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ABSTRACT

Partri of this thésis deals with three aspects of the

techniquelofvsolvent extraction/flow_injection analysis

(FIA) utilizing a porous membrane phase separator. First,
t y ) -‘ »’“ . ¢ ’ . . . '
solvenusextractlon/EIA 1s examined as. a means of. sample

“introduction tqta flame atomic absorption spectrométer
(AAS) in ordetfto:eliminate matrix and spectral’

v T ’ :
interferences. .As ‘an example, .a.method is developed for

the removal of matrix and spectral interferences of. iron

‘in the determination of trace amounts of zinc. The method
. : ; v AR

involves prereduction ot'iron(III)'tO‘iron(II)‘follbwed by
extraction of zinc as a thiocyanate complex into an .,

' & s #t . .
organic solvent which is directly and continuously

. B . . ) & .
aspirated into the AAS nebulizer.

Second, a quantltatlve relationship between peak

height an sample tencentratlon in solvent extractlon/FIA

ﬁ and experlmentally verlfled . The equatlon

is”deriv'w

*takes ints account such factots as detector sen51t1v1ty,

dilution due te band dispersiOn in:the flpwustream; .
;fraction of anal?te'extraeted and varieus fiow_rates in
theqflow 1nJ€ct10n and detectlon systems.

Thlrd, the segmentatlon process,‘whlch produces small

alternate segments of the’ two xmm1sc1ble phases in solvent

“extractlon/FIA, is stud1ed as a functlon of total flow
‘_»1 &

-~
P AR

St oS
o, e

rate for a l:l phase ratio. A sem1quant1tat1vei

’



_ physicochemical model is developed to describe this
process whiéh-is based on the hydrodynamic and interfacial
forces o tive in.the phase segﬁentor.

In Rart II of this thesis a previously developed ion
exchange flow—-through co¥umn équilfbration method for the
determination of free (hydrated)-copper(II) ion is
investigated in detail. The theoretical basis o6f the
method of free métal ion speciation in the leu.Lhrough
column equlllbr;tlon mode is described and: various
experimentalkparameters arg characterized and optimized.
At high pH values the formatian of colloidal copper
PydroxidesAtend to sorb onto. the ion exchange rgsin column
so that it is not‘poégible to degermine the free form.

The method is useful at lower pH (<6). A

"The method is also tested for specificity for free
copper 1n the presence of varlous organlc and 1norganlc
ligands whlch may - be found in natural water syste&s. The
results.aqg cqmpared_w1th those obtained by the use of a
'cop?ér ion selective elegtfode method (ISE) and by

speciation modelling dalculations.. The detection limit of

= the methéd'@s 2 x 1078 M (1.3 parts per billion) Qith,a“

.

relative standard deviation of 16%. The ion.exchange
column équilibration method is used to determine both
free-cgpper concentratlon and the complexlng capacity of a

t

lake water sample from Qdebec. ;

wi
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CHAPTER 1

INTRODUCTION

-,-d

. Since the introduction of flow injection analysis

(FIA) in the mid-seventies by Ruzicka and Hansen [1] and

independently by Stewart et al. [2}% the FIA method has
foqndha wide range of application as a novel abproach for
automation of weg chemical methods of analysis. .This is
evident in the numerous reviews on the technique which
appeared in the scientific literature [3-12] d&nd a
monograph‘[13]. , .

Specifically, FIA invoives the reproducible injection
of thg sample in -a comtinuously flowing non-segmented
carrier stpeam.,:The c;;rier stream may contain a reagent
which reacts hitﬁ the sample componeﬁt. FIA 'is based on a

v : .
c0mbin3tion“of thre; fung%mentai features; sample ’
injectioh, conﬁrolled dispersion, and feproduéible
~t3ﬁing."The key feature is the use of flow—iﬁduced
dispersién of the sample fslug"’as it moves through a
narrow gore tube. This produces controlled mixing of thé
sample solution with the carrier stream. Floé—induced

dispersion of the sample is highly reproducible as long as

the flow.rate is constant and a .consistent injection




technique is used. Furthermore the extent of dispersion
can be controlled by varying the flow rate, the sample
volume injected, and the dimensions of the tube.

Under laminar flow conditions, dispersion in narrow
bore tubes arises from the fact that the linear velocity
of the inj)ected sample soiution zone 1in the centre of the
tube is twice the mean velocity of the liquid, wheréas the
layers closer to the wall are progressively more retarded
{14] . Thus mixing between the carrier stream and the
sample solution is always incomplete, but because the
miXinq pattern is highly reproducible, FIA yields
reproducible results. Reijn et al,. %14]
semigquantitatively deécribed the dispersion process in
open -tubes; they showed that non-uniform velocity : .
distribution (wall drag) is the prime cause of
dispersioh. Lateral relaxation of the parabolic f}oQ
occurs because of diffusioh but it\can be markedly

. c . .

enhanced by inducing lateral convection by either cpiling

the tube [15] or more efficiently by making use of packed-

~

bedwreaétors—[14,16].
The basic components of a flow injection system
are: (a) a device for propelling the flowing stre€ams such

‘@sd; pulse-free peristaltic pump or a pneumatic pump; (b)
. ‘ < 4

a means of sample injection such as a rotary valve; (c)
. on s A -

»

'suitable reaction manifolds for various chemical



operations such as sample dispersion, reagent addition,
solvent extraction, etc. and (d) a suitable detector. The
most attractive features of FIA include reduction of
analysis time, sample volume, and reagent conshmption;
minimal need for sample pretreatment; feasibility of
automation; high precision; high sampling rate; and
miﬁimization of contamination.

FIA is quite different‘from air-segmented continuous
flow analysis (CFA). FIA involves injection of a h;thy
reproducible volume of the sample in a flowing stream.
This is unlike the aspiration approach taken in CFA, which
1s relatively imbrecise. The incorpo;ation of the |
compressible. air segments in the CFA renders the system
more complex and causes pulsation of the flow.g This in
turn causes irreéularities in dispersion which are
minimized in CFA systems by'aliowing a steady state
plateau to be closely approached [17}. This requires a
réiatively largetvolume of sample solu;ion with consequent
reductipn in sampling rate.

Automation of solvent extraction by CFA and FIA is
especially valuable for metaliurgical, geOloQica}, and K
clinical analygis where a'iarge number of samplés is to be
handléd. As with manual solvent extraction techniques,

analyte may be pfeCOncentrated or various interferents

eliminated by careful choice of the chemiétry involved and

Vi
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the extraction conditions (Chapter 2). Although solvexmt.
extracfion/CFA has been in use for guite some time [18},

solvent extraction/FfA was introduced fairly recently by

Karlberg and Thelander [(19] and independently by Bergamin
F° et al. [20}! Figure 1 shows the essenpial components

of a solvent extraction manifold for flow injection.

Coa

analysis; a Teflon extraction coil is generally used

together with two special devices, a séqmentor and a phase’

separator. The sample is injected in the carrier stream,

A (usually aqueous). In its simplest form the segmentor,

S, is a standard Kel-F tee piece {21,22] in which the

stream'of organic phase, 0O, |is ﬁergéd'with carrier stream,
. .

A. A regular pattern of alternate segments of the two

bhases emerges from the segmentor and flows through the
,\\ '

extraction coil, C, to the phase separator, P. A portion

of the extract and/or.the raffinate flow through the‘phase

separator to a'detector,.D.

Various types of tees have beén used asythe'
segmentors; Karlberg et al. [1?] used a modified A8T
standard connector (Techniqpn)l " 1In this segmentor the
orqanic‘phase was introdgced through a pla;inum cabillary
while the aqueous phase entered thréugh axglass inle;.
The segment length is variable,nbeihg determined by the

position of the end of the Teflon tube connected to the,

putlet arm. Kawase-~et al. [23). used an AlOT sténdard'



]

Figure

,1.

.

Diaagram of a solvent extraction/FIA systen. O‘is the
orqanic phase, A is the aqueous phase, I is the injzftion
valve, S is the segmentor, C is the extraction coi P is
the phase separator, D is the detector, and W is waste. ©
The lower part of the diaqram is an enlaraged section.of
the extrgction coil showing individual seqments! the
spiral ‘arrows refer to the direction. of liquid flow in

each segment.



conhector {Technicon} without any modification. Bengtsson
et al. [24] reported a specially designed segmentor with a
variable (1;15 mm) segment length. 'Segment le;gth was
found to vary with flow rate and there was hystétresis when
flow rate was decreased. The relation betwgén éeqment
length and flow rate was critically examinéd by Cantwell
and Sweileh [25] (Chapter 4) for a tee segmentor. They‘
‘modified the standard Kel-F tee piece-by inserting small
narrow Teflon tubeé in all arms, thereby obtéining a

regular segmentation pattern-at total flow rates up to 13

mL/min [26] (Chgpter 2).

The extraction coil is generalgy a few-meter long

Teflon tube through'whjch the segmented stream trévels.
The sample, éécupying many agueous ségments, will extract
into neighbburinngrganic segments as it moves along the
extraction coil. The brganic phase will wet Fhe yall of
the Téflon coil, and it‘ié believed that the aqueéus phase
. Co . ) / .
segments are'separated from the wall of ‘the extraction
_coil’by a thin film of the ordanié phase [24,27-29]..
qutchtioh from the aqueous to the organic phase ocﬁurs by .
diffusion acrosg the interfaces. ' As~for‘air-ségmén§ed |
CFA, wall drag_tauéee bolus'floQ within eachvsegménf;
-which promotes efficient mixing’ofuthe liquid{[iB].
Figure»l shows an enlarged section of the segmented

‘'stream; the spiral arrows indicate the direction of bolus



flow within the segment. The thiCkness of the arrow is

proportional to flow rate within the.liquid, which is

greafest in the centre of the extraction coil. As

mentioned earlier coiling of the extractioﬁ tube promotes |

convective fateral mixing (not shown in Figqure 1) [15,30].
At the end ot the extraction coil the segmented

’

stream is fed to the phase separator which allows part of

the phase of interest to pass to the éetector, D, yielding
a peak-shaped sample zone, while rejecting the rest of the
two-phase stream to waste. A variety of phase separators‘
aré emp loyed in FIA; the simplest is a conventional glass
tee piece where separation-of the two phases is based on
the difference in specific gravity ([20]. In another
desiqn the glass tee wés modified hy incorporating some
Teflon strands to guide the wetting organic phaée from the
inlet of the tee to the outlet [19{. In.this.case
separation is achieved b; both gravity and phase guidance.
A majér breakthroug; in solvent extraction/FiA has
been the deyelopmeﬁt of the porous membrane phase
separabd:s'[é1,23,31-3j]. As fqr thé tee phgse
separators, tﬁe membrane phase separators have'ankinternal'
cﬁamber} one inlet, and two outlets. Howeyer the outlet

for the phase of_interest is separated from the internal

’

chamber by a porous membrane which is'ﬁermeable;to that



phase but impermeable to the other. 1In general, Teflon
membranes are used for separation of the organic phase,
while cellulose membranes are used for separation of the
agueous phase.

The poroué mgmbrane phase separators are
charaéterized by—a high separation efficiency even with
high flow rates. . The device qenefally has ; low internal
volume in order to avoid excessive broadening of the peak-
shaped‘sample zone. A dual membrane phase separator has
been described by Fossey and Cantweli [22]). This permits
simultaneous monitoridg of both phases. 1In an alternative
abproach, Burguera and Burguera {34) used a tee-type
membrane phase separator for complete separation of the
two phases. .

In Part I of this thesis studies of three aspects of
solvent extraction/FIA are described. 1In Chapter 2
solvent extraction/FIA {s examiﬁed as a means of sample
introduction and eliminaﬁion of interferences in flame
atomic absorption spectrophotometry. As an éxample,'the
matrii'and spectral interferences in the determination Qf
traces of zinc in iron mé;rix were eliminated.. 1In Chabfer-
-3 the quantitative nelatiohship.between'peak héight and
sample concentration. in solyent extraction/FIA is
establiéhed and experimeﬁtally verified [35]. The derived

. eduatioh takes into consideration sugh factors as detector



sensitivity, dilution due to band dispersion, fraction
"extracted, and various flow rates in the flow injection
and detection systems. In the last cﬁabter, the
Seqmentation process in solvent extraction/FIA is studied
as a function of flow rate and a seﬁ&quantitative
physicochemical model is developed to describe this
process. The model is based on hydrodynamic and-

interfacial forces operative in the tee phase segmentor.

