl * ®

described in this report 'using a Masterflex pump withdsix

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 -preconcentrations: :The pre-

concentration samplihg system described ' in Figure 4-2°

contalns two sampllng valves ~ a high pressure valve in
between sampling pump and pre-column and a low pressure

valve before the ~samp11ng pump. The latter wvalve used

Teflon sample\ loops wherea? the high pressure valve used

stainless steel sample ;oops. « This® arrangement was not the

ideal situation because the sample from the low pressure

valve pu;p pass through the Eldex ‘pump before the pre-

column. This. arrahgemegt requires a prefiltration of the

*

<

s



ple to remove partlculates as tHZse coul@ interfere wiith
iggck valve operation 1n the sample pump. An 1ﬂhllne sample
valve \hould not suffer from this problem | b;ca se
particulates would be trapped by thé inlet frit of the pre-

' column (this would, of course, result in a gradual increase
ckpressure) The low pressure sample valve and Teflon

ple loop wag found to be necessary for large sample
\..preooncentratlons (greater than 1 mL) becéuse a large 10 mL
\stalnless sgkel sample lo&? obtalned from Valco gave hlgh
nickel and zinc blanks.“ Passivation of , this sam%fe loog
. Wth aﬁDfA, HNO3, and‘}taftaric acid’ was fdund \to be

»

ineffective. .

w . . ¢ e

: The first expé&riment used the'!pre~column in-line with 'a
£low* injection anajysis /manifold. Individuai metal ioné’

1

were preconcentrated from 1 mL onto the pre-column and- -
!

backflushed with eluent into the FIA manlfold for detectlonv

The time from switching the valve to peak maximum was

™ ¢ »

determined to\bei42 séconds for Cu, Zn, Ni, 'Co, Pb, and Cd;
¥ - . .

.
-

and 52 seconds for Ca and Mg." -The transfer time from valve

i

»

tlme dlfference for ‘the transition metals was - probably the”

4 er

tlme requlred for eluent to waéh through the pre—column and

restore ~maximum .eluegt strength The 17 second tlme

~

-

N

»

N
-

X

1Y ' w \.\‘
to detector was estimated to be 35 seconds. The‘?“second R

»s

difference for the élkaline‘earths is pfobaﬂly due to the

0

t
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* Similar cycling schemes were

» g
retention of these ions by the resin in the presence of

tartrate (cf the behavior of Ca and Mg on tke analytical

A
column).

: ) .
Preliminary experiments suggested that reproducible

blanks could he obtained only if a standardized injection

procedure was used. This procedure for a~5 mL ‘sample vo%ume
consisted of a 10 mynute load cycle during which sample and
distilled water were\passed through the pre-column (i.e., 5
mL of eample + Méi;?fkf ter) and a 4 minute inject cycle
during which tartfete eiuen ?assed throughgthe.pre—colqmn.
sed for other sample volumés.,

Table 4-6 presents "the results of an® gxperiment in

! ¢

. whith 50 'nmoles .of metal were injected in different sample

Y

volumes (Cy x \q{ = 50 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%. 'WMRis irrepro-

du01b111ty was probably duexﬁp the use of dlfferent sample

loops and loadlng cycles.‘ Slx repeat 1njectlons of 5.0 mL x

!

T el 011M u51ng the 1njectlon procedure descrlbed ‘@aarlier gave

»

much %ower relative standard dev1atlons, i.e.¥ 0 6 - 1l.6%.
it 13 therefore an1sable, whenever possible, to use the

4 Py

- . ‘ - . -
same sample loop and samplezloading cycle  fors-both samples

and calibration standards.

~

‘The effect . of solution ionic stremyth on
A - * . s
preconcentration was studied by ‘injecting 1 mL or 5 mL

T
.

S )



Table 4-6

Uptake by Aminex A-9 pre~column vs sample volume

1.0 mLi x

10,0 mL x

Injection
0.5¥le x 10 uM

5 uM

2.0 mL x 2.5 uM
5.0 mL x 1.0 uM

0.5 uM

o

%RSD

$RSDB

A

-

Peak heights {(mm)

cu "zm N BB Co <
81 101 118 59 122 _ 49
80 105 124 65 134 53
81 103 126 66 128 53
g1 93 111 59 118 48
88 114 114 58 120 49
822 1032 1186 614 1244 504
40 7.3 54 62 53 48
15 1l . 16 06 14

—- samples made up in 1072 M acetate buffer (pH 4jb)

- srsp? =

I

. - RsD®

&7
T

for injections &hown (i.e., 0.5, 1.0, 2.0,
5.0 and 10.0 mL).

for 6 injections of 5.0 mL x 1.0 uM.
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samples of metal ions in the presence of increasing amounts
of NaNO3. 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 sa@p;g volume was affecfed at
values above 0.5 M NaNO3. 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.
Thése results suggest that the ion-exchange pre~column would
be suitable for the 0.30 M NaNO3’sa1t solution proposed for
speciation studies but not suitable for seawater samples.

Y

Figure 4-9 presents the calibration curves for a 6-

metal mixture using 5.0 mL injections. The chromatograms
gwere indistinguishable from sample injection directly onto
the colgmnﬁ For 5.0 mL injections, the blank peak heights
Were.2.5,.3.5, and 3.0 mm for Cu, Zn_ and Ni, respectively,

» whereas Pb, Co and Cd gave no blank peaks. The detection
. Jimits wdre as follows: 0.05 uM Cu, 0.02 uM Zn, 0.03 1 M Ni,

L

0.10 thPb, 0.02 uM Co and 0.10 uM Cd. These limits were a
factor of, 5 times lower (in. concentration ‘pits) than the
1.0 mL injection. This*fuggests that by using larger sample

volumes, it would be possible to -lower the detection limits

.

furgheff ] -
%he principal.- difficulty associated with large sample

volumes is the time requifed for sampling. , The sampling

‘pump flow rate was pressure-limited to about 2 mL/min. The

L
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Table 4-7

Effect of salts on Aminex A-9 pre-column'uptake

Peak heights (mm)

Mg

I

22
21
22
21
20

Co

PRp———

. 193

183
198
180

95

Cu, Ni, Co, Zn;

Co

184
156 ~

A - [yano,] Cu cd Mn

. . 0.0 M 170 82 71

0.1 M 172 82 73

0.2 M 172 82 72

-
0.5 M 174 " 82 72
i.0M 178 84 72
* - 1 mL injections of 10 uM Cu, Cd, Mn;
100 yM Ca; 500 uM Mg.
. o .
B - [NaNQ3] T Cu Zn Ni Pb
0.0 M " 117 176 131 128
0.1 M 115 180 128 117
. 0.2 M 4 120 177 139’ 130
0.5 M 119 172 132 131
1.0 M 123 114 97 119.
*% - 5 mL injections of 1 uM
- 3 .M Pb, Cd. :
c - [waci] Cu in Ni Pb
0.2 M 56 165 133 131
0.5 M 33 150 124 123
*kk

3 uM Pb, Cd.

5 mL injections of 1 uM Cu, Ni, Co, Zn;

-
)

Ca

66
66
65
63
61

Ccd

76
73
80
77

45

<~ C4a

75
11
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~ CO
140 " ~ Ni
)
Zn
A .
__ oo} ’
£
£
= A
S . . Cu
) w
T
¥ 60- - .
ﬁ P)
o - Pb
i Cd
20t o

. .o.'zs * 050 0.75 100
. [M]r PM L

»

. Fig.4-9: 5mL injections onto pre-column.'

» - analysis using PAR-Zn-EDTA.

] . N
’ . - v
.



dead volume o% 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 -an'alytical s‘:aparation of
a previous sample. This is not‘ as time-efficient as }*the
similar 25-fold preconcentration of six sa{mples usigng,Donnan’
dialysis but is more efficient in use of sample volume.

A study of the effect of complexones -on metal ion
uptake was undertakeb for two reasons. The first reason was
to evaluate the possibility of coupling the Donnan dialysis
preconcentration to thla ion-exchange pre-column precdncen-
tration ané 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
Donnanhe\nrichment followed'by pre-column preconcentration if
the sa_mp}.e PH was less than 2.5. Calibration curves and
reproducibility studies for 1 mL acidi, tartrate samples
were done for Cu, 2Zn, ,.Ni, Pb, Co and .Cd. The results were

similar to, the direct injection of 1.0 mL acidified tartrate

samples and gave reproducibilities on ‘the ordery of 1% RSD.

The injection of 5.0 mL of agidified tartrate, however, gave

o .

-

D
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3

100} .
. 80‘ *
60t CITRATE
40}
20}
1.0 2.0 30 . 40
: . pH
. . ‘
3
Joaf )
. :1)':.
gofp A
60 . . TARTRATE N
*
‘a0 ' .
20t
1.0 " 2.0 3.0 é 4.0
pH _

Fig.4-10: Pre-colimn uptake as a function of pH.

-samples mede up in 0.30M citrote or 0.20M torirate.

N
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high blank values - 11, 25 -and” 83 mmﬁf;or Cu, 2Zn and Ni,
respectively. Thes\e\gﬁnks should be coinpared with earlier
blanks of 2.5, 3.5 an:i/B Oumm for the"inj ction of 5.0 I;IL of
0.01 M acetate buffer. ,The high nickel b ank probably is a
result of m.ckel belng 1eaehed from the, etalpless steel
components  (10-14% Ni) whereas ° the oppes.  and zlnc\
contamihations nréy result from iméurities \in the a;éidifiecl

‘frtrate.-~ Similar results ) v’;lere note _gor ’ 'stre'nge'r
complexones sich as EDTA and’ NTA where a I'dw ,Sample pH was*

‘

requ:.r’ednfor metal uptakek by the pre-column\ ThlS problem

with blanks ‘negates the use of pre-column preconcentra‘tlon

of Dorrna‘n_\d;lalysm samples unl¥ss one uses aomponents less
susceptible to acig leaching. . P S
«* * “ « {
.‘/ . . :. H :.‘ | .

\ . ~ '
4.2.d.~ Effects’ of speciatidn. on preconcenﬁra'ti'on- “*The
-~ L1 X 1

results reported 1‘h Flgure A—xm clea:ly «1llt.fstrate the role

of complexatxo':.n the use of A pre-—column‘ for preconcentra—,

P

Jt:iﬂl The specmtlon of metal ions in the sample will a]:so

éffect the Donnan dlalxsw method. _The equatlons developed.

s .
‘ earller aﬁsumed that ghe metal ions’in the sample were free.—

F 4
. Equatloh 4-15 éan be i'eadlly modified to, take into, aecount

3
the role- of sérhple spec;atlon by 1nclud1ng an e! term fbr

. €
v
1

¢ bigding of ions in the’ sample. - "
. ‘ % E =" - : '
, s - e AT {‘7"" - )

el 4 * PR
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Two examples can be used to illustrate the role of
sample speciation on ‘the enrichment factors by Donna:n
dialysis. Table 4-8 presents the results for the Donn'an
dialysis preconcentration®of citric acid sample solutions at
pHE 5.0 using a 0.20 Mk tartrate receiver, also at pH 5.0.
Complete preconcentration was noted for these samples even
though’most‘ of ° the metal ions weré bound in citrate
complexes. A second, less encouraging, exampleA is given in
Figure 4-11 for copper,~ lead and cadmium in humic acid
solutions. The humic acid significantly decreases the
,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 inIChapter 5) indicated that they
were ngarly comp:letely bound. ’ The tartrate receiver,
however, strlppe‘& approxlmately 2; and 55% of the copper and
}ead respectlvely. The ion-exchange pre-column, however,

gave cbmi:lete uptake. for",ttig"ﬁh;ge,metta,l ions in all of the
‘humic acid solutions. T .

~ -

The .complete uptake of - the" mgtals by the 1on—exchange

4
- -

pre—column 1n " the "gresence of humic ac:Ld " Was qulte

t

. ux’iexpected Earla.er work by Flgura and Ycputfie (1979) and

t

wprellm:mary wdf'_l_(; tc thlS theSIj 1ndlca‘ted that humic
1

collmda prevexptmuptake of cqpper* u51ng Chelex—loo. This ‘is
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Table 4-8

Donnan dialysis of citric acid solutions

- . & free¥* EF**
[eal,ww+ . 'cw Pb cd  cu P cd
0 . 100 ° 100 100 10.0 10.0 9.7
50 31 87 100  10.2 10.1 9.8
100 14 73 100 16.2 10.2 10.0 -
200 T 7 58 100 10.4 10.2 9.9
* - experimental speciation reported iﬁ Chaptér 5,

Figure 5-15.

*% - Vy/V = 250/25 = 10. : ;
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EF

3 iz 18 24 20

: , [H.NA] EPm

3 Fig.4-1I: Effect of HA on Donnan dialysis
2 preconcem‘rchon of Cu,Cd and Pb

r’\

' -4007!0 wn‘h tarm:fe receivel; bHSOO M]‘ OﬁpM
- anaiysis by ,DPP.
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usual%g explained by poor . kinetics of metal-humic acid
dissociation, It ”is evident tha;r}éddikional work is
gequired comparing metal spéciation and the preconcentration
methods before one can offer a definitive éxplanation for
the differencel between '‘Aminex A-~9, Chelex-lOO‘ and Donnan
(dialysis. Chapter 5 reports on a djalysié procedure that
may be useful in future work relating metal spegiation and

-

preconcentration. I ‘
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Metal Speciation by Nafion Dialysis .

f '
. o7 v? ‘
"
s .

5.0 Introduction

Dialysis has” been shown to be an effective method of
Al

'aohieving a size sebarétion.» It does, however, suffer from
two drawbéoks which may limit its applicability. First, it
is very time consuming, often requiring 24 hours ®r more to

"attain equilibrium. Secend, the dialyzable fraction does

»

not necessarily represent that which is ‘bioavailable, The
’ : . . .
dialyzate may consist of @ small species capable of passing,

" through a diélysis membrané but unable to interact with av

‘.

biological membrane. .

* »

»

These ilimitations associated Qlth dialysis are ,not
necessarlly inherent to the method but may 'instead réflect
the propertles of the cellulose membranes.' One possxble ’
speciation procedure would b to combine the‘gelectiviyf'of'

: ‘ n <L
ion—-exchange with a batch dialysis separation.' The advan=-

Remr

tage of’ a batéh 'sepafation is the p0381blllty of . ualng

small sample volumes anﬂ1 rapld equbllbratlon. Cellulose

M

dlalys1s bag4, for example, contaan re31dual anjonic, sxtes
5 ‘ . F

.

. . 5 Dot
that retard the dialysis of anlonrc spe01es. The chérge

» Ld

den51ty 1s too low, howevér,\to prov1de coqplete exclus10n
" of anidms. . DuPont broduces lon-exchange membranes: (e. 9.,
. ’ : .

-
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Nafion 811X) that have an inert fluorocarbon backbone with,

sulfonic acid exchange sites bonded to it. ' One conceptual
» ) « .
nmodel of this membrane is a hydrophobic matrix.with islands

- of hydrated exchaggg groups connected -by channels ‘in the

matrix (Yeager and Kiéling, 1979). ] .

’,

.. - One can then envision .a 'speciation procedure: based

upon_ the following mechanism. One uses thé membrane to

5

separate :tpe‘ sample ' solution from a receiver solution.