10
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CHAPTER 2

SAMPLE INTRODUCTION BY SOLVENT EXTRACTION/FLOW INJECTION
ANALYSIS TO ELIMINATE INTERFERENCES IN

ATOMIC ABSORPTION SPECTROSCOPY

2.1 Introduction _
r

Sevefal types af intefference plague flame atomic

absorption spectrophotometry'(AAS). Physical interference

arises from differences in viscosity and surface tension
which lead to sample-to-sample changeé in rate and effic-
iency oé aspiration and atdmization as well as changes 1n
tﬁe vapor pressure of the solid and liquid components of
the sample (36]). Physical interferences can be eliminated
by ma;ching the physical properties of all stahdabd and
sample solutions and by the "standard addition"

technique. Another inte;?efence cbmmonly ;ncouﬁtered in
flame AAS is chemical in. nature. It arises from
incomplete‘vapofization and atomization of the analyte due
to fprmation of highly stablé chemical compounds at the

R
s

flame temperature. A classical example here is the

N

depression of the calcium atomic absorption signal in the
presence of phosphate; silicate or aluminum ions ([37].

‘Several strategies are routinely\used toﬁ

& R S R
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eliminate chemical interference. Using a hotter flame
such as nitrous oxide/acetylene increases the extent of
‘vaporization and aiqmization. Addition Qf releasing
fagents 1is another method of eliminétinq chemical
inte{ference. Releasing agents (e.qg. lanthanum) tend to
preferentially react with an interfering anion thus
preventing the analyte atom from forming a refractory
cdmpound. Finally chemical interferences are reduced by

the addition of masking agents (e.g.‘EDTA) which form

easily gtomized compounds with the analyte. -

at

Ionization interference is a third type of

interference which is usually encountered in the analysis
of the alkali metals. A subétantial amount of the easily
ionized elements will\be in the ionized state in the flame )
leading to a lower atomic absofption siqnél. Tonization
cén be suppressed [38] by addigion of a more éasily

ionized element to the samples and standards. This shifts
the anélyte ionization equilibrium towards the atomic form
by pfoviding a high electron density in‘the flame.
Ionization can also be reduced by using a cooler flgmeQ

Spectral interference arises from any n®wespecific

radiation, emission or absorption that falls within the
specftal bandpass of the monochromator [39]. It can be

subdivided into .three main types: '



(a)

(c)

4
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Light.scattering (40} is due to incompiete
atomization of the test solution so that the flame -
contains solid particles and solvent droplets which
tend to scatter the %}ght beam falling on them. This
gives erroneous \ipiption signals\by attenuating the
intensity of the inéident ligﬁt. _ X
Molecular spectralvinterference is a gbmmon typé of
spectrél interference in AAS, and arises from
absorption of molecules im the flame such as CaOH,
OH, HZO and flame gases such as COz, co, N2, CN, ‘etc.
Spectral line interference is relétively uncommon in
AAS but 1s someétimes, reported in the literature
(39,41-43]. It may arise from the presence of more
than one absorbing or emitting line in the spectral
bandpass of the monochromator, from a non-absorbable
line emitted by'the source (e.g. filler gas line), or
from diréct total or partial overlap of two |
absorption lines of different’'elements. Lovett et -
al. [39] listed cases of potential speétrql Jine

overlap. Bxperimeﬁtal results confirmed the presence'

of such interference in some cases.

Both light scattering and molecular absorption

spectral interferences are almost constant' in intensity

s

over the'spectral'bandpass and can be compensated for by

various methods of background correction ([44-46]. 1In some
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cases of "highly structured" background absorption,
correction even by the most elegant method may not be
satisfactory [43,47]) and may lead to over or

undercorrection. The ornly methods available for

overcoming spectral line interference are either .to choose

another analytical line where there is no spectral
interference or to ‘separate the interfering element-f42].

Solvent extraction is one of the most commonly used
sépar;tion techniques priof to AAS {48-51}. The gast body
of literétdr%)on the solvent extraction of metals serves
as a readily a&ailable source of extraction systems to
separate aimost any metallic eletment from other metals or
nonmetals [52-57]. However manual solvent extraction
procedures are operator-intensive and relatively time
consuming so that, where pqss}bigj alternative approaches
to minimize interference in AAS, ;hich do not involve
separation, *mre genefally»preferrea.

In the past few years devices have been réported for
performing automated sblvent extraction in the fiow

injection analysis (FIA) mode (Chapter 1). Such devices

can be flow-coupled to the nebulizer of an AA

v .

spectrophotometer to provide a rapid and convenient means
of performing solvent extraction separations prior to
atomic absorption deteré&nations. Solvent extraction/FIA

systems have been described for metal jassays in
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conjunction with various detector systems including \\
‘ : —- .
molecular absorption spectrophotometry by extracting the’
. ‘ N ' ,
neutral complexes [20,34,58), flame [26,32,59,60], and

grapﬁite-fdrnace atomic absorption spectrophotometry

‘;I24,6d].\ Flame AAS has also been used for the indirect

determination of perchlorate by liquid—liquid ,

.extraction/FIA [62].

The solvent extractipn/FIA system used here is based
on one previously described’[21,22] which employs constapt

pressure pumping and a porous membrane phase separator.

- The organic extract is methylisobutylketone (MIBK) which,

after it extracts the analyte element, is‘introducgﬁ &2‘
directly'apd continuously into the nebulizer. Pure.MIBK
‘is ueed to compensate the disparity between the flow rate
of the organic extract stream‘and the aspiratiqn'rate’of

o

the neébulizer. As an example, zinc has been aepermined in
Ehe preseﬂce of a‘?erge excess of iron. This determina-
Lloﬂvls known to suffer from several 1nterferehcee

(39,42, 43 63 64] ) The nature of these interferenees was
1nvestlgated [42] and found to be due toAa combinegﬁdh'of
'bacqu0und absorptlon and/or llght scatterlnq and a

spectral .line 1nterference due’ to the presgnce of a weakly

'absoyblng iron 11ne at 213 859 nm partially overlapplng

I

ethe 21nc principal analytlcal 11ne at 213.856 nm. A

second zinc atop1Cvabsorptlon“llne at 307.6 nm is 7 x 103;

i

15
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times less sensitive than the principal I{ne and is not
suitabie for trace zinc determination [65].

* Chemically the extraction/FIA determiﬁatioh of zinc
‘developed here involves‘the prereduction of Fe(IIl) to
Fe(II) by ascorbic acid followed by extraction.of 2Zn{SCN)
into MIBK. The Fe(Il) remains unextracted.
Quantification is based on peak height of the AA signal

for. the extracted zinc. The method is anaiogous to the

16

~
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manual procedure used by Headridge and Sowerbutts for the

determination of tin in steel [66].

2.2 Experimental

2.2.1 Chemicals and Reagents

All chemicals used were reagent grade unless

otherwise stated. Glassware was soaked in 30% nitric acid

(Fisher Scientific Limited, Fair Lawn, NJ) for 24 h prior

to use. Distilled, deionizéa"water was used in the

preparation of all aqueous solutions.

+

Iroﬁ'solution (2%) was prepared by slowly dissolving

2 g of Specpure iron poner.(Spex Industries Inc.,
Metuchen, QJ) according to the procedure reported by‘
Headridée et al. [66]. Hydrocﬁlorjc acid (Fisher .
Scientific Limited) and formic acid (Baker & AQamson,}

supplied by Allied Chemicals, Mof}istown, NJ) were used

in
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the digestion procedure.

Zinc stock solution (1000 png/mL) was prepared by
dissolving 1 g of zinc granules (Shawinigan; distributed
by McArthur Cﬁ?mipal Co., Montreal, Quebec) in 0.1 M HCI
solution and diluting to 1 L with 0.1 M HC1.

Potassium thiocyanate solution (0.5 M) was prepared
by dissolving the salt (Fisher Scientific Co., Fair Lawn,
NJ) in 0.1 M HCl solution.

Solid L(+) ascorbic acid (Anackemia, Montreal,
Quebeé) was used as received.

Methylisobu?ylketone and ‘acetone (Fisher Scientific
Co.,.Fairlawn, NJ) were used without. further purification.

All reagents used were vaéuum fiitered through a 10-
20 um sintered glass buchnér funﬁel in order to remove any
solid particles which otherwise might block the flow

system.

2.2.2 Apparatus
y

The extraction/FIA system. used was similar to the ~ne
described in earlier reports [21,22],, and is showh
schematically in Figure 2. Organic reagents to be pumped
were kept in 1.7-L glass bottlés'placed‘inside aluminum

.

cylinders which were pressurized with pitrogen. Aqueous

solutions were kept in 2-L polyethylene bottles in the

pressurized ;cylinders instead of ‘in glass bottles. Flow

~
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Figure 2, Solvent extAraction\/FIl.\/AAS system for elimination of
' ' spectral interferer;\gfe in the determination of traces of
Zinc in a‘n iron ;ma‘t}\ixn Carrier is 0.1 M HC], reagent jis

0.5 M KSCN in 0.1 M HCl, Vv, and V, are two- and three-way
valves respectively, V3 is the injection valve, T, and Ty,
are tees, 'I‘2 is the se‘t\;mentor, C is the extr'ac‘tion coil,‘ M

- ' is ;he membrane phase é:epa»rat\or, F‘c is”a compensating
flow, and R is a recorder. See text for details.

o) '
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rates of agueous carrier F._ . ..., of the aqueous reagent

FReagent' of total MIBK F_ and of MIBK through the

membrane Fy are identified on the diagram. Flow rates

and Fg were adjusted by inserting
hd

“suitable lengths of 0.3 mm i.d. Teflon tubing immediately

FCarrier’ FReagent

downstream of valves Vj. Except where it 1is desired to
minimize sample bandbroadening, 0.8-mm 1.d. Teflon.tuﬁinq
was used throughout the system. Two—éay valves, V; (part
no. CAV 2031, Laboratory Data Céntrol (LDC), Riviera
Beach, FL), placed in the solvent and reagent delivery
lines served as on-off yalves. A three-way valve V, (part
'no. CAV 3031, LDC) .allows selection of .either MIBK or
acetone. The latter is used to flush the system whenever
' necessary.

The sample injection valve V3 (Altex, model 202-00,
Altex Inc., Berkeley, CA) allows manual injection of the
sample into®the carrier stgeam (0.1 M HCl). The reaéenﬂ‘
stream (0.5 M KSCN, 0.1 M HCl) mixes with the carrier
stream at the Cheminert tee fitting, T, (bért fioc. CJ-3031,
LDC).' The cphbjned agueous ‘stream joins thé MIBK stream
at the segmentor, T,, and the reéulting segmented flow
stréam passesﬂthrough the extréction coil, C, in which
Zn(SCN)2 is extracted into the MIBK seaments. As

previously, the extraction coil is made of'9.8-mm i.d.

Teflon tubing. In the membrane phase separator, M, which
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has been described in Chapter 1 [él] (Figure 3), a
fraetiqn of the MIBK phase passes through the porous
Teflén“membrane and is directed to the nebulizer of the AA
spectrophotometer (either a Model 290B or a Model 4000,
Perkin-Elmer Corp., Norwalk, CT). Because the aspiration
rate of the nebuiizer is usually higher than the fgdow rate
of MIBK through the membrane (FM), a flow compensator tee
- (T3) provides for the difference to be made up by a
compensating flow (FC).of MIBK from the flask. The flow
rate ofJthe agqueous phase,‘Fa, is equal to Fearrier plus
FReagent and the total flow rate through th e*traction’
coil, Fq is eéual to Fy plus Fo'. The strip chart
JFecorder, R, is a model 7127A (Hewlett Packardﬁ.

The phase segmentér, T+ 1s shown in eniarged detail
in Figure 4. It was made by drilling out the small bore
cylindrical chamber of a commercially available Kel—F7teél
(part~no; CJ-3031, LDC) to 1/16 in i.d. and inserting 2-mm
long flared pieces of 0.8-mm i.d. x 1/16 in o.d. Teflon

tubing into the three branches of the tee.