. Both the- sample and reéceiver solutions contain the same

%

. 'electrolyte at thé same concentratioﬂ (¢.9.,'0.10 M NaNO3).
M 3 °

An ion-exchange equilibrium is established between the free

»
metal cation and membrane sites on the sample side of the

.
¢

- v

membrane:

-

e 2t -
2NaXx + ot * R
' a (M,Sz Cu CUXZ(M,S) + %Na (5~1)

"
-

.
» »

The adsorbed metal ions diffuse through the channels and

i

redistribute to establish ioh-exchange equilibrium with all
v « ' b . PR . r

sites: | o . R

. = - / .
: , Corms) T CXo,p (5-2)
K - " " * . » )
o . . o - ‘k ) I i. -
and the exchange equilibrium is’ finally established with

the receiver soiution: - -~ - | < . .

#

' - ’ 4 ; ) ‘2{: . o . v [
JcuX + 2Na ‘== Cu”."“+ 2Na® . > (5=
- ~2’(M,r R) . ' " 'ZNa (MrR) « ! ( ) 3) .

Y

1
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In the above expressions, M, ﬁ and S represeﬂt membrane,k
recelver side and sample side, respectlvely. As iilustra-
.ted: in Chapter 4, 1t will be necesgary to maintain the same
electrolyte concentratlon in both sample ‘ipd ~rece1@er.

_ Under thesa conditions, the Donnan'effect will be minimized

v -

and: : . ‘ C ;

240 L o 24 .
lee™lg = [ea)g | (5-4) -.

.
-~

s L
e

. ' . . . .
Expression 5-4 is for free metal concentrations. - The

charged membrane will exclude anionic species and. the

connectlng channels“ "will be partially. se;ective with'

.
‘ a

respect to. 51ze. : . ‘ BN

This chapter w111 describe. the application of Naflon

ioh—exphange membranes to‘the spe01at10n of metal ions in

-
a

. * : - L]
model systems containing various 1ligands. . The working
parametérs’ will .be- characterizéd and limitations estab-

. : , ~ .

lished. In’ some cases, comparisoﬁs*”beﬁween calculated

speciation and that obtained,eiperimentally-will be made in
_ order to clarify the possible'permselectivity garéﬁeters, i

»

2%

-~ #’ i ! X .- ‘. . b
5.k Experlmental N P .

e

The Nafion Spec;ation dla1y51s experlments were done'

* 3
- using an arrangement 51m11ar to that own in Flgure 4«1.

k}arge volume. (2 4 L) stock solutlcn was made up 1w

. -

»
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o

disti;led/deioni\zed water and cohtained apivropriai:e amounts

of. eiectroly-te {NaNO3) and aegatate buffer. Both receiver
and sample solutious/ were taken from~the‘same stock solu-
tlon prior to splklng the sa‘mple so\lutlon with x;xetals and
ligands.  Unless otherwmse stated, the sample solutions:
\ (a_iOO mL) were placed J:n Nalgene beakers whereas the
recei\;er solutions were plﬂa;ced in 25 mL volumetric .'flasksl
made up. to. volume. Sample solut_ions were stirred for the
_ duration rpf the fexperimerit efter whieh *-the membrane
contents were emptied 1nto the volumett;c‘ flasks. These
were not' madé up to volume as thls was cq>n51dered to be :a
_ dilution of an equlllbrated system. With: a 400 mL eampie
sclut;Lon and a’25 mlL receiver solutlon, the dllutlon effect
on chémlcal equlllbrla was les)s than‘ 6%. Recelver solution
fractions were cons:LdereG- "free {ox dLalyzable) whereas
sample so’lutlon conteuts :vere conSJ.d'ered "total"
; ‘fma_lys;s of reeelver‘so}utlons was done us:mg' ‘either .
'the I-iPLC/'sys,te,m 2 detector deécribed in Chapivzeré; 2 and 3 or
4 PAR 174A Polarograf_)hlc 'Analyzer (Prificeton ’Applieﬁ'
Besgarch P:‘:1ﬁceton, "N.J.) with droppmg mercury eq.ectrode
used in ,}:he lefferentlal pulse mode (DPP). . Where possmle,
> Sample « s&lutlons were also measured (e'g.‘, Cd-N’I‘A by DPP

%
and,M-CA‘ lqy” both DPP and HPLC). In exp.erlments whe.;:e pH ’
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. . N
-was varied, pH measurements were made before and after

" dialysis with the latter being considered the equilibrium

- ]
PHe . T ‘

" Membrane treatment was 31m11ar to that descrlbed in
Chapter 4, ;.e., 2 M HNO3 for 30 minutes, 2 M NaOH for 30
minutes, and receiver sSolution ﬁo; 15 mihutes. Since
speciation'experiments did not involve the preconoentration
of contaﬁ}nante;as was the case in Chapter 4, the membranes

were used without the sample clean-up procedure described

W . . +

earlier.
. s L - , .
. Dialysis experiments: were usyally ' done using one

& * -
. . N

dialysis cell .arrangement to Tepresent one'  set of
experimentél conditions, For example, kinetic studieb'

1nvolved 51x 1ndny1dual dlaly51s cells fun simultaneously

- with each be;ng stopped at a diffefrent d1alysxs time.

Similarly, pH ahd ‘tltratlon experlments- 1nvolved six‘,
b -

dlaly51s cells, each cell representlng a dlfferent QH or a

different concentratlon of’ metal or llgan&

. -

4
Mass balance experlments were done as follows. Once

~

the d1a1y51s exPerlment was completed, the membraqes were

1mmedlately removed and placed’ in a beaker contalnlng 40—45
S v ,

mL of 0.5 M HNO3. ° The memBranes were completely immersed

and the ,dcid wash circulaﬁed'for 30 minuﬁes. The'wash was

»

neutralized with NaOH and brought to gy 4.5 wmth acetate
buffer. These washlngs 'f were.‘ then  transferred

. ’
- - * Y -
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quantitatively to a 50 mL volumetric flask aqd made up -to
volume.  Metal analysis ;as done by different%al pulse
polarogféphy. ‘

The humic acid (HA) solutions were prepared by serial
dilution of a ock sélution made up as follows. Acid-
washed technica:hszﬁde'ﬁumic acid (Aldrich .Chemicals Co.,
Milwaukee, Wf;,)‘was suspended in distilled/deionized water
and NaOH peliets addeéd to bring the pH to about 11. This
solution was filtered through Whatman #42 papeflwith the .
Eiltrate being acidified with HNO3 to pH 2. The humic acid
precipitate was recovered by centrifugation at 3500 rpm for
30 minutes. . The preéipitate ,was redlssolved in
dlstllled/delonlzed water by brlnglng the pH to 7.° This HA
solution was filtered sequentially through Whatman #1,
Whatman #42, Nuclepore 1 um and Nuciépore 0,2 wm filters.
The final filtféte41£épgesentéd the humi¢ acid stock
solution, Its concentration was determined by acid-
preclpltatlon,JpH 2y oﬁ-%; mL allquots. The precipitates
were recovered on Nuclepore q .2 um filters, dried under
vacugm for 1 week and we;ghain’ The cdncentratiozmof the
" stock ‘Solution wa§,f§und to bé-zsbo ppm.  The fulvic acid

'(FA!;::?tock . solution was ' preparéﬂ . by . ‘ dissolving an

,approptiate amount oOf freeze—drled fulvxc ac1d (obtJined

.

L]



from Dr.. C. Langford, Concordia University, Montreal) in
1 L of distilled/deionizdd water which was also made 0.30 M

4
in’ NaNO3. The fulvic acid stock sélution was 100 ppm.

a
[N

5.2 Results and Discussion

5.2.a. Characterization of speciation by Nafion dialysis:
[}

3 ? [ ]

As impliéa by equation 4-3, speciation using ion~exchange

membrageg 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 detafmined by equation 4-3. . For- example, if the

receiver - electrolyte is 0.11 M Naﬁ03 and the sample

1

electrolyte‘is 0.10 sM NaNO3, a preconcentration of sample
trace metals will. result amounting to an enrichment factor

>
of 1.21 (i.e., (0.11/0.10)2) or an error of 21%. This

requirement can be met if the eélectrolyte c?ncentfation

used for sample and receiver solutions is much greater than

the total concentration of saﬁple trace metals.

8 -

Initial experiments were done using 0,10 M NaNO3 as

"

electrolyte, with 200 mL sample volumes. and 10 mL receiver

4

volumes. Figure 5-1 presents the dialysis of a 10 uM caz+
sample solution as a\function of time. The sample solution

'contained no strong igands (i.e.,-10-3 M acetate, pH 4.5)
and therefqrq, at equi¥ibrium, both sample and receiver
13

-

”
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" Fig.5-1: Didlysis using O.IOM NaNO; and o 200/10 arrangement.
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concentrations should be the

same,

simplicity, only Cd results are sthn but simI
were aléo obtained for Cu, Mn, Mg and-éa. \
Several points shegld be noted. First, both receiver
and samp%e solutions attained equilibrium concentrations
after approximately 120 minutes. Second, the receive?

concentration was dJgreater than the sample concentration,
v 0
V, -

typicall§ a 5-10% enriehment. Third, losses of 20—30%}were

observed for both solqtions.

. ’ .

The fact 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

recejver side. This evaporation appeared to be proporﬂﬁonh

'

atly more gignificant on the receiver side, possibly due .to

1

evaporation losses from exposed dialysis tubing. " Losses of

several tenths of a milliliter during a 120-180 minute

-

: - L} bt '
, dialysis run were not uncommon, - The result of water

evaporat%on would be an increase in electrolyte concentra=-
' A3
. - o . .
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

L

concentration and a 10.8% increase in divalent trace metal

concentration (i.e., a 10.8% enrichment with-, reMpect to

.
e

sample) . '



L]

A ﬂ!}e 51gn1f1cant problem is’ the 20 30% loss from

v

\
both sample and recelver solutxons. In the absence of any

v

%dsorptlon losses of metal ion, both solutions should

'equlllbrate at "9.5 uM (i.e., 200/210 x 10 uM). The fact

that’ losses cannot be accounted for: by' sample dilution

Ya

indicates that adsorption may be occurring. These 20—30%
‘losses_were ‘independent of pH over the 3.5-6.0 range. They

wele t also rep%oduc1ble aﬁd proportional to sample
N .

1

* 4
concentrations. Calibration curves for Cu, Zn, Ni, -Pb,.Co,

. ¥ . :
Cd, Mn, Mg, and Ca were all linear despite these losses.

M

Table 5-1 presents ‘the results of :a reproducibility
»

experlment using 0.10 M NaNO3, 200716 samplé to receiver |
ratlo and a°7J-m1nute equ;llbratlon. The relative standard
deviations for ;eoelver concentrations rojggd from 2.6 to

g

5.4% and samplé lossos were typically 20%.
‘ Seéarate .experiments indicated that the aasorption
loss was not onto the glassware or Tygon tubing But onto
the Nafion mé&brane. ﬁFlgure 5-2 1n§1cates the amount Of
cadm%um\adsorbed‘onto the membranes {as determined by the
acid wash procedure) as a function 'of initial ' sample
cadmium concentration. It is obvious that the’:amount

adsoroeo is directly propottional to the sample analyté

concentration. Table 5-2 presents data 'for a similar

“*
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3
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, / . L 1]

N, PO R . ¥, .
. . ~ Table 5-1 - to.
. Tt T . o

" . ¥ . ' ‘

& " ~ 3 » 0(‘

Reproducibility of Nafion dialysis procedure

.
4 B
3 3 « %

OEE.“ - Eg- M_ll-" ) .Dig- - C-—E
xstd 167 s 172~ 128 17 . -117 .
. - - - . L
Kooo +138(5l4) 144(4.0) 101(3.6) 14(5.4) 94(2.6)
| Lo N e
sam 134 97 14 . 92
~ ¢

istd ean response  (mm) for 2 standard solutions.

bl . ) " A . e

Xrec°*= mean response (mm) for 6 receiver solutions.
sam ~~ Wean response (mm) for 2 sample solutions.

- bracketed values are ¥RsD. for 6 determinations.‘’

o

- analysis by HPLC/PD.
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'Figf5—2=Adsorp1’ion of Cd onto ,Nafi;an; 811X

" - conditiops as in Fig.5- withwT=120 min,
- - pH 45 and analysis .by D!AP.Q "
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> - Table 5-2 ¢ )
' Adsofption of Cu onto Nafion membranes ° .
e Receiver (L0miL) Sample (200 mL) Wash (50mI) L
Nt | ‘> b
LNaNO33 ,[Cu}gipmoles EQp} Inmoles”'fCu] nncles . nmoleg
1 . § } * .
0.05 M- - 4.37 | 43.2,  4.26 f 852 20.211l 1011° 1906 -

! . . J‘ ¢ t o g
0.07 M  6.87 | 68.7 ‘“5.87‘1 1174 13.29; 665 1907
0.10 M 6.87 | 68.7 6.76 - 1352 .69 , 485 1905 #
0.20.M 10.72 |107.2 .8,98 1796 3.7%, 186 2089 .,
0.30 M llLZé;LZfﬁ.é‘ 9;5% I 1916 r‘2.2l! 111 r 2144
b.SdﬂM 11.32’|1ﬁ3.2 9.58 1'1916 0.90[ 45 2074
» N ‘/ ‘ i A3 Ky Y

LT e «

. 4 ! v LI L]
» , o . . - a .

T = 120 min, pPH = 4.5 and analysis sby DPP /

£ .
. Initial samfle concentration = 10 uM



1 %

< 2 £

* £ * a
adsorptlon study but as a function of electrolyte gzencen-

¥ -

tration, Th&se results are, for Cu but slmllar results were
also obtained for Cd,."Pb and Zn.' Two observations should

be/ hoted. f‘irst, esseptially all of the ,metal loss could

be  accounted for by membrane, adsorption. Within

%xperimental"egror, the mass, baianqe or all e}ectro.‘;yt{e

ﬁconcentrahons was obtalned (vs theoretical 2000 nmoles).
o &

qSecond, membr ane) uptake was depéndent o ori electrolyte
. . S _
concenkration. As elec,trolyte ‘concentration in’creased

3

‘ membrane uptake decreased and attained negligible valu[es at

0.30-0.50 ¢ NaNOj. ; " ) /
\’ 3
All of our da;a are consistent with metal ads(orptlon

-

onte. the membrane. Blaedel and Niemann (1975) reported 5-

10% adsorptlon losses of copper onto, ioh-exchange materlals

d'

when the electro]{yte v’as‘ 0.10 M 'NaCl. They inv‘estlgateq

0 4 4

these adsorption losses for three %on-exchange membranes:,.-

AMF C-~103, a sulfionated styr@pe_ on a bolyethyiene backboné;

)
)

RAI Pl010, a Teflon-sulfonated styrene, coﬁd]zymei‘;g and
3 . . b4 .

NafionAXR,—UO‘, a sulfonated fluorocarbon ‘polymer. They’
reported that of the °three, thel Nafion membrane suffered
least from adsorptlon problems\\ T‘hey attrlbuted these
losges to the presence of . 1m£)1:1r1t1es (carbOxylate _or

. . - ]
odefinic groups) .in the meémbrane structure.