2.2.3. 2Zinc Determination

Following is the generdl procedure for the
determination of trace zinc in the presernce of a large
excess of iron. If the sample is a solid it is first

dissolved by the procedure described by Headridge,and

X

i
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Figure 3, A three-dimens;onal.ﬁiew of the membrane phase separator
' used in this work. The porous Teflon membrane (A) is
sandwiched between twg; Kel-F blocks thus partitioning the -
ofganic phaseioutlet from the internal separation chambe
. (B). The two blocks are pressed together with four scréws
and two metal end plates, The radial and circular qroovés
in the left hand membrane support‘dlgect the organic¢ phase

to the outlet hole. ' /)
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Sowerbutts [66]. To 25 mL of the 0.1 M HCl solution
containing up to 1 g of iron is added 4 g of solid L(+)-
ascorbic acid. fhe solution is diluted to 50 mL with 0.1
'ﬂ_HCl, mixed, and allowed to stand for 10 minutes. A
volume of 300-400 .L, precisely controlled, is injected
'

Xigyxélve V4 shown in Figure 2. Attempts to incorporate
the requiréd high concentration of ascorbic acid in the
acid/tﬁiocyanape reagent led to occasional breakthrough of
the aqueous phase through the porous Teflon membrane.

Assays of synthetic samples containing various trace
concentrations of 2Zn in the presence of a large excess of
Fe were performed bhoth by direct aspiration AAS and by
solvent extraction/FIA/AAS, using the PE 4000
spectrophotpmeter. Instrumental parameters for the PE
4000 were optimized in both cases at the values shown in
Table 1. Extraction/FIA conditions employed were as
follows: carrier 0.1 M HCl; reagent 0.5 M KSCN in 0.1 M
HCl; N, pump pressure = 25 psig; extraction coil length

AY

- 300 cm; FO = 3.2 mL/min; Fa = 6.0 mL/min; FM = 2.1 mL/min;

*ﬁ:sample'vﬁlume injected, 335 wL; sample injection rate

1/min. The 1nJector loop was f111ed for = 10 s with the
valve in the load position, the valve was switched to the
 1n]ect position and held there for ~ 40 s, until the
entire peak had been recorded, and it was then switched'

back to the load position..
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Instrument parameters used with the PE 290B and the PE 4000

spettrophotometers for direct aspiration and for FIA.

Direct Aspiration AAS

Instrument

Lamp current
Wavelength

Spectral slit width
Asplration rate
Acetylene presqur;
Alr pressure

Recorder full scale

Recorder speed

PE 4000

10 mA
213.9 nn

7 A

5.5 mL/min
12 psig

23 p51ah
50 mV

1.25 cm/min

|}

Solvent ExtraCUZ;n/FIA/AAﬁ

PE 4000
10 mA

213.9 nm

2.7 mL/min
\LZ psi1g

23 psiq

SO mV

1.25 cm/min

PF 290R

8 mA

213.9 nn

7 A

2.5 mL/ﬁin
8 psia

5% psiqg

50 mv

2.50 cn/min




Synthetic samples for this study were prepared by
£
first spiking 0.1 M HCl solutions Cdﬁbainino 1 g of
Specpure iron (TMI 10 purity) per 25 mL with accurately

known quantities o} Zn. Samples to be assayed by direct

n diluted to 50 mL with 0.1 M HCI.

!

aspiration were th
' L

Samples to be}aﬁﬂgyzed by FIA/AAS were treated as

described above starting with the addition of ascorbic

acid. Zinc standard solutions in 0.1 M HCl were prepareﬁ

to contain. the same concentrations of Zn as the synthetic

samples, without.iron present, and were treated in the

same manner as the corresponding synthetic samples for use

“in direct aspiration or in FIA/AAS.:

2.3 Results and Discussion.

2.3.1 FIA/AAS Interface

Im?ortant constraints on the presént instrhmenp
design arise from .the following features: (a) the AA
speétropholometer, disconnected from the phase separator,
has its own aspiration'ratelwhich can be adjusted by
altering the éosition of -the nebulizer needle (in the
'present Cése'it was adjusted to 2.5 mL/min); (b) for giyen
values of F, and F, the FIA gystem, disconnected ffom the

AA spectrophotometer, has its own "natural" value of Fy

which can be adjusted by changing the lengths of the two
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tubes conducting liquids out of the phase separator
(usually the natural Fy 1s 1-2 mL/min (21,22); (c) the
phase separator p;ovidés an open-ended parallei—branched
flow ¢ircuit with flow through the membrane in parallel
with fléw to waste.

When the’FIA>system is coupled‘to the AA

spectrophotometer the value of the natural Fyq and the

aspiration rate should, ideally, be adjusted to the same

value in a condition called "matched flow" [67,68). 1In
our experience, attempts to maintain matched flow at = 2-
mL/min as well as attempts at using "flooded flow" (69,70)

led to poor ‘reproducibility in AA signals. The use of
"starved flow" [71]) resulted in the équeous phase
occaslonally breaking-through the porous Teflon

membrane. ‘An arrangement which yiéldéd reliable and
reproducible pe;formance involved the use ofuflow
compensation with MIBK, as shown in Figure 2. To keep the
consumption ovaiBK-from the compensating flask small
during routine operatioh, the aspiration rate was adjusted
to about 2.5 mL/mih and the natural Fy to'aﬁout 2.0
mL/min. Attempts t6 use water as a compensating solvent
in place of MIBK [72] led to reduced AA sensitivity,
presumably because of the cooling effect of wé@er on the
f;ame,(while attempts, to use air as a compensating fluid

[32,73a) yielded a variable baseline and poor @
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reproducibility of the AA signal.

2.3.2 Extraction Characteristics

The following characteristics related to the solvent

extraction chemistry were invéstiqated systematically:

extraction coil length; volume af samﬁde injected;
. \ ‘

concentrﬁ\ion of KSCN in the Reagent; and concentration of

\
\

égscorbic acid reductant. 1n all studies the sample ..

solution injected contained 2 ppm Zn*f (3 x‘QO“S M) in 0.1
: . N\ :
M HC1l, with no iron added. \ 4

N

\

Extraction coil length was varied ffom'BO\to 450 cm

and a fixed sample volume of 385 uL was regéeteQIy
injected. Fr was maintained at 10.5 mL/min\and Fo>Fa at
O.;. A plot of peak height'Qs extraction coiI‘lengté
showed a steep rise between 0 and about 100 cm followed by
a nearly flat plateau at coil leJ%phs above 100 cm (Flgure
5). The peak width variation'w1th extraction coil 1ength
was very similar to that observed previously&[21] thoagh
'displaced to le;ger values, partl?'because of the use of a
385 uL injection volume in thie sﬁuoy'compared to 44 uL in

the previous one and partly because of the different

physical properties of the two organic solvents used‘such{. P

QG P
)

as/viscosity, n, and interfacial tension, Yo/w (see

Py

Chapter 4). Nord and‘KSiiSerg concluded that the smaller

the ratio n/y the lower the dispersion in the

o/w

Y
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Figure 5, Effect of extraction cpil lenqthloh peak height: for 2 _
. “u3/mL Zn solution injected into the flow system in Fiqure
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extraction coil [29}. At 25°C the viscosity of MIBK [73b]
1s the same as that of chloroform [73c] (0.542

'dyne-s/cm ). The interfacial tension of MIBK/Hzo system
equals 10.7 dyne/cm while that of chloroform/HZO system
equels 32.8. Substituting these figures it is evident
that for.the MIBK}H?O system the film thickness will be
three times that- of the chloroform/HZO system. Peak
wldthS were 5.3 s, 6.7 s and 7.4 s foa colil lengths of 40
cm, 200 cm,and 450 cm, respectively. A coil length of 300

£y

cm, on the peak height plateau, was used in. all subsequent

studlesw'
. /

”hample_vblume injected was varied from 135 uL to 1385

. uL while Fr and FO/F were malntained atr 13 8 mL/min and
0.44, respectively. The flow rate FCarrler was kept
constant -as the lenqth of the 0.8-mm i.d. Teflon'sample

loop was 1ncreased by remov1ng an equal length of 0.8-mm

- 0
s

- i.d. Teflon tublng from between the carriec reserv01r and
the 1n3ect1on_valve. As seen‘ln F}gure:G peak height ’
increases with sample vofhme until ‘a pléteag is reached at
about 500 ;!Lf ?eak width at half—heighﬁh(hot showh)
approéches a nearly oonstant value of'sis at semple
volumes below about. 200 uL and becomes finear with a slope
of 1.6 x_107 3 S/uL and zero 1ntercept for sample volumes

above about 400 pL. Peak area, calculated ,from peak
— - o

he1ght andppeak ‘width at half-height, increases linearly
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Variation of peak height with sample volume.injected:
sample, 2 yg/nL-zn?* in 0.1 M HCl, Fe,  iop = 4.8 mL/min;
FReaqent = 4.8 mL/min; Fy, = 4.25 mL/min, Fo/Fa = 0.44, FT
= 13.8 mL/min; Fy .= 1.7 mL/min; Carrier 0.1 "M HCl; Reagent
0.5 M KSCN in 0.1 M HCl; recorder speed, 2.5 cm/min; study
performed on PE QOOO-AA. o )
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with volume injected from a zero intercept (not shown in

Figure 6). The general aspects.of the variations of peak

_height, width, 'and area with volume injected are similar

to those previously described [21]. An injection volume
of 385 uL was chosen for all subseguent studies since it
represents a favorable compromise bgpwéen large peak

height and small peak width.

Potassium thiocyanaté concentration in the reagent

’,

was varied from 0 to 0.5 M. Peak height increased rapidly

unﬁil a limiting plateau at about 0.11 M KSCN. Peak

\

height at 0.50 M KSCN was identical with that at 0.11 M

KSCN. Peak—to-péak baseline noise, expreésed as a
percentage of the peak height obtained fpr 2 ug/mL Zn.in
the fnjected sample, increased only slightly from 3.1% at
6.11 M KSCN to 4.1% at 0.5 M KSCN. A concentration of 0.5
M KSCN Qas selected for use in the determination of trace
Zn in the presénce of Fe. Sample soyutions‘may'éontain'dp
to 2% (0.35 M) iron and the use of 0.5 M-KSCN insures an

excess of this reagent over that required by the formation

"of the non-extractable complex FeSCNT in the aquéous

7
N\
\
\
‘

phase. o ?

Ascorblc acid was added as a solid in varylng amounts

—

to‘EF mL portions of a solution contalnlng 4 pg/mL 21nc

and 4% iron in 0.1_& HC1. The ‘mixtures were then diluted

to 50 mL with 0.1 M HCl. After standing for about .10



minutes 385 uL of each solution was injected into the
FIA/AAS system and the concentration of iron éxtracted
into MIBK was measured by atomic abserption using an iron
hollow cathode lamb set at 296.7 nm. ‘A 4% (w/v)
concentration of ascorbic écié in the sample, which
corresponds to"ébout twice thevstoichiometric amount of
Fe(III) initially present, was sufficiené to achieve
maximum reduction of the iron. With this or higher
concentrations of ascorbic acid the concentration of iron
appearing 1n the MIBK extract was 110 pg/mL (é x 10"3
M). Thé nature of the residual iron extrfcted was not
studied. 1In aqueous solutions Fe(II1) forms a positively
chafged 1:1 co%plex with thiocyanate ion [73d] which is
unextractable. On the oth§r hanq the formation of Fe(II)
hydrogen ascorbate }[FeHAsc+]) complex was reported in
perchlorage solution [73e]. 1In the presence of excess

thiocyanate ions a neutral mixed ligand complex >

(FeHAscSCN) may form and extract.

2.3.3 PloQ Characteristics

The sensitivity, Sg. of the AA spectrophotometer,
expresséd as signal height per unit concentration of
absorbing element in-the aépirated solution, dépénds on
the flow rate of the S§lgtion into the.nebulizer [74).

The plot in Figure 7 is the sensitivity curve obtaipgd by-

0y
/7

4

—

—
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Variation of sensitivity of the AA spectrophotometer with
flow rate into the nebulizer; sample, 0.4 pg/mL in(SCN)z
‘in MIBK pumped directly into fhe nebulizer. The
instrument conditions are given in Tablel, "Column 4.
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continuously pumping a 0.4 ug/mL solution of Zn(SCN)2 in
MIBK into the AA spectrophotometer at various flow

rates. (Flow injection was not involved in collecting
these data.) Figure 7 is used as follows: The value of
Sg relevant to an FIA/AAS experiment is read off the curve
at a flow rate equal to‘(FM + FC). Except in the nearly
linear region of the curve at low flow rates, the
nebulization efficiency decreases as the flow rate is
increased and in the 1im}ting plateau region Sp actually.
becomes independent of the rate at which,solu;ion enters
the nebulizer. An equation is derived in Chapter 3
(Equation 3.4) which expresses peak helght in
extractlon/FIA/AAS as a function of Sp and other system
variables. Anticipating that equation, in the present

case, the distribution ratio, D = 100 [66] so that ¢ = 1.