.B v M o
- odr "_sults, however, . woyld seem to indicate’ that

. almost ell~of the losses observed/ﬁheh using Nafion 811X

@

N ) , s
tubular membranes are due to ion-exchahge processes. 1t
LA . «”

®

adsogption iosses‘werefthexresult of binding by impurities,

*

. /
w& would expect greater relative losses eE low metal

v 9

. congentrations with decreasing losses as the binding sites

“ * 4
N

> . - Y. [ 1y 3 ’ - c‘
becomg saturatéd (i.e., similar to an adsorpﬁlon isotherm).

~ . b .

; N St . .
However, we ‘obtain both linear calibration curves and- a
»‘ - ) 1 0 v

_linear adsorption curve (Figure 5-2). As well, adsorption

v

1 v

7\ - - g © v M .
is ré&lated tos\NaN03 concentfation., It, is therefore

4

I

probable that the IOSSes observed were the resul§ ofk\he

Smele equlllbrlum processes descrlbe in equati 5~ i

°

"5~3.° As electrolyte:concentratlon 1ncreases, sodium ion

. are better able ho compete for the sulfonate 51tes en
N .

lower losses are obServed , .

Y

9 $

i Itols possible that at very low metal concentratipns,

+ ,,g‘l,, L. . . N
’non—p;oportiona; adsorption will’occur as a result of metal
. ° ’ [
uptake by membrane impurities. However,’ none was observed

» over-the concentration range studied, 1.e., 0,5—50 M. The

)

. pracdtical implication of the above is that experiments must
© o~ s .

either be carried out in 0.3-0.5 M NaNO3 or that losses be
° I A .
L) A L3
. taken into account by using :calibration curves obtained

under”‘idenéical conditionsl This lattet 'approach might

, lead to greater 1rreproduc1b1l1ty and a greater perturba-

~

@

tion *bf sample chemlaéi equlllbrla. It was dec1ded to

" T



7 « N b

carry out future speciation experiments using 0.30 M_ﬁaNO3
. . i ,

as- the background electrolyte. Furthermbie, a 400 mL

sample/25 mL receiveé arrangement (vs 200/16) was aiso

+ -

incorporated with the hope of decreasing the 57;0% precon-

centra§>on . that was. thought” to. result from receiver

@ o

evaporation. Unless otherwise stated, the following

3.0 ’
’ - ¢ '
conditions. 2 ' ;

results® were " all obtained under these experimental

a 0

A ~

To  examine’ the -Nafion dialysis, of - this new
; F
experimental aryrangement, a kinetic study was done  under

codditions similar to those in Figufe 5-1 except that the

electroly'te cbncentrahion was increased from 0.10 to 0.30 M

8 ;l‘ . 3 . N
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 are shown in Figure 5~3. , The
N . “ ) 4 .
change in volume ratios did not appear to, significantly

alter kinetics as equilibrium was once again achieved

3

%ithig 120~180 minutes.' There weré,éﬁowever, two important:

improvements when compared.to the ‘previougs conditions. The

“

preconcentration observed when thewxdceiver volume was 10

#mlL Wwas no longer discernible. The fag at an increase in ,

receiver volume resulted in:a decreasg

in the small precon-
s :

J

¢

centrations observed previously pports the suggestion

*

that .water evaporation from the receiver solution~waé/its

. ] - N ) .
- cause., In addition; adsorption losses due to the membrane
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. Fig.5-3_= Dialysis using

=(;.3°OM 'UNGNQ3 and: a 400/25 arrangement.
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uptétke were no longet observed. Both sample and receiver

© @
»concéntratlons equlllbrated at 95% (vs 400/425 x 100-'= |

©

94 1% thecl}ktlcaul) .+ -Similar results were also .obtained f%r,
,the other metals studied. T « T
L] A . ‘

’ The Nafion dialysis speciation conditions discussed

]

a

-above (i. e., 0. 30 M NaNOj3,- ‘40&5, T = 120-180 min) ;ppear' -

o P 3 -

to be glvwg meanlngful results. In the absence of any

4

strong ligands, measured receiver concentratlons are the
same as thése“in the sample. ,Callbra}glon curves for Cu,

Cd, Pb and Zn obtained under these conditions are ‘given in

@

Figure 5- 4 Linear curveés were obtained for all metals
@ 4 - .

over ‘theﬁ 0- 5 uM ‘range studied. . . .

Ll

9

The, Nafron membrane will have two mechamsms to effects

* n

i

>

a spematlon -the Donnan exclusion of anionit ‘spécies and

o hd o ® ~

the size exclusion of the “c«onnectlng ahannels"”. \ To .

characterize " the selectiwity of the membrane, an

- s ' a0 o 1 .

equilibrium dialysis. experlment ?QS done for a number of .

k4

-

"»

classes of poSs1ble spec1es. The Kinetic. dlaiysm curves |
’ are shown in Flgure 5—5 (i, €.y percent dialysis as a
x‘ - 4 * a 5
.function of .:time). The flrst spe01es, the. aquo complex of

cadmiuxh, ai;ta;ned dlalysa.s equll,kbrlum after 120 mlnutes.

A second catl‘onlc spec:.es, trlphehyl t1n (¢3Sn+), dld not

S y

*dialyze over the 2‘40 mlnute“)duratlon ~of theL experiment.
The anionic spe01es, Cd-NTA-, was also completely exbluded

! 'by the membrane, .. This is in- contrast withs conventional

- I .
\ .
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Fig.5-4; Calibration curves using O.30M
. NaNO3z and o 400/25 system.
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- T=|80min,‘pH=4.5,anulysis by DPP. .
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Fig.5-5: Permselectivity of Nafion 8IIX . membranes. _
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7

dialysis | procedures where the ‘anionic:.species Fe-EDTA"
(Benes and Steinnes, , 1974) ° .and Cu~EDTA2-, (Guy and

‘Chakfaba;ti, 1976a) dialyzed slowly but did at;&in' 100%
dialysis. - L 7 L
A ne al spécﬁeﬁy 2—me}h;l—5ﬁlnitnpimidazol; (1°),
dialyzed slpwly and ‘was 26% dialyzed when the free cation
was. 100% dial&zed,af féo minutes. The éifth Sys%em étu@ied
was ;he lead cation in the presence of a large excess of

¥ .phthalic acid at pH 5.00. Equilibriumo calculations usingq

‘conditional constants (Ringbom, 1979, p325) showed a

£

specieg c“listu:ribution of 9.1% Pb2+, 90.6% PbL®, and 0.4%

BbLip2~. . The experimental dialysis attained equilibrium

after 120 minutes and showed that 28.5 *1.0% of the lead

. ko
»was dialyzable. At 240 minutes,. 30.9% of the 1lead was

. . . ) .
dialyzed. ,These results'suggest that the rapid dialysis-up
to 120 minutes was for the- free c'at'ic;n and the very éligﬁt
increase .at 240 minutes might be dialysis of neutral

species. The Rihgl?om conditional constant for PDLC was

1000 whereas the experimental results suggest a constant .of

-250. W@ N ,

“
o 2

» This simple study suggests that anionic species ‘are
de,finitely "eXcluded. The selectivity wi,th '.re'spect to size,
hogzever, would requiDI:e further characterilzation for neutral
species. It is thOughtvt;hat the if‘oraid strength of the
agueous {nedium wrrfay' piay a role in determining the c}ec_:?ree of

' 1]



swellinq of‘%hese membranes and coﬁsequentnﬁJthe Gi‘ﬁ’Of

‘the giffu51on “pathways. It_ would appear” that these
pathways would be. fﬁ%@ than 4.nm 1n diameter and“90331bly
ﬂ v
as low as-1 nm (Yeager and Kipling, 1939) It 1s therefore .

'qll »

reasonable to assume ‘that Such large specxes as humic a01dsh,

3

and inorganic colloids will be size‘ excluded. ~ Smaller
l's]l r — <
‘ .

species, such as neutral c0mpounds and 51mple 1norgan1C~‘

PR

complexes (e.g., CuCOa) " $hould

4

abe chdg cterlzeﬁ

EY

Jj

1nd1v1dually to determlne thelr rate qf\\dlaly51s. ‘For

Groﬁp 3 tYpe speelatlon studles, an error estxmate of.the“

:

contrlbutlon by neutral speéles could be ea51ly obtalned by

L]

comparing the dialysis™ at” 12Q minutes (simple® qatlonS) and

a -

240 minutes (complex-cations anq neutral.species). - . L
LS . 7 ' -n:‘ s

& . : ' ,
L e -
5.2.b. One metal-one 1ligand - speciatian models: TwoO

prodedures are commonly used to characterize ' a ‘water

a 0

‘sample. “ohe first is a binding capacity eiberimedt éfn
which «the sample is titratéd with the metal 1ion K of r

‘interest, The second method is to adjust the sample PH and

-~

monltor the speciation changes. The flrst meth@d glves a

2

measure of the ablllty of the llgands in the’ sample to blnd
the metal of 1nterest whereas the second method allows .one

to estimate the "available" metal in the ' sample. The

» O . .
latter method\\For example, oftfen'usesca pH of 2 or less t&



o

N give "total available" metal. The Nafion'speciation method
- we M ’

. L Ay . . .
 should:.permit one to monitor. the free cation species during

; ~ both of thesetypes of experiments. T <

> Py . . - * . N
, for the measurement of binding capacities of a simple
¥ » ® " »
golution containing one ligand at a total concentration of

10 uM. T?;ée "separatg, titrations .are given: EDTA °
(1o§"Kcond '=.9.9), Nra (1og"K¢ond = 5.7) ‘and EGTA- (log

i Kcond.F lfﬂ). »The three titrations each provide a binding
capébity ofUiO yﬁubut Qﬁe EGTA regufg is best desc;ibed as

., B . .
. - ’~:)ﬂ5rtuitous. Extrapolation of the binding capacity curves
* ' -

-

-

A . .
. to the abscissa or drawing tangents to the’ curves will give

-

an accurate potential binding capacity when the conditional

. binding constant is large and one has a significant number
}' of daga points. The EGTA*Fitration, for example, has such

L4

S a low bindiﬂg constant that" it is difficult to graphicélly

determine an unbiased binding capacity. One can fit, .for

-

exampie7~the experimental data to the expression:

c"."’ : wa ¢ " i ry K _ [M] B . ’ -
" [M] o [n] g ,
. ' \ (Cp — MY . (5-5)

| .

(Mp) (L = Cp + Mg :

where X, Cp, Mp and Ly are the conditional stability
constant, total. metal added, metal free ' and binding’

.

. o )

Fidure 5-6 illustrates the use of the Nafion membranes - .
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Fig.5-6: Zn binding capacity titrations for EDTK,NTA,EGTA.
- conditions as in Fig.5-3, T=180min, analysis by HPLC/PD,pH=5.00.
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. : T ) 191\ ] " . a T
c’ - . , ' H 'n -
capacit:_y, resp.eqtix{ely. ., This e:gpression as§u1geé no .0 “
secondary complexing agents ‘and the formation of 1:1°
complexes. The- experimental data - Cp and My - can be used
to obtain a best estimate of K and L. T .. :
A .simple non-linéar regressic;_n program for micro- 8 ,,
gomputers (Dugtjleby, 1981) was used to fit the Zn-NTA and T .
Zn-EGTA titrations. The Zn-NTA titration gave a value of,‘ . -

2.16 x 105 % 1.8 x 104 for K and 1.05 x 10~° # 5 x i§f7°M

= LI A

for Lrp. The %n-EGTA titration .gave :a value of 4.71.x 104 /
+ 2.5 x 104 for K and 7.6 x 1076 * 3,1 x 1076 M for Lp.

The greater uncertainty in the Zn-EGTA data is a result of
? . ‘ ]

binding constant, hence  the. bound ‘

W

{calculated as the differénce_ between Cp and Mp) gtllas a -

a * lower amount

greater relative uncertainty. This approach ofr fitting

'

experimental titration data to ob'tain‘bindin’gp, constants and

M

binding capacities of teal water samples -or humig acid

w o

suspensions, howiver, must be applied - with caution :

(MacCarthy and smith, 1979).

#
LS . o

. If a metal is added to a ligand solution under -

3

conditions where the ligand is in considerable excess, a |

. t
congtant fraction of the metal is bound (Glass, 1977).

- I

This is illustrated for a cadmium titration into 5.0 mM
: L] -

citric acid in Figure 5-7. A _constant fraction, 38.7

>

+0.8%, of the added cadmium was found to be free. The

.

E4 ’
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Fig.5-7: Speciation. of Cd‘ with. 5mM G.A.,pH 5.00.

o

)

- conditions as in Fig.5-3 with ‘T=180 min und

analysis by DPP.
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r

v

fraction of free metal 'depe;lds ©On the conditional, binding

constant and the ligand “concentration. Figure 5-8 shows

E - 1

three

curves for , the individual titrations of copper,
‘.’:n . . . ) -
nickei and zinc into 100 uwM citric acid. The results
) ' ¢ N . .,
showed that. 22.5%, 41.5% and 66.5% of the' added, copper,

T )
nickel and =zinc, respectively, was free over thes metal

concentration range of 0-20 uM. These percentages' reflect

] " )1

the decreasing conditional constants, i.e., log K = 4.9,
t ' i’ R

3.6 and 3.3 for copper, nickel and zine, 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. 36 (Ringbom,, 1979) was included for comparison.

Excellent agreement was observed between the experimental’

L)

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 cda2+ and CA4-NTA~ are

sufficiently ;" . well-resolved in _ differential pulse
polarography. to allow one to estimate the concentration of
the free metal ionl. The speciation done'usil'mgﬁll)P’f? on the
outer sample is compared with ‘th: DPP determina ion\.of free

cation after Nafion dialysis. The two methods/ were found

2w

-
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Fig. 5-8: Specnahon of Cu ,Zn and Ni with «
IOOuM CA. /a'r pH 5.00.

—cdnditiohs as in Fig.5-3 with T=

§nd - analysis by HPLC/PD.
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180 min
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to agree within experimentgl error. It should also be

noted that no GA-NTA reduction peak Was found in the Nafion

. »
°

receiver poldrogram. The theoretical, speciation for this

Y - » .
system was Faldhlated using , binding -and protonation

)

constants taken from ‘the. literature "(Martel; and Smith,

’

1977) and ‘corrected for ipnié& strength ‘changes (Ringbom, .

1979, p22-28). s There was good ggieement betweep the two

. v . ow L
analytical speciation methods and the. calculajed

e

& .
. - 13 B

spééiation. . .
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 also:
included for comparison, The calculated and experimental

speciation curves, do’ not -'coincide as well as the Cd-NTA

example shown earlier. The experimental uncertainty £rom
v L

[}

repeated»\experimenfs vindicates that for’ the CA-CA-pH

titration, the e;rbr would be on the order of +2%, but the

Y

uncertainty %n the calculated curve may be much’ largef

. LY

because of . the wuncertainty in‘' 1literature stability
constants. . 'The difference between the calculated and

experimental curves at low and high, pH regions is proﬁably

!

not due to ‘changes in the membrane characteristics.

.

Further evidence for this is provided later in this

2 . . -

chapter, - ..