12.3.4 Efficiency of the Membfane'?hase Separator

Membrane phase separation efficie;cy is the fraction
“of tﬁe organiclphase_that can be sepérated by the membrane
(FM/FO). Maximum efficiency éf the membrane'phése.
separator 1is the maxiﬁum value of Fu/Fq which can be
achieved before breakthrough of water. fhe maxihum
efficiency was.studied as a function of ﬁhe total flow

rate, FT.' The flow rate ratio (F /F ) was kept constant

at 3.2 wh11e the total flow rate, Fr was varled from 4. 2



to 10.7 mL/min. The flow system used did not involve
sample injection or detection. At the segmentor T, in
‘Figuré 2, the agueous (0.1 M HCl) stream flowing at F, was i
merged with the organic (MIBK) stream flowing at For and
the segmented flow Hn the extraction coil, C,lwas fed to
the membrane phase separator M. For each Fr value the
efficiency of the membrane phase separator was édjusted to
1ts maximum value by changing the length of the Teflon
tubing connected to the waste outlet. Fyq, F5 and Fo were
measured using two standard burets receivingvthe liquids

at both outlets of the membrane phase separator.

Figure 8 ig a grabh&cal representation of the reéulgs
obtained. Curv§ A showé\gﬁ?t the efficiency of the
membrane phase separator is’decreased as the total flow
rate is‘increasea. The rgason fof'this has not been
'investig;tgd but there is evidently a coyrélation between
maximum FM/Fg ana bressure across the membrane. At higher
FT“the pressure in the phase separator is greater if the
Teflén tubing exiting to waste is,keptvat the same
length. At low Ff'ﬁigh effﬁcieﬁcy of sepération'is>
obtained while FM drops élmbst‘linearly (Curve B). Thus =
in a typicél expefiment in whicﬁ éompéhsaﬁing ﬁfbw is ' |
employed it is bepter to work at high Fp conditions
despite ;he lower efficiency of separation{ This allows

Operétioh at a total organic flow rate into the nebulizer
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Frp/ Fo)
[«]
- J

0.4

MAXIMUM EFFICIENCY

(MAXIMUM

Figqure 8,

4 6 8
Fr (mL/min) t\

-

variation of membrane phase separator efflcxency FM/F

(A) and flow rate thrcough the menmbrane,’ FM[ (B) with total
flow rate of both phases (FT = F, + Fa). At all total
flow rate values the phase ratio, F /F, was kept constant
at 3.2 and the flow- system was adjusted to maximize Fy
values without breakthrough of the aqueous phase. Aqueous
phasg was 0.1 ﬁ_HCl while organic phase ‘was MIBK.
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(FM + FC) as close as possible to the plateau region of
Figure 7 with minimum dilution by the compensating flow.
The phase separator was designed with a small internal

~

volume in order to minimize bandbroadening and it has been
used successfully with molecular absorption detectors
(21,22]). 1In such detectors, unlike an atomic absorption

detector, the signal is independent of the flow rate into

the detector, and a low FM value will be éé goopd as a high

one.

2.3.5 Determination.of Zinc in Iron Matrix

The data shown with open symbols in Figure 9 were
obtained by analyzing #ron—free zinc standard solutions in
0(1 M HC1 (Section 2.2.3), either by directly aspirating
the aqueous phase (circles) of by solvent extraction/FIA/-
AAS‘(squafes). The data. shown with solid symbols were
obtained by ana1y21ng synthetic samples contalnlng 2% Fe
and various concentratlons of zinc by direct aspiration
_(c1rcles) or by solvent extractlon/FIA/AAS (squares).
Synthetlc samples assayed by direct aspiration are always
higher than those of the i;on—free standards. At every
-zjnc concentration’the samplé signal‘height'(absorbance or
ém) lies above thé corresponding standard'signal height
thained for the same zinc concentratio;, by about the

same amount. This height (or,absorbance)n which is

o
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Calibration curves for the determination of™zinc in irgn

matrix by directly aspirating the aquecus solutiop (®) and
by solvent extraction of cﬁe zinc-thiocyanate complex into
MIBK using FiA/AAS (B) as described in Section 2.2.3. The’
open symbols were obtained for ziﬁp standards in 0{1_5 HC1
analyzed as for the solid symbols except for the aSsence
of ascorbic acid in the FIA/AAS method. Fxperimental 1

conditions are presented in Table 1, Columns 2 and 3.
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necessarily the intercept of the sample plot on the peak
height axis, corresponds to 0.42 ug/mL 2Zn igkthe linearf
part of the plot.; In the curved part of the plots the
same signal hgight difference between the samp}e signal
height and the standard signal height correSpoﬁds fo a
. greater difference between actual and added zinc -
concentrations (see data jn Table 2). The positive
intercep£ of - the sample plot in the direct aspiration
method of course arises from the absorbance of Fe at 213.9
~‘nm. Thus a Zn—free soiution containing 2% Fe appears to
contain 21 ug of Zn per gram of Fe (i.e. 21 ppm): This is
consistent with the prepiously reported {47] spectral
interference of Fe in the determination of 2zn.

In contrast, the aggay values obtained for zZn in the
samples by the extractidn/FIA/AAS me£hod is essentially
free of interference from Fe. Peak heights obtained for
the‘samples and‘standafds are the samé within experimental
error (Table 2). The minimum detectable quantity of zinc
.is 0.2 ug/mL, taken-as three times the peak-to-peak noise
in the baseline.

Background correction,ﬁechniques are frequentiy used
to compensate spectral interferences in AAS, but they
usually under-correct in cases of spectral line-

ﬁﬁw&erference where line .oyettlap is éxtenéive t76,77]. L
; §beuterium'background correction was tested in the pgesent‘

»
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Table 2. Assay of 'synthetic samples containing 2% 1ron for thear

zinc content by direct AAS and b&/ extraction/FIA/AAS.

_____birect AAS - e _‘_f_I_Alf\l\_S_AH‘__‘M__-_
Added zZn" Found Zn ‘Difference Added zZn Found 2Zn ; Difference
(ug/mL) (ug/mL)?® (uq/mL)b (ug/mL) (ug/mpL)®-°¢ (pg/mL)

0.00 0.42 0.42 0.00 ~0.02 + 0.01 0.02
0.50 0.92 0.42 0.50 0.47 * 0.01 0.03
1.00‘ 1.51 0.5 0.90‘ 0.90 f.0.0.?‘ 0.00
1.50 2.15 0.65 1.25 1.28 Q.O4 0.03
2.00 C2.76 0.76 1.60 1.66 + 0.06 0,06

a. As read off from the aqueous standard calibration curve.

b. Added Zn - Found 2Zn,

c. * are standard deviations based on three replicates.
' 4

oA

4



. cAse on the PE 4000 spectrophotometer using direct
aspiration. The interferenee\was reduced only ;> about
32% indicating that, as expected, D, background correctio
is not suitable for compensating Fe spectral interference
on Zn (Figure 10).
e

While spectral lipe interfefencgzds relatibely rare
in AAS, the extracfion/FIA/AAS appreach can be used
routinely to eliminate all'kinds of matrix effects in
addition to spectral intefferences. Also, use of the
technique in conjunction with inductively coupled piasma
(ICP) emission speetroecopy, here spectral interferences
are morebcommon, should provfd ‘an attractive neans of
eliminating them. Flow rates O tneaorganie extract 1in
FIA are in the same fange as aspiration rates commonly
used in ICP spectroscopy‘[78] and, while the use of
organic solvents 1s more pronlehatic with the ICP ﬁhan
with AAS, theyuare now routineiy,employed [79,80].

| S
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. CHAPTER 3

USE OF PEAK HEIGHT FOR QUANTIFICATION IN

@

SOLVENT EXTRACTION/FLOW INJECTION ANALYSIS

3.1 1Introduction

. v - , _ :
The performance of automated solvent €%traction in

‘the FIA mode has been studied both in terms of its

principles of operation and its application to

«

_quantita}ive determinaéion {21,22,25,26 and feferences

‘based on either peak height or peak area. The

‘therein). Quantificadtion in solvent extraction/FIA is

-

[3

gquantitative relationship between peak area and variousg

-

'system parameters was derived and experimentally verified

for systems employing a concentratien sensitive detector

_ ..

[21]. Thls chapter -deals with the quantltatlve relatlon—

~

Shlp betweenAgeak helght and such system parametens as

-

detector.sensitivity, peak dispersion, flow rates of

vafious streams, and sample distribution coeff1c1ents.

Some types of detectors, such as molecular absqrption

x I . ‘ ;
spectrophotometers, can simply- be attached to the organic
extract line exitiné the phase separator [21], while other

. \ ¢ ’ . . . .
detectors, su¢h-as atomic absorption spectrophotometers

(AAS) may require addxtlonal plumblng to prov1de flow

&)

LT e 43
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Y

compensationlto thé extract entering the nebulizer, as
described in Chapter 2 [26,32]. Furthermpre, while the
detector sensitivity is independent of flow rate with a
molecular absorption spectrophotometer, it exhibits a
complex flow rake dependence with AAS detecto;s [26,74).

Both situations are included in the equation which is

derived and experimentally verified in this chapter.

3.2 Experimental

@

3.2.1° Chemicals and Reagents

‘Ortho-nitroaniline stock solution (5.0 = f0_3 M) ;és
prepared in water -from the reagent grade chemical (BDH;
Montreal). ,Tﬁe sample SOIQtion (4 x 10'5_ﬂ) was prepared
by. dilution OE'the above stock. 'Phosphate buffer (0.01 M,
pH = 7.0)’was prepared in water by titrating a solution of
Kﬁ2P04,(McAfthur Chemical Co.,.Montreal) to pH = 7.0 with
NaOH and diluting to 2 L. Reagent grades of CHélB
(Mallinckrdé€) ahd'MIBK (Fisﬁer Scientific Co.) were used
.without further pufification. Qphér reagents and |

- .

chemicals were ‘reagent grade and have been describéed .in

Chapter 2. @
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3.2.2 Apparatus

Two versions of the exfraction/FIA instrument are
considered, one with an AAS detector and the other with a
molecular absorption spectrophotometric detector. The
forher, which has been used i1n the atomic absorptidn
determination of zinc following solvent eXtraction of

n(SCN)z, is shown in Figure 2 and described in Chapter

2. It will be referred to as Version I'oﬁathe

instrument. The aqueous carrier is 0.10 M HC1, the
aqueous reagent 1s 0.50 M KSCN in 0.10 M HCl and the
immiscible organig solvent is methylisobutylketone

(MIBK). Samples consist of dilute solutions of zn in 0.1
M HCl which are injected via a sample injection Qalve
Vy. During passage of thé seqmented aqueous¥organic flow_‘
stream through the extraction co1l the &omplex Zn(SCN)2 15.:
quantltatlvely extracted into MIBK.H The AA signal peak is
due go Zn.

“The agueous fiow rate F, is the sum of carrier flow
_rate FCarrler and reagent flow rate FReagent' the total
flow ﬁate Fr is equal to F, plus the M;BK flow rate Foi
- flow rate of MIBK phase passing througﬁ the_membrapé‘phése
separé?@r is FM,and compensating flow rate of MIBK from

s
the flask is F It was found (see/pelow) that ‘use of the

ch
flow compensator resulted in the total flow rate of MIBK

'entering‘the nebulizer (FM + Fc) remaining constant for a

oy
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given nebulizer setting, even when Fy was purposly varied

during experiments. The value of (Fy + F.) 1s governed by

c
the "natural" aspiration rate demanded "by the‘particular
nebulizer sefﬁihg as demonstrated in this study.

The fecond version of the extraction/FIA instrument,
called Version 11, was used in studies where some flow
rates were varied while others were kept constant and
where it was desired to use a detector whose sen@itivity
is flow rate independent. The design was similar to that
in Figure 2 except for the following changes: (a) The
constant pressure pumps were-replaced by three constan£
flow rate liquié chromatography pumps (Model 6000A, Waters
Assoc..gnd Model 396 Min}pump, LDC): (b) Meth?nol was
used, ;nstead of acetone, as a flushing éolye%t; (c) Y5
and the compensating solvent'were absent; (d) A uv
absorbance detector (Model 770, Schoéffe} Instruﬁent
Cbrp.) was used at 410 nm, in place of the AAS; (e) A
peristaltic'pump (Minipuls 2, Gilson Lnstrdments) was
placed i% the outlet line from the detector flow cell in
ordér Lo gate the flow Fy, as described prev;ouslyh[21];
(f) Carrier was watér, réagens was phosphate.buffer, .
6rganic solvent was CHClj,;and_the sample solu;ign was o-

nitroaniline in water. - 1

In both versions of the instrument flow rates were

measured by collecting the liguids in burets at the outlet
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end of the system. Therefore, reported values of
FCarrier’ FReagent' Fo' Fa and FM are for mutually
saturated phases. Alsou, the extraction coil was

-
sufficiently long that extraction equilibrium was always

achieved for both Zn(SCN)2 and o-nitroaniline.

.

3.2.3 Sensitivity Curve

This was measured by pumpinq a solution of Zn(SCN)2
in MIBK%fnto the nebulizer. The "natural" aspiration rate
of the nebulizer was set at 2.5 wmL/min by suitable

ad justment of the position of the nebulizer tip. The
Zn(SCN)2 solution ‘was pumped from a constant pressure pump
directly and continuously into the nebulizer - no solvent

extraction or FIA was involved. Zn(SCN)2 concentrations

of 0.40 ug/mL and 0.70 ug/mL were used;

3.2.4 Effect of F_

Variation of peak height with flow rate of
compénsating SOlvent‘was;studied by puﬁping 0.4 pg/mL
Zn(SCN)é solution in MIBK ffdh'a'constént pressure‘pump
through‘a tee junction, wheré_rt_meréed with the
compensating flow of MIBK, and.then\intb the ﬁebulizer,V
No -solvent extraction or FIA was inQoIvéd in this study.

' The "natural” a;piration rate .of the nebuiizer‘was set  at

about S‘mL/min. A baseline for the AA signal was obtained

L]
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by shutting off the flow of In(SCN), solution so that the
nebulizér aspirated only MIBK cbmpepsating solvent. The
flow rate of Zn(SCN)z soiution was then set, 'in turn, at
;everal values by vary}ng khe nitrogen pressure in the
pumps. Flow rate of the Zn(SCN), solution fram the pump
was measured for each run by switching‘a‘three—way vqﬁve
(No. CAv 3031, BﬁC\ located between the pump and
compepsat}nq tee so that the Zn(SCN), solu;ion'was
diverted to a measuring buret. The flow rate of /
compensating solvent during each run was measured as the
rate of reduction in liquid level in the compensating
solvent container. |

~

3.3. Results and Discussion

The derivation of an equation relating peak height to
various system parameters in solvent extraction/FIA is-

first presented and then each of the terms in the equation B
v _ » A

is -examined. experimentally. :

3.3.1 Derivation

“

Peak height (P.H.) is related to the maximum

concentration in the sample zone (peak) entering the

- "
detector, Cp,, by the expression:

e .
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in which S is the sen
height per unit concen
Depending on the détec

or be independent of |
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)

?itivity of the detector in units of
tration of sample component.
tor used Sp may depend on [26,74],

21,22] flow rate into the

detector. The peak concentration Cpx can qucalculated

from the concentration of sample component in the sample

solution injected, CSAMP' by taking into account the }

dilution steps, the ex

resuléing from band di

traction efficiency and the dilution

spersion. These are considered here

for the instrument shown in Figure 2. Dilution resulting

- from merging of Carrie

given by (FCarrier/Fa)

r stream with Reagent stream is

-

.. Dilution resulting from

extraction into the organic phase is given by the product

of the ratio,Fa/FO times the fraction of sample component

.

extracted, ¢. The fraction extracted can be calculated

from. the digtribution

ratio, D, and the phase ratio

D-(FO/Fa)

o = (3.2)

1 + D« (F)/F,)

\

Dilution caused by band dispersion throuéh the sysvém

is the result of laminar flow in connecting tubing and

<

e
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mixina chamber effects in the phase separator and detector

(81]. The relative~dilution, R of the sample due to

v’
dispersion is measured experimentally from a‘plot of peak
height versus volume of sample solﬁtion injected as
described below.

In flow éens}tive detectors; such as an AAS, a
compensating flow, F<r merges with the fldy of organ}c
'extract from thé phase separéator, Fy. before iL'enters the
detector [26]. Dilution of sample componént.concentration
from this source is given by (Fp/ (Fy + Fo)) e

Combining all of the above factors accounting for

dilution of the sample component allows Cpx to be

calculated: .

F

FCarrier Fa M
Pk T Csamp t Ryt T F ot 0 s g (343)
a O M C

'Simplifyihg this expression and, substituting into equation

3.1 gives: - 1
, F , F,
D= ' : - _Carrier . Mo
P.H. = CSAMP Ly Sp * R, —F . "¢ F;—T_sz(3'4)

‘The quantfty ¢ depeﬂds.on Fj and F, (equation 3.2), but in
the usuai situatioh in which D is large.and,F‘é/FO is close

: : ' 5
to unity"¢ = 1 so that both ¢ and P.H. become
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independent of_Fa. It should also be noted that with flow
rate sensitive detectors Sg depends on (FM + FC) but, as
mentioned above, when flow compensation is used with the

AAS detector, (Fy- + F.) remains essentially constant and

equal to the "natural” aspiration rate of the nebulizer
- . @O

even when Fy, 1s varied. Thus the appropriate value of Sg

—

is read from the sensitivity curve (see below) at a flow
e , ‘ .
rate equal to the nebulizer aspiration rate.

3.3.2 Calibration Curve

Using Version I of the instrument in which an atomic
absorption detector is-employed, a calibration plot of

peak height versus zinc concentration injected, Cgampr was

» '

found to be linear with zero intercept and a correlation

e
coefficient of 0.9996 up to peak heights corresponding to

an absorbance of about 0.5 (Figure 9, Chapter 2’. The
negatﬁve deviation observed above this absorbance is éound
alsé wheﬁ:samp&es of zn2* are aspirated di;eftly intolthe'
‘flame in the normal, non-FIA manner of performing atémic'
absorption; ‘Tbis, ;herefore, arises from a negative -
deviatioh from Beer's'L;w at hiqhér absorbances which is a -
well known phenomenon in atomic gbsorptiod spectroscopy.
The linearity oflp.H. XE_CSAMp,observed.in the linear
,qbsérbance range‘of the spectrophotdméter is cbnsistenp

\ .
with the prediction of equation 3.4.

i



3.3.3 Sensitivity Curve

In Figure 11 are presented plots of detector

sensitivity versus flow rate into the nebulizer. The

experiment was performed by pumping MIBK solutions

Al

_ 4§§ontaining two different concentrations of'Zn(SéN)z
directly and continuously into the nebulizer. The solid
trianqles‘a;e the same points presented in Figure 7. It
1% seen thaé Sp. which is the AA signal divided by
Zn(ﬁCN)é concentration, is essentially independent of
sample coﬁcentration. The general shape of this type of

. cyrve has previously been discussed [74]. It clearl
: - o

demonstrates the flow rate dependence of Sp for an AAS
detector. Presumably, the leveling-off of the value of SF

at higher flow rates derives from the decreasing
- ' o

efficiency of the nebulizer at producing a fine aerosol

‘from the aspirated ligdid [82]. The appropriate value of

Sg for use in equation 3.4 is rea‘}&rOm the curve at a

8 g
)

:flow rate equal to the value of (?M + Fo) be{;gzu§sgp(i.e.
) ' o i |

at the nebulizer aspiration rate).

Sgge workers have ghosen to keep the nebulizer

'aspiration'raté at the optimum value: (plateau reqion in-

Fithe 11) and-adjust’ the F1Ia sﬂ'?am to match that flow
! - . ‘ . . K s : . y . N
rate [32,37,83]. With the currently used'porgg- membrane

phase -separators in which Fy 1s about 2 mL/min, opegatinq

on the»sensitivity piateau at 6 mL/min would require a

a

. Co . .
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dilution by compensating solvent of 2/6 and a .
corresponding decrease in peak height. Alternatively it
is pgssible to .adjust the nebulization rate to a value
lower than 6 mL/min such as 2.5me/min with only a 20%
sacrifice in sensitivity (Figure 11). In this case a
compensating flow of (0.5 mL/min will cause a dilution ot -
only 2/2.5. Thus operating at.a natural aspiration rate

of 2.5 mL/min rather than 6 mL/min yields a substantial

ne%;i@crease in signal.

3.3.4 Relative Dilution, R

Band dispersion resulting from flow J&f the samplé

\

zone througﬁ the system causes a broadeﬁing and decrease
iA heiqght of thqﬂﬁ%ak. In addition,'as the volume of
sample injected is made larger it too contributes to the
Qfdth of the peak [21]. To stuay this phenomenon both
Version I and Version IT instruments werehuSed. Relative
dilution R, is evaluated ‘from the dependence of peaK
height on sample volume injecped.‘ A plot of this type for
umeasurements made on tﬁe Version I instrgmén; has been
published [26]. Three plots of.this type for measurements

made on the Version II instrument are pre§ented in Figure

g

.All plots have: the same general shape. The ,
- . . : : 4

evaluation of RQ is done as follows: Consider first curve
" A in Figure 12. The limiting plateau’ seen in this curve’

?
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Full scale = 25.0 cm.
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Figure 12. Effect of sample volume injected on peak height for a
' sample containing 4 x 'IO'S ﬁ_o-nitroahiline{ Version II
' instrument. Flow rates, mL/min, are: Curve A, =
. 3+%0: Fcarrier = 0.9, ESeagent = 0.4g, Fy = 1.2g, Fy/F,
= 2.31, Detector AUFS = (0.0%; Curve B, F, = 3.0q,

. Fearrier = 2-0q, FReagent = 2.0, Fy.= 1.1y, Fy/F, = 0.75,
Detector AUFS = 0.02; Curve C, Fg = 1.54, Fearrier =
2‘00f_FReagenE = 2.04, Fy = 0.9g, F /F, = 0.375, Detector
AUFS = 0.02.
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at large injection volumes exists because the “"slug" of
- . o ) .
-1njected sample 1is sufficiently long that dilution due to
band dispersion does not reach the cdntre of the zone

(21]. Hence, there is no dilution due to dispersion on

-
3.

this plateau. For a system in which FiFy = «€-3 the value
of R, corresponding to any injection volume is calculated

4
as the ratio of the peak height seen in Fiqure 12 at 'the

1

corresbondinq injection volume diV&dedﬁby the peakxheight
.on the limiting plateau. Defined in this way R, is -
analooods to ﬁhe concept of "dispersion” u%gd by ;ome
workers in FIA [75]. | s

Comparison of‘%urves A, B and C in'Figure 12: each of
which was obﬁained at a'differeht value of Fb/Fa' shows {5
that R, 1s somewhat sensip{ve.td_largé changes in Fo/Fgy- |
This is %ot surprising iﬁ’view of the processes giving
rise.tg band dispersiqﬁ; It means, in a pracﬁical-sense,
that the curve used Fb calculate the value of'R'v to be
used in a given'extfaction/FIA'dete;mination~shou1d ha\_’ze-~
been obtained under similar experiméntal conditions to
those used in the determination. fhe increase in the
plateau peak height seen on going from curve A to curve C

is a consequence of the increase in (F F

O) as seen‘

Carrier/
in equation 3.4 and as discussed'below./ (Note change in .
detector sensitivity givem in figure g¢aption.) It will be

recalled "that, since R, is a ratio of peak heights,.it is

\
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~the shapes of curves A-C that relate to R, and not the

.absolute values of peak»heights. Ty T

o . . - ) : . L 2
3.3.5 Effect of FCarrieE on Peak Helght
: ; .

Equadion 3.4 predicts a linear dependence of P.H. on

& L :
r P¥OVided that Sp, Ry, ¢, Fo, Fy and (Fy' + F)

\

Fearrie
. remain cdnétant. "This was studied using the VeYsion 11
. N ‘ ‘ . P .

. L i S, .
Instrument. For this 1nstrumeﬁUFSp 14, constant,

¥}

independent‘of £1ow rate. S;nce no compensatlng flow' is

used the - lasg term 1in equat10ﬂ>8 4 reduces to 3.1 and F'y

Is eliminated from the equationc For the,sampqe‘bohppund

~

o-nitrdan 111ne£b 1 becausest as large [84]}. Id\this
« = A

S

‘experiment F, was fixed at 3. OQ mL[min, FReagent at 0.50

mL/mln and FM at 1. 60 mL/mln whlle’?ﬁarrler‘was varied

between 0. 10 mL/min and 2.5q mL/mﬁn;“‘An 1nject10n volume
n"L)

of 385 L was used Undér these c@ndltlons F o/Fa var}es

¢ L -<a'7}°

,between 1. and 5 over\the range\of ECafrlerzused'
',;Examlnatlon of Plgure 17 shod§ that &or FO/F > O 75 an_:
_1n3ect1on volume .of 385 ulL. falLs bm the plateau SO thaﬂURV;M

l for ail vaiues of Carrier &sed Thus SF,ERV, @:gnd'

Fo.are‘constants a_nd“FM ) ellminated from equafion,3y4.