2
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5.2.c. Multimetal speciation models: The Nafion
: - =
speciation . studies described earlier indicate that the

menibran;e is suitable for determining free metal ion in' a
complexing medium. One advantage of coupling a multication
analysis methed té) this Nafion speciation is the ability to
monitor metal competition for binding sites.

«

A simple 2-metal competition study is described in
Figure 5—1:2: A 10 pM EDTA solqtion was titrated with
aliquots of metal ion containing equimolar concc_antrations
of copper and =zinc. The conditional stability constants
for copper and zinc are log K = 12.2 and log K ;9.9,
respectiveﬁly.-h The 22)0—fold dif%er’ence 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.,
10 M total metal), no competition occurs but that after
the .ligand is saturated, zince is displaced from binding
sites by copper, Th~e slope of the curve in this region is
2 (1L for the added zinc and 1 for the.displaced zinc}.
After copper has occupied all of the binding.j sites, the
slopes for both metals are nearly one. .

A typical binding capacity titration of real' water
'sample’s is potehtially a competition experiment.‘ Studies

reported in the literature suggest that bpinding capacities

are only 1-5 times greater ‘than the trace metal content.

{
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Fig.5-12: Cu/Zn competition for EDTA at pH 3.0.

i\

- conditions ,as- in Fig.5-3 with T=I180min and
analysis by HPLC/PD.

"



~

-

.

' Whgn a titrant metal is added "to the water sample, the
metal will bind available frﬁee s:.tes and will compete w1th
bound mﬂeta& ions for the’ already occupled sites. - - The
' degree of. the dis?\l.acement of bound 'fnetals will depend ‘on
the titrant metal ion, For éxample, cupric ion "will
displace most metal ions whereas zinc or gcadmium ‘will
disglace smaller fractions of the bound }ne?tals.

. Three .iexamples of a bindjing capacity exper.:iment- are
illustrated in Figuré 5-13. The first and simplest case is
the titra_tioyn of one complexing liéand in the absence of
competing metal ioﬁs..,The'examplé-in ffgqqus-lB, curve a,
is- for t,he‘n titration-<of ‘10 M NTA with 2Zn. "I'he~poter{t‘ial
binding capacity was: foun;i to be 10.5 £ 0_..5 UM (as
previouSly rep.orted) Gurve b is the titration ,of a

"o

mlxture of 10 uyM NTA + 10 uM Nl. Cﬁrve' b in the inset

0

shows -the free nickel concentratlon preserﬁ\n the system*

during the zn titration. At the start of the titration,\#_

the concentration of free Ni is 2 uM; hence, one has 2 uM of
> " “ [

available NTA sites. During the titration, the Zn and- Ni
- !

compete for binding sites and some Ni is displaced from the

-

NTA by.the added zn. The competi favors the Ni and at

a 2.5-fold excess added Zn (i.e., ¥5-uM Zn), only 37.5% of

the bound Ni had Dbeen displaced. Curve c shows the same

titration but with an additional 100 M citric acid added

as a secondary complexing agent. The “citrig acid (cCa)

' [y

- - . - 5

. / RV :

3
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binds an additi?nal fraction of the free Ni and Zn. The
effect of the secondary complexing agent is best seen in
the inset where oOne has plotted the ‘free Ni_ concentration
as a function of added Zn, Pﬁle slopes of the two curves
‘can be used to dpproximate the interaction intensity
parameter described "in Chapter 1. In the absence of the
secondary caomp'lexing agent ci[Ni]/d[Zn]T is 0.122 and in the
presence of cit;ric acid d[Ni] /d[ZnIT is 0.060. In natural
v;aters the principal binding agents aré humic colloids
which contain multiple sites of varying conditional b?‘mding
constants. The presence of a large number of weak sites on
ythe colloids will tend to lower the interaction intex‘zs"ity
pa.rameters. A measurément of theseu p’aral.neters' may be
useful in characterizing bir'uling capacitie; of ngﬁdral-
waters. _ . ' . .

A final illustration of the potential of coupling the
Nafion speciation procedufe ylith multielement analysis 1is
presented in Figures 5-14 énd\ 5-15 a,b. 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 metals
interacting. independently. For example, the lcurve's ‘for cd
in.Figures 5-14 and 5-11 overlap. The curves in Figure

.3
5-14 suggest that the conditional stability constants for

-~

’ r.
\R}/A
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Fig.5-14:Metal- citrate speciation ¥§ pH.

- conditions as in’ Fig.5-3 with T=180 min. and
analysis by HPLC/PD . . .

P



constants can be summarized.as follows:

e

!

the ~six metals  should decreaqe ~in  the order:
Cu > %i > Pbh > Co~ Zn > Cd. - Liéérature‘ values (Ringbom,
1979) indicate' that lead and nickel should be reversed.

The problem of the uncertaiﬁty in literature stability
constants is best illustrated 'inh Figure 5-15 a,B. The
diagrams compare the experimental an@ calculated speciation
using stability constants from two sources and: the computer

ot

program by Perrin and Sayce (1967). Calculated speciation

"1 used constants frem Ringbom (1979) and calculated specia-

tion 2" used constants from Martell and Smith (1977). 'The

° "’ M

latter reference listed the "bégt “selected constant" as

judged by thé& compilers. The relative order of conditional

3

.

1l - Expt: Cu\>‘ Ni > Pb.> Co ~ Zn > Cd ‘

2 - Ringbom: Pb > Cu > Ni.> Co ~ Zn > Cd

*

©* 3 — Martell & Smith: Cu > Ni > Co ® Zn >\Pb > Ccd

Both compilations appear to have selected a pdor 1lead
éalue. The use of calculaggd speciation data .-for metal
toxicity studies must be examined with care, especially
where there exist discrepancies in ;eporéed stabiligy
constants. This will be of particular’ %mportance in
studies where one uses a low concentration of complexing

agent and a 2-metal mixture to study relative toxicities of

metals. - ) c !

*

4
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5.2.d. Metal speciation in humic colloid systems: The

speciation studies reported so far ‘involved‘ ligands of

knowg vstructure 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 humie and fulvic

‘acids differs from conventienal complexation in that the;e
' ligands do not represent well defined systems.

The structures and binding characteristics of these
natural ligands will depend on such variables -as ?heir
source, age, past history.and present environment., These
ligands are usually viewed as having a continuum of§b%nding
sites. Metals will be bound by the strongest sites first
and occupy sites in order of décreasing strehgth" Various
models ha;e'been used to .describe the complexation of humic
and fulvic substances; for example, the&"we%?hted average
stability constants” of Gamble et ‘al  (1980) .arl{d_‘&:ne

-"stability surface concept" of MacCarthy and Smith (1979).
This section will *‘describe the.aéélication of the Nafion
dialysis speciation technique to a few model systems
containing humic and fuivic acids. 0

< a binding capacit§ experiment is iIlustrated in Figure
5-16 for a 10 ppm ful&&c)hacid solution at pH 5.0.
Extrapolation of the binding curve to the abscissa gives a

pétential capacity of 4.6 uMiEor cupric ion. The titration
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Fig.5-l.6=4Cu binding capacity titration for
|IOppm. FA at pH 5.00.

»

- condifions as in Fig.5-3 ' with T=180min and
analysis by HPLC/PD.
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curve can be used to obtain a binding isotherm which is

shown in Figure 5-i7. 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 mmoles/g of fulyic and humic acid,
respectively, :
The value of 4.6 BM capacity for‘fulvic acid was low
when compared to reported values obtainéd using various
fhstrumental tgchniques (Ryan and Weber, 1982). These.
values of copper complexing capacity measured fpr 10 ppm FA
in 0.1 M"KNO3aand'pH_5.0 ranged fr?m 5.2UuM to 17 ¥M, An
additional value of 22.7 uM was given, for an ion selective
electrode determination made i 0.01 M KNO3. It is pos-
sible that our low'valué was at least partially due to the
high ionic strength m‘didm {0.30 ’M NaNO3) in which the
detﬁrmination was made. Another possibility was the fulvic
ac}d used, its (source and its mode of preparation. For
example, in measurilg 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 detérmina-
tions were all made using the same dialysis technique,
indicating that variations were entirely d&e to theﬂ HA

source. 1

~ ‘
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Fig.5-17: Cu adsorption isotherms for HA and
FA af pH 500 and 0.30M NaNO,.