[ “

A,plotfof'P:H. verca‘fié;”is:expected to be’linear.;\The

experlmentally measured plot, Whlch 1s presented as Flgure

11near (slope ; 8. 35 + 0 l2 at 95% Cbnf1dence

ullmlt (C L)) wlth zero 1nbercept (1nterdept 0;02@ +

e .
: ! 2

. . A - .
C . . :
.. Y . B - B : .
RS - . . rt- % . Y g Rt . -
i ) - - B A ’ . e
. . . 8 . 3 R . 3 kS . oS
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' peak w;dth at-half-helqht (B) for a sample containing 7 x

”‘10 5 -n ‘{qanlllne. VbrSLOn 11 1ntstrument,..~ Sample )
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. % CML/min, FM = 1.0 +.,d'% Detector AUFS = 0,02 (full scale

= 25.0 cm). " The p01nts are. aver%ges of dupllcate

1nject10ns (range < O 4 cm) . .
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0.368 at 95% C.L.) and a correlation coefficient of

0.9995. Peak width at half-height was found to increase
with decreasing carrier flow rate (Figure 13B), which is
expected since at lower Fearrier the {ixed sample slug is
segmented and extracted into a greater number of organic
phase segments. Since Fy is constant this volume of the

organic extract will reguire a longer time to enter the

nebulizer giving rise to a shorter and wider peak signal.

' )) . " . v
3.3.6 Effect of'FReaqent on Peak Height

According to eguation 3.4, P,H.'shohld be independent

a
[N

of FReagent‘ The Version II instrument was useo.

Fearrier ¥as held at 1°003mL/min,‘Eo at 3.00 mL/min and F,,

at l.4g mL/mln whlle FReagent was varjed ffom 0.50 to 2.50

mL/min. - Injection volume of o-nitroaniline-sample
solution was 385 uL. Peak hefght was found‘to be

constant, 1ndependent of FReagent as seen in Flgurgxﬁﬁ;

-

+

"The slope of a plot of P H. Vs FReagent was 0 06 _,0.05.
Peak width at half helght was constant (s. 7 i 0. 25)

'1ndependent of FRéagent' - This is because.the fixed sample

- . Tvoe
P N -

‘_voiume injected is seghented at a constant Feo,pirier.
A“yleldlng a flerNnumber of seqments. 'Since Fy is constant
“the segmented sample zone w1ll extract 1nto a fixed number
“of segments (thus a flxed volume) of “the organlc phase

. .g1v1ng a detector 51gﬁgﬁ of eqﬁal helght and wxdth.‘

® . ’
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1.0 mL/min, Fo = 3. 0 mL/min, Fy = 1.45 0.05 mL/min, "<,

'.Detector AUFS = 0.02 (fuil scalé = 25.0 cm). Each point

o jxsvan average of duplicate injections (range < 0.5:wm).
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'v mL/mxn wh11e F was varied from 1 80 to 3. OO mL/mln.
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Increasing FReagent will simply increase the length of the
aqueous segment. ’ . .

It should‘be realized that equation 3.4-takes no -
account of the chemistry or stoichionetry of the reaction
upon which an extraction/FIA determination may be based.
Thus if the amount of'product formed by the reaction‘
between the sample component and the reagent is changed as
a result of a change in FReagent' the peak helght would of

course change - but thlS effect is wunrelated to t&f flow

Y

dependenc1es to which eguatlon 3.1 relates.

~

[N

3.3.7 Effect of F, on Peak Height

b

-

ﬁsing the Yersion'II ingtrument, ‘was fixed

FCarrier
i

at 1. 00 mL/mln, FReagent at 0 S0 mL/min, and Fy at 1. 4g |

'InJectlon ‘'volume .of o- n1troan111ne solutlon was 385 uL.

Since all other varlables on the r1qht -hand-side of
?ﬂ
equatlon 3.4 are constant and FM is ellmlnated as

-
k]

d1§§ussed earlier, a plot of P.H. vs 1/F_ is expected tc _
bé%flnear. The'experimental plot, sthn,in Figure 15, is ’
ll%ear (slope ="2.5.2 +° 1.3 at,éS% C.L.) with a correlation

ff,1c1ent of 0. 996
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fect of organlc phase flow rate on peak haxght for a‘,'

S

sample contalnlng 7 x 10 -5 M o-nltroanlllne.‘ Version II

instrument. ' Sample volume 1n3ected 385 L, Carrlef =

1.0 mL/mln, FReagent = 0.5 mL/mxn, Fyi = 1. <4g mL/mln,.__i

‘Detector AUFS .02. (full scale = 25{0 cm). " The poxntq

are. averaqes of dupllcate 1nject10ns (tanqe < 0 3 cm).
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3.3.8 Effect of Fc on Peak Height

Variation of peak height with the flow rate of:
oompensating solvent was studied as described in Section
3.2.4. 1In this ekperiment the flow rate of Zn(SCN)zifrom
the puop is analogous to Fy ih the extractioh/FIA |
experiment, while the flow of MIBK from the compensating
flask is Fo- The results of this experlment are
summarized in Table 3 It can be seen from the first
three oolumns that, at a fixed qehdlifer "natural"”
aspiration rate, (Fy + Fé) remains constant as Fy is_

changed. 'From equation 3.4 it is ‘expected thatha'plot of

.AA signal Vs F&/ (Fy + F.) should be linear. Us1ng the

data in Table 3 a plot {(not shown) of AA 51gnal VS FM/(FM
+ Fo) is- 11near~(slope‘= 5.17 + 0.12 at, 95% C L.) wlth

zero ﬁntercept (intercept = 0.05 + 0.19 at,95% C.L.) and a

¢ °
< -

~co’_rrelati’o‘n COefficiengpof'O.998. R

4
. ..
o %

-

Sevegal reports on the effect of flow rates on peak

. L]

'helght in solvent extractlon/FIA have prev1ously appeared\‘

*

[19 20 35 37] These studles were performed as part of .

n

'the optlmlzatlon procedure in- therdevelopment of'7
.

3

"7extract10n/FIA determlnatlons. As such they weré not

. 5. - -
meant to 1nc1ude the effects of all systegé%arameters and,

v

for mhe most part, no effort was madeato keep all other

Y a ST “" . PR o
o : > o . . . .
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Table 3. Effect of compensating flow rate on signal and constancy of

(FM} FC‘).

*

e F (F

M . - . L AEy + L) Fpy Aé_AA Sranal
(mL/m.n'.) \ (mL/m1n) (ml./min) V(:;+ Fc) ;;é, (cm)
R DY T 4.9, 6.5 0.24¢ 1,25

2.3, 4.2, 6.5, 0.35, 1Ry
? - R
2.9, 3.6, 6.5 0.44, 2.30
3i2¢ 3.2, ' 6.4 0.50, - 2.75
4.0, 7 2.5, 6.5, , 0.64¢ ) 3.25
4.6, . 1.50 6150 . 0.70g 3.R0
5.2, 1.3, 6:5, 0.80, 4.2%
6.0, 0.5, 6.5, 0.92, 4.65
6.55 ; 0,00 ? 6.54 1.00 ; 5.25
. : -
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: ' .2 . .

system variables constant while studying the effect of
one. Taking this into account, the data obtained in these
studies is consistent with the predictions of equation

ey

3.4 For_e;ample, data presented in references 20 and 37 v e,
give a linear plot of P.H. vs 1/F_  in the-higher end of,
the range of Fg studied, though the plots are non-linear

at lower Fo. Also data in reference 35 shows that P.H.

. . c . . . . \‘\l ’ .
increases with an increase in agueous phase flow'rate. }

“y



CHAPTER 4
LV 4
. .

HYDRODYNAMIC AND INTERFACIAL ORIGIN OF SEGMENTATION IN
7 ) .

SOLVENT. EXTRACTION/FLOW INJEWTION ANALYSIS

> : .
. t

4.1 Introductjion by

~

Solvent extraction performed in the flow injection

analysis mode requires that two immiscible solvent streams

® . :
undergo a confluence at some sort of segmentor from which
. {

.they merge into an extraction.coil ‘as alternating segments
- ' ‘

of “the two phases,;typically'ofganic, Oq*.and ‘aqueous, A
(Chanter . Segment length-in the extractionucoillseems
to be ag 1mportant factor in optlmleng solvent

\ .
extractlon/FIA [30] and experlmental evxdence indicates

‘ *

that the seqmentor deslgn and gebmetsy play a major role

s

in determlnlnq segment length " [19,23, 24 85]-. Another
factor affecrlnq seqment length is the flow rates of the.

‘ntwo‘XmmlscxbleAsolvents. In all Systems in which flow
Vel oo . o’ : . -
: rates of the conflueﬂt streams are malntalned constant and

-

vunlnterrupted the volumes of the O and ‘A segments, and'
Vhence the1r 1engths 1n the extractlon c011, are governed 4

:by a comblnatlon of hydrodynamic and 1nterfac1a1 forces. ; N

Q:In th1s chapter the theoretlcal-ba51s for understandlng ;jf
the segment formationhptocess\fs‘presented and the

°
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, .
resulting[model is experimentally tested [(25]). The
’ \

segmentor design employed is based on a simpleltee'médg of
’ ' \ )
Kel-F which hag been used successfully in several

. i
applications for solvent extraction/FIA {121,22,26,86], but.

\1the' nderlying theory will apply, with suitably modif ied

W

R i
parameters, to all constant flow segmentors. -

4.2 Experimental ) N

4.2.1 éolvents

~
-

Reagent grade chloroform and methylisobutylketone
(MIBK) were used as received. Water was distilled,

deionized, and distilled from alkaline permanganate.

r "
NN

4.2.2 Apparatus e

" solvents were pumped by two liquid chromatography

pumps (Model 6000A, Waters'Associafes‘and*Mini-Pump Model

. ' - » i .
396, LBC) to insure constancy of flow rates.  The solvents
- 7 . . . . v 4 )

mef in the tee seghéntdr shown in Figure 4. Attached,to

the -exit of the segmentor was a+300-cm iohg‘éoil of ,0.8-mm
o ' _ , - : o

Y

i.d. Teflon tubing whiéh_éerved as xtraction coils

the

(]
Segment length'in the extraction coil was studied as a-

[ .. . N P . ' . .
function of flow rate. To do. this both pumps were first

set to identical flow rates and .pumping was,continued for
several minutes. . The. two pumps. were .then turned off at

e -

N Q o . ) .. . . " 0
“the same tipe and the lengths of the stationary segments
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.-\‘

; -',w-e;-ﬁaSured near the downstream end of the extraction

- €01l Solvents were not pre-equilibrated before being

pumped to the segmentor, Teflon inserts, consisting of

short- segments of 0.8-mm. i.d. tubing, were pléced in three

bragches of the tee-to improve the regularity of

seghentation as discussed below (see Figure 4).

t
4.2.3 Contact Angl

es

A}

Solid-liquid-)iguid contact angles, a8 (87], were

meESured in a 4-cm long by 0.16-cm i.d. capillary machined

’

r

from Kel-F. They were meaéured for MIBK/H20 and for

3

3 ! : ‘
CHCIB/Hzo by the capillary rise technigue [88]. -

N

L]

4,3 Results and Digcussion

es .’

”@-453,L‘ Contact Angl

.-

to the hei

l"a‘ s
g
e F

N
P S

'/Lhén_Ap"is_;he density difference between the organic’

s N ,
solvent. and water,’
'tenéi§h between org

.cos 8 = 4pegrhor ‘_. o ' (4.1)

Yo/w

a4

of capillary rise, h, by the exgressidn
- _ !

P

is the liquid-liquid interfacial

anic and aqueous phases,;%ﬁis the ==

¥

. -
R LT

<

solidFliquid—liquid contact angle, 6 ,+is related £
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gravitational constant, and r is thé~req1us of s4he
measurement capilléry. In the 0.079 + 0.001 ¢m_ rddius

capillary used the MIBK/H20 interface was depressed by 1.2

o
’x

+ 0.08 cm and the CHC13/H20 1nterface was elevated bv 1.7
+ 0.06 cm, which give cos A of 0.88 + 0.06 ‘and 0.98 »
0704, respectively, for(MIBK/HZvaieh yo/w'of 10.7‘dyne/cm
[89] and for CHC13/H20 Qith Yo /v of 32:8 dyne/cm {90].

For MIBK/H,0 # = 29° + 7°, In éHClB/HZO 6 = 11° as an-

~average value but, because of the closeness of cos € to 1,

the range of 0 within the experimental uncertainty of cos

6 is 0°% to 20°. The?fact that a larger value of 6 is

A Y

observed for a solvent system with a smaller valie of Yo/w

is consistent with observations on other hydrophob1c

D

solids at low *o/w [91]. ‘ . “5
| . & '

.
.

4.3:2 -Segmentation
>e'eThe"ﬁhaee.segmentor differs from those used in

 ear1ier.s£udies (21,22) by the iaclusion Qf‘short inserts.
" of 0.08-cm i.d. Teflon tubing in §he:three bfanches‘of_the“
tee. In their absehqeh4irreguler segmentat’ion patterns
vsometimes’developed in whigh'usuallyfloﬁg and shsrtrseq;
menis eppearéd' Thls was observed to be due to- creeplng
of the orgdnlc phase along the wall 1nto the agueous inlet
\ 'branch of the tee where it formed an adhérent droplet

V' = v .‘.' P h r y "
located a mrlllmeter,or two into the branch. The droplet

,



A .

omgrew in size until it formed a constriction large enOugh.

‘E?:to occasionally facilitate breakage of the aqueous stream
at that point rather than at the junction of the three

branehes'of the tee where it normally occurf. Inclusion

A - -

of the Teflon tubing inserts in the tee eliminated the

problem over a wide ranqe oé flow rates. With F /F
‘maintained at 1.0 the lengths of the aqueous and organi%
‘segments are necessarily equal when;segmentation 1s

regular. ‘ : . | '. ' .

| The.expe;imentatly measgred dependence of segment

. ienqth'L on total glow‘rate‘Ff ‘is shown as points ih
Figure 16A for CHC13/H26 -a‘hd in Figure 16B for MIBK/HZO .

over the ranges of Fp where segmehtatlon is regular

hlgher FT than those shown the segmentatlon pattern

-

regular at the segmentor but were‘irregular at the »

&

measurement point as the. result of coalescence of segments
.u 'dur1ng passage through the extractlon coil. It is, evxdent'
from Figure’ 16 Lthat shorter segments are produced at .
»hxgher flow rates andnthab, at a given flow rate, longer‘
segments are obtalned w1th MIBK/Hzo than wuth CHC13/H§O.
These two features of the L vs FT curves are a

B
for

consequence,of the“phy51cal processes respon51

segment ﬁormattonrat\the tee, whlﬂﬂ'can.be descr1 ed in

e"‘

the follow1ng terms by reference to Flgure 17. - The

'vert1cal and horlzontal orxentﬁtlon of the branches of the
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Segment length, L, versus total flow rate, Fp, for
chloroform-water: (A) and methylisobutylketone-water
(B). Fo/Fy = 14 Points are experimental and lines are

theoretical for the contact angles shown.

)
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Area of Drop

Bottom of Drop

~ Figqure 17. Diagram of segment forpation at the "tee", . A-C are side
~ ’ views, D is'end»v;ew of tee, ‘Ordanic phase;is shaded.

| ' “ P1 and P2 are upstream and downétream pressures across
the drop of érqanic‘phase. DH is the internal diameter
of the horizontal branche§ of the tee and Dy is the

internal diameter of thg_vertical branch. . .
. [A 8

.
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tee in Figure 17 are merely for ease of reference in the
f 4
followinao discussion. Gravity probably plays“a negliqgible

role 'in the segment forming'process. As shown in Fiqure

17A, the flow of organic solvent phase (0) into ‘the

(=

aqueous phase (A) flow ;£ream has the appéarance of a dron

of 0. 1t should be realized, hdwever that, since the
diameters of the :EPX:;;T\apd hgrizontal brénches of the “‘

?tée aré ?anlq the sides of the drob of O are in contact *

with “the side wails of. the horizontal branch at the

crossing of thé tee. - This is shown in end view in Figure

17D where the igrowing drop of O is seen to descend like a

gate across the aqueous flgw stream. A hydrodynamic force

I . » . 2
A -

is exerted on the drop of O as a result of the
perpendicular %low of A. This force tends to dislodqge
(break orf) the drop of O from the, column of O above it .
and "slide" it along.thé surfacé'of the left horizontal
.bréncb of the tee. ‘The drop will be dislodgéd in this way

when the. Migrodynamic force pushlng it is egual to ‘the

,1nterfac1al force holdlng rtJonto the vertlcal co{gmn of

2 0. When the drOp of O f1na11y is dxslodged and oves into

the hor;zontal branch it tends to mi @ its fontact

the Kel-F

.area with A and maximize its con ct ‘area w1t

wall, on which it is a” wetting-s lvent. s‘results<in a
rearrangement of the dislodged drop to form a segment of O

(Flgure 17B) whlch subseguently 1s pushed along into the

~



£

0.8-mm i.d. Teflon.insert and extraction coil (Figuje
. » . s
17¢). ~ ' ' -

Before providing quantitative descriptiOQS‘of the

hydrodynamic and "interfacial forces involved, several

-

'lassumptions of the model shOUld be clarified?"elaﬁ Because

both O and A are ,always flowing there will contiz;e,eo be
- \

flow of O into the drop during the timeﬂthat it is

dislodging. It 'is assumed in subsequent calculations that

once the drop has started to dislodge it does so vety
rapidly, 'so that the volume of O flowihg into it~durind .

the tran51tlon from drop to sebment (Figure 17A to 17B) is
\ " A ) :
negllglble (b)- szual observation of the tee at .very slow
. e . . ) ‘.
flow rates showed that spreading of Ovalong the walls of

tﬁe horizontal branches did not occur duringndrop’growth
?before‘dislodgment), It can safely be .assumed that such
. *

spreading does not\occurlat the flow rates used in Figure

16 51nce they are even closer to: the cr1t1cal Jettlng

velocity [92]. (C) The drop is assumed to grow. stralght

down, along the extrapolated axis of the vertical
branch._ In ﬁadt, v1sual/observatlon at very Jow flow
rates, where drops grow to a large size before dlslodq1nq,
shows that they bend somewhat toward the left '
downstream) Presumably thlS drop: dlstortlon occurs to

~.

some extent at all flow rates, but Lt will be neglected in

calculat1nq the hydrodynam1c force. (d) The effect of theh

Pl
e
Py

. -

4
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Teflon inserts in the tee on flow streamlines, especially“

in the upstream horizontal branch, are ignored [93 96]

(e) To facilitate calculations, the Cross sectlon of the\‘
{(

space below the grow1ng drop- is assumed to be elllptxcal

as shown in Figure 17D,'w1th its major axis equal to the

v
£

;dlameter of the horizontal tube (DH_€ 0. 16 cm) and - 1ts

/%

mlnor axls, a, equal to fhe dlfferencelbetweeh Dy and the‘
vertlcal length of the drop at any tlme.‘ Vertlcal drop
lehgth 15 calculated from the geometry of the space at theA
cr0551ng p01nt of the tee into which the drop is growlmg
and from Fo'and ‘time. Use of DH as the major axis is

justified by the fact that the largest»segment Length

observed in the experlments repofted in Flgure 16

a

corresponds to (a > ﬁH/Z),Aso that tt menlscus never got

!

further than about the posltlon shown in F1qure 17D. ff)#

‘Interfac1a1 ten51ons "and contact angles were measured on

’pre equllxbrated phases, whlle the 11qu1ds pumped in the.

////—segmentatlon studles were not pre- equ111brated

' ;of L as-,

‘ Segment formatlon is quantltatlvely descrlbed as

follows: The hydrod@namlc force tendlng tq dlslodge the}

b

drop is the product of the area of the drOp fac1Qg the

<

aquequskstream (AR._Flgure 17D) t1mes the pressure\-

differencefacrOSS the drop due to the aqueous flow (AR\

',Pl«? Py Flgure 17A) - Drop area- may be expressed 1n termsﬁ

N .

Ty
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R ’ - RN ’
where DC and DV are the internal diameters of the-~
’r . '

extraction coil ~(0.08 cm) and the vertical branch of the
t : “ ’ v

tée (OQIQ cm),~ré5pectively. "The pressure difference AP

is composed offtwolcdntribution;: The fir;t.arises from
the v1scous dr;g on the aQerus phase as it flows through
the elllptlcal caplllary tube“ beneish the organic phase
drop} and the second,arises from the‘iinetic energy loss
ofﬁthé aqueous phasg‘flowing;through thg saﬁe elliptical
f?rificé".“‘The‘rglgtionship of AP to vhlgmgtricdflég rate

FA throdgh‘a‘short elliptical tube is g%ven as a

L

comblnatlon of P01seu111e s Law and Bernoulli's Law by the
) B

Y 2

-

followlng expresslon [96}:,(

s .
Q. ) L
h) L]

 Fpr8empe (Dy +.1064R) 1012 ppeF,2 |
AP = — - Tt - o (4.3)
. . n'R4 | . “' HZ‘BQ i 4

3 » ' B : %

hln whlchmA is the v1sc051ty of Ay pA is the den51ty of A

and R 1s the. éhu1valent rad1q§ of the elllpse [96] glven_

c

.'2. - o‘v 2
-a DH.+_a DH

232 + znﬂzﬂ RS

Rz _ . {. "(4,4) ,
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The minor axis of .the ellipsé can be calculagbd from:

. (4.5)

- . : ‘e ' e

” . . -

' The hydrodynam1c force fHYD exerted by the flow of A on

the qrowlng drop of O is qlven by :

fHyp = AR-aP - : ST (4.6)
4 .

ALY

f b

The - drop wil! be daslodged wheg thlS force equals the

1nterfac1a1 force holdlng the drop onto the column of 0.

. »

" The 1nterfaclal force is the force requlred ta take
an area of n(Dv/Z)2 of O whlch is 1n contact wlth the o
vert1ca1 column of o) and move it into contact wlth the 2

Kel F wall. Thls lnterfacpal force fINT 1s glven by the .

ot .

;follow1nq form of the Tate equatlon [87 88]

- JfINTr%.27#{2” Yo/w' (1-cos 0) (4.7

The value of fINT is 1ndependent of drop size. It is‘thus

; ev1dent 1n a qualltatlve way that when a’ larger aqueous

~

flow rate FA is used fHYD WLll be equal to fINT at a-f_.'

emaller drop 31ze sO that, as 1s seen,experlmentally. L 1s

'.wﬁ.‘, ; ' B Pt S
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,

smaller at higher FA.;-A quantitative expression for FA in o

“

terms of L can be obtained by substituting fINf from
eguation 4.7 for fuyp in éguation 4.6 and‘combining the
result with equations 4.2-4.5. Since Dﬁ? Dy ‘and D, are
known from the design.of'the sysfem, A and p, can be

looked up in tables, a and R can be: calculated for any

-

vaﬁue of L, and 6 has been measured experlmentally for

CHCfB/HZO_and for MIBK/Hzo, it is possible to calculate

the values of Fp expected for various values of L. Fr 1s

/r?adily obtaihed from E T ’ .

Fr = Fa * Fy : (4.8)

wheéere F5 = Fp in this case.