- conditions as in Fig.5-3 with T=180 min and
analysis by HPLC/PD. .

o - from Table 5-3 .



The complex énteractions relating’ ionic “§trengtha
effé;ts and metal complexation can best be illustrated by
the results of the following experiment. A 20 ppﬁ hUm{c
acid solution at pH 5.0 was equilibrated ‘Qith a 6-metai
mixture (i.e.; 10 u'M of Cu, Zn, Ni, Pb, Co,th) at three
ionic strengths - ﬁ.OS, 0.10 and 0.30 set with NaNO3: A
control dialysis atiseacﬁ ionic ﬁprength was used to
determineiithe 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 onte the
Nafion membrane. The total available copper increases’ from
6.7 to 10.0 uM when one raises the ionic sérengﬁh from 0.05
Fo 0.30. This would suggest, th?&efore, that in 0.05 M
NaNO3, the copper species distribution will be a result of
the competition between the Nafion membran;‘and thefhumic
acid for available copper whereas in ‘0:30 M NaNO3 the
membrane has ho effeqt.‘ In Ebmparing the ﬁhrée copper
adsorption wvalues (i.e-{ Mpa/g) withr the humic acid .

2

adsorption isotherm given in Figure 5-17, one can see that

r

the three adsorption values fall on the éurve. This would

suggest (within experimental 4Frror) that ion-exchange
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Table 5-3

3

Effect of NaNO,

’

concentration on M-HA speciation

% ' [NaNO3], 'MT,uM MF,uM
0.05 M 6.7 1.9
cu 0.10 M 8.1 3.0
0.30 M 10.0 4.0
. 0.05 M 6.7 3.8
Pb 0.10 M 8.5 6.1
0.30 M 10.0 "o 7.0m
€
0.05 M 6.8 5.9
Ni 0.10 M 8.9 8.1
LY
, 0.30M 10.0 9.4
: \
MT = total metal; MF = free metal;

MA/g = mmoles metal adsorbed/g HA.

MA/g*

.24 + 0.01
-0.26 # 0.01°
0.30 + 0.01
0.14 * 0.02
0.12 * 0.02

1

0.10 + 0.02
0.04 * 0.02
0.04 % 0.02
0.03 +,0.02

[}
»

* £ precision obtained from triplicate measurements.
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3

reactions play little role in the adsorption of copper onto’
. 4
humic acid in solutions containihg 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 dgreater

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 1lead and copp in a
20 ppm humic acid golution is given in Figure 5418. The
trends for these ions are similar to ones reported in the
literature.
5.3 Conclusions

In this chapter, dialysis using ion-exchange mgpbrénes

was shown to be an 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 stﬁdied using this speciation procedure coupled
- ’

with analysis by ion-exchange/phofometric detection. This

is of importance since the speciation of one metal may

v

A
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Fig.5-18:Effect of pH on M-HA speciation .

- conditions as in Fig.5-3 with  T=180 min,

: 20 pbm'HA/IOpM metal and analysis by
. HPLG/PD . '
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significantly alter tﬂeﬁ speci;tion of a "second and, more
toxic mgﬁgl. For example, the speciation of Ca hay piay a
;ole in the bioavailability of a toxic metal such as Cu.

A second- advantage of this speciation method is that
it measures a f;actéon which may bé more‘repre;entative of
that which is bioavag}able.g 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 lapile complex.
represent - metal not vailable to aquatic organisms.

Similarly, size separation) téchniques such as dialysis and

X J ’. ;
ultrafiltration measure small neutral and anionic complexes

which may also represent metal nok available to biota. In
- . .

the Nafion dialysis method, anionic complexes are charge-

excluded and neutral species dialyze but'dt a much slower

v 4
rate than cationic species. Their contribution to " the

measuréd fraction is therefore éecondary.. As a result, the
dialyzate contains mostly free aquated metal iéns.
. . n i )

A third advantage Of this technique is that, when
compared to coqvehtional dialysis, mucﬁ .lesg time is
required to attain equilibrium. Dialysis techn%ques usiFg
cellulose membranes usually /éequire 24 hours obr more to
reach equilibrium. Dialysis usi@g Nafign tubular membrgnes

3

(811X) reached equilibrium in 120 minutes. . "

.

a

However, these lebile complexes may,

ta
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’

The main limitation to the method: is the fequirement
: C s

. of a high ionic strength sample matrix, e.é., 0.30 M NaNO3

. ]
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
reqﬁires 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. . o ’ e

- . 4 -
>
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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 analysig and for the speciation of free metal
ions in solution. The optimum preconcentration\procedure
employgd a complexing agent as receiver'solutign and‘a high
F sample to receiver volume ratio. This set of~ 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 principale limitation of this procedure is
the effect on the enrichment of sample matrix. High sample
ionic strengths must be matched by H&gh receiver ionic

strengths to effect any preconcentration. The studies on
)

1
v

Nafion preconcentration of humic colloidal solutions
suggested that complexones in t%g sample solution lowered

the enrichment factors. Additional studies are required to
'determine the relationship between enrichment factors and
the condi%ional stability constants of the receiver and
sample complexones. This rélationship Vill pla§ an
important role in the potential application of the Nafion

[

preconcentration mode as a meahs of purifying reagents.



»

The Nhfion speciation mode was found to be selective

" +for metal cations and smalll neutral spécies. The Nafion

K

811X membrane was found to kexclude anions (e.g., Cd-NTAT),
large cations (e.g., triphenyitin) and the neutral complex
lead phthalate. A further réﬁinement of the, size

separation mechanism of the membrane is necessary to

.

determine whether smé}i cationic cdomplexes  or ion-pairs are
) * "

capable\§F dialisis. Tracer studies using labelled neutfal

v

-
h » ]
molecules and anions may prove useful for such a study. A

high salt content in both sample and rxe iver solutions was

required to minimize adsorption by ilon-exchange. This

limits the application to systét??rﬁhé{ do not use ion-
* exchange -as a prirfcipal *binding mechanism. Thé membrane

i

was found to be useful in solutioné containing trace petals

.

at total concentrations of 1-10 uM. A™ further
‘characterization of the membra£¥ is required to determine
° *

whether a secondary adsorption mechanfsm is ‘imﬁortént at

s

sub-micromolar concentrations. ) :

o

e Q
)

El
s
*
.
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Appendix 1 .

Species Distributign Calculation

' ]
PN

W ®

For a metal—lfgand complexation reaction where only one

complex is formed, we havgs

M + I &= ML ™ (1)

4

and

. K = _[mo] (2)
(] [x]

If the ligand is present in large excess (e.g., 3 10-fold),

its concehtration can be considered constant. ‘The total .

. ]

metal concentration is given by:

D) = D+ po o o (3)

and therefore

3

_ M
M = m-%lrﬁq x 100
' SR . { x 100
- [+ x[u] [1]
‘ = —2 — x 100 (4)
s : . 1+ K[L] .

' % . «
.




. &M = - x 100

. 1+ KL

% °‘

AN 1

Similarl | ¢
imilarly,
; K[L]
ML = 2 x 100
T T+ R[4
. s

The formaticn of secondary complexes (e.g., ML,, ML

.

yields:

(5)

(6).

31

MOHL, MHL, MOH, etc.) can be treated in the same, way.

3
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