]

The solid points in Flgure 16 show the expermmentaly

measured deperidence of L on FT“ The 11nes, calculated" v1a

eQJatlon 4 2= 4 8 for varlous assumed values of ¢, are

th ore 1cal pred1ct10ns. The two dark ‘lines are the

. ‘ g S S ’ . .
theo etlcal pred1ct1ons for CHC13/H20 (6 = 11°, Yo/w =
32. B/Qyne/cm) and MIBK/HZO “29 Yo w = 10.7 dyne/cm)

based on their experlmentally measured 0. The remarkably

good flt of the exper1menta1 po1nts to the theoret1ca1
11ne for 9 = 11° in the CHC13/H20 system must be .
'AA@con51dered to be somewhat fortuitouf in 11ght of the large’

experxmental uncerta1nty in 6 for the system. ‘For both of

.
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e

@
, S - _ .
the solvent systems the experimental points describe more
neaflg straight lines than ate predicted‘by the
hyd&odynamiclinterfacial model. A substantial. dxscrepancy
_between.theory and experlment is not surprising in 'view of
‘the 51mp11f71ng assumptlons (a)—(f) that were necessary.
'Howevef, the model does predict‘the main-features'of the
data < the decrease of L with 1ncrea51ng FT and the
'dlsplacement oﬁ the MIBK/HZO curve to ‘higher L than the
CHC13/H,0 curve (this bexng mainly e’consequence of the
lerqer confact angle for Kel—F/MIBK/HZO).h The proposed®
semiquantitative model represents a‘vi@hle.bg;is for a

theoretfcal’understanding of the segmentation process and

will serve as a guide in the design of'nezpand modified

segmentors in continuous flow systems.
It may. be noted, in<this conoection} that in
seqmentors de51gned arqund a Jet in which the drop grows
and breaks off in such’ ,a way that 1t is not in contact
with the wall at the time of dlslodgment, cos 9 is absent
A

‘froﬂ\equatlon 4.7. The resultlng equatlon for finT would
ﬁave the more convent10na1 form of the Tate equation (?7-'
88] wh1ch corresponds to very much hlgher value of fINI
for a given jet d%ameter (Dy,) thantthoserencountered in
the‘tee seomeotof.‘ | y

Conclusions and suggestions for future work are

'presented in Chapter 5 of Part IT of this ‘thesis.
| 3 . _ L :

i



PART 1L

»

EVALUATION OF A SEMIAUTOMATED ION EXCHANGE/ATOMIC
ABSORPTION SYSTEM FOR FREE COPPER /ION DETERMINATION -

i

"IN NATYRAL WATERS

\f
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- ) CHAP’§5R 1
INTRODUCTION *
In this chapter the role .of speciationlis briefly
discussed followed byfan overview of the most, important
'speciation4sensitive techniques. The last section .

-

outlines the research objectives of Part TI.

1.1 The Rolefof,épeciation oo

Unpolluted-natural water systems contain metals at

well belo& their toxic concentrations.’ Usually
significant’fraCtions of the metals are adsorbed on
,orgaW1c or inorganic colloidal part1cles [97] Human'

. act1v1ty has dramatlcally 1ncreased these levels elther by

dlrect 1ntroduct10n through ‘waste dlsposal of the metal

/

(e g. copper from mine dust and 11qu1d waste (98, 99]) or
fby lowerlng the QH of water w1th ac1d1c 1ndustr1al and

domestlc effluents and acid rain so that the metals @re'

- [

leached from otherw1se rnsoluble forms [100 101] It has
been calculated that 10 000 tonnes of the most abundant
Vheavy metals are dlscharged to seWer systems in the Unlted

Klnqdom every year [102] L '

Y
‘Trace metals in natural waters may exist in a varlety

o . . : 81 - "",.,’,_'

/

r./‘ .

4
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of drff/rent'forms; free' (hydrated), complexed with

.var{ous organic and inorganic ligands, adsorbed on
inorganic particles and organic colloids, and incorporated

R ’

-in:li/{ﬁq qrggnisms [97,103,104]..;Ihe distribution of a
~§ﬁve' race element among tnese forms is determineo by
several factors; includind“the presence of other metals;'
the presence of various ligands,éthe pH, and biological
upt\ e of-yarious épecies by‘organishs; The determination
of jthe concentra%ions of these individual formsnof an

’ ellment is termed chem1cal spec1atlon. Measureme%t of the

{
total concentratlon of a trace element does not prov1de

the required information‘about its influencé’on aguatic
11fe because only ‘a fraction of the total- concentrat1on of

the metal is 1nvolved 1n the uptake process of a‘given .

-
©

Orqanlsm, Thls,1s called the b1oava11able fractlon o

[97]. 'There‘is CONSlderable ev1dence 1n.the literature'
that free 1on1c COpper is the most tox1c form te aquatlcst
llfe,(105—109],vand there 1s ‘more llmlbed data support1nq~
‘tnis'conclusion for cadm1 , [110], lead [lll]n nickel:
‘[112], and zinc:Illo 113 114] Growth of mlcroorganlsns
has been ‘'shown to a_"'ease as a result of complexatlon of
Aessentlal trace nutrlents [1f3] " For copper there are N
also reports of b1olog1cal ava11ab111ty of hydroxofl
complexes {115 117], am1no a?;\/complexes [118],_and o
ﬂ11p1d-soluble complexes [119] |

Phy51cochem1cal behav1or of trace elemegts is also"

[

4
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hi hly-affected by  the species present.. Adsorption to
sediment canh either ‘be enhanced or reduced depending on
‘the chefnical form. As an exdmple, it is reported that

lead carbonate is much.more strongly'adsorbed on silica-
than are free lead ions’[lzb] _Feick et al. [121] foand
that run-off of road de-icing salt tends to release
mereury from contamxnated fresh water sedlments by

formation of soluble chloro ooﬁplexes of mercury.
L
From another paint of vlew, metals affect the

\

spec1at10n of the 11qand(s) to which they are coordlnated

whlch in turn), can influence spec1es toxactﬁy,
. G- ot g
blodegradablllty, and transportatlon 1n aguatic systems

f121] .. Most natural waters have tHe capacaty to reduce
®

s

the tox1c effect -of ﬂsded trace metals. Thls~

+ c 4
°

detox1f1cat10n is generally attrlbuted to complexat10n of

/

the added metal by the avallable llgands- the abi 1ty of

o o 1

.water to oomplex metals 1s quantlfled as the "c mplexlngf*

capadk}y“ of the water'[122]s This toplc ha‘

subJect of two maJor rev1ews (120, 122]

‘

1.2 Species Selective Techniques . -

° S B . e ©

L

The present awarehess of the 1mportant role of

spec1atlon has trxgqered 1ncreased act1v1ty in development

. of analytlcal'teqﬁn%ques for,the determ1nat10n‘of varlons

A - 3
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chemicaf forms .of environmﬁntally important elemernits. The
wide variety of techniques now available which provide

\
some discrimination between the different forms of trace

eleménts have been reviewed by several workers

-

(97,120,122,123-126]. In this section the most important

_species selective techniques are outlined.

-

o
“ud

1.2.1 Calculation ﬁethods

This* method involvesbcalculationbof various epecies
Concentrationsﬂ(or percentages) by simultaneous solution
of eduations representing the thermodynamic eguilibria 1n
the system. This would seem to be a very attractive

method since all the problems associated with method

/
selectivity‘immediately'disappear. However, this method

[y
-

is qenerellyinot applicable, to natural water samples. For

bdne thing, it requires analytical determination of all

o M ) - '
components in the sample. “In addition, the element can be

-divided among both a particulate and a soluble fraction,
T . S ®
each of which may'be$cqmpbsed of7several.species.

‘Adsorptxbn of metal 1ons or various complexes on the solid

b

Uné he calculatlon method. Furthermore many. of the

2

”Lum constants and correctlons for ionic strength

are 3ub3ect0to cons1derable uncertelnty ‘even for 1norgan1c,
r\ - ‘g-‘\, ' .

T, compIex format1on [97,127]. Anothef compllcatlon arlses

b
t" - ) . . “‘1 ) -
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f}om the presence,'in water samples, of significant
quantities of undefined soluble ana dispersed colloidal
organic polyméric materials (fulvic and humic acids) [léﬂ]
which interact strongly with some trace elements in -the
sample [97,129,130]. Although progress is now being made
in studyiggﬂthese ihtéractions (131-133] the difficulty in
characterizing the humif and fulvic‘materigls in;each
particular:sample means that ghe caléulatipn methods
cannot be uéed fér speclation in real samples. For
artificial . test solutions where the exact compoSition islm
known the calc§3ation method can be a powerful tool
depending oh the accuracy of the thermodynamic constants
and eqﬁilibria considered. A variety of gpmputer programs

> -

are avallable for this purpose (97,}34,135].

”

1.2.2 Size Separation Methods
These methods include ulgrafiltration, dialysis( and
. ) ' v
size, exclusion chromatography “}36—141]. Filtration

through a 0.45 um filtqr is frequently used to separate

the solid phase of the sample from the gperatiohallyl
defined "soiﬁble‘shase" (97i. Even ultrafilters (é.g. .
0.015 pm pore size) are not absolute fi;tefs; Laxen and
Hérrison ;Roygduthat signifiéant ahounts of colloidal |
materials\may pass through‘thfm (142]. Guy and o

Chakrabarti compared several techniqhes of metal

. 4 " L4
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speciation and concluded that sorption of species on the
filter is a serious limitation of* ultrafiltration ([143]).

Species separation by dialysis involves transport of
soluble species across a membrane into the dialﬁsié/éag
containing pure'@ater. Equilibration for thq dialYSis LE,,/’
cationtc and neutral species is considerably fastef.than /
for anionic species because the latter are repelled by the
negatively charged membrane [138]. This effect can be
overcome by addition of a high concentration of
electrolyte [143].-. Cox etf al. [140] developed a rapia (1
h) dialysis method for\e?ﬂimation of the total free plus
labile complexes as well as the non-labile complexes,of
meéals. They demonstrated that dialﬁfis of the metal into
salt solution yieldé the sum of the concentrations of the
free metal plus the labile complexes; while dialysis intov
_strongly acidic or chelating receiving solutions yields

'

free metaf plu; labile and ,non-labile complexés of the
metal.

Heavy métal sbeciation‘by size-exclusion
chromatégraphy (gel filtration chromateraph?)_haS been
<;/discuséed_byfNéubeckerand Allen i120] and by.de Mora and
| Harrison [144L. Large complexes which are formed between
, macromolecules and metal ions are eluted more rapidly than

“the free metal ions and thus a separation of the two

caté ories caﬁ be achieved [145]. Oné major disadvantage
gories i e major disadvantag
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of the method is the e;cessibe dilution of the sample upon
elution. The metal concentration in the sample to be
analyzed should be at least 50 times the detection limit
of the analytical technique used for determination in the
eluted fraction ([126]. :Fgrtherﬁére, charged species
sométimes behave anomalously, either being retarded to
gome extent or eluted rapidly due to the weak ion-exchange
characteristics of the gel used. Gelifiltratioﬁ
chromatography may be perturbing to the equilibrium system
beéause k%neticaily labile spécies will dissociate upon

fractionation.

1.2.3 Voltammetric Methods

)

N
-peciition of trace metals in solution including

A variety of voltammetric techniques can be used for
differential pui;e polarography [146,147],‘anod§c
stripping-voltammetry (ASV) [142,147-149]), and
diffegential pulse anodic stripping voltammetry

;{141,146;150—152]. Appidcatgon of voltammétry to the
détpfmination and spéciaéion of~metals in haturai systems
‘has been the‘sﬁbject of several reviews=[97,154,155]. ASV
ig sufficiently sensitive for direct dete:mination bﬁbthe
very low leQels of'heavy metals in“natural waters (1078 to
1072 M) [153]. fPulsgd ASV techniques are able to achieve

detection limits approximatély an order of magnitude lower |
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[155) . Advantages of voltammetric methods include

‘ : e
relatively modest initial cost, squltaneous mulpielement
capability, and minimal samole pretreatment [156] . ,

ASV speciates metals on the basisrof electrochemical
lability. The eigoal obtained 14 proportional to the free
@metal ion plus any contrlbutlon f%om klnetlcally labile
complexes which may dlssoclate dJrlng the deposition step
[157]. Thus, dependlng on the deposition time, ASV
‘techniques may perturb the sampl ’by iowering'the free
metal  ion concentration in,the vicinity of the electrode,
thereby provid}ng a:dpiving force for oissociation of , ‘
metal-ligand complexes.b‘The result 1is that the signal

measured is higher than predicted [159]. Metal carboggze\\\\\

've abundant in natural

and hydroxide complexes, which
waters [146], are electrochemically indistinguishable from
the f;ee metal by ASV [160). Correction of such an error .

is possible given accurate formation constants of the.

relevant species, the carbonat concentration and the

“

pH; Still other problems may be encountered in ASV, such

"

as formatidn of intermetaldic compounds in or on the
electrode whlch bring about 1nter—element 1nterferences
b

[150 161]. D1ssolved organic ‘matter may be“adsorbed onto .
the electrode surface cau51ng a change "in rever51b111ty of

electrode reactlon, a wave .shift to more cathodlc
L0

potentials, and multlple waves [147,162]. These problems
’ ] . .

"
[



have resulted in considerable controversy concerning  the

application of ASV for the determination of complexing

et
\ g
- :

capacity and the interpretation of the results
[158,1§3,1641. _ R C,
Depending on the reduct1on potent1a1 used ‘‘certain

complexes may be reduced, irreversibly [158]._ This is -
N N o

especially problematic in titration - experiments used to
measure ‘complexing‘capacity in which the same sdmple is
- 4

analyzed after each incremental addition of the titrant.

~

The effect can be overcome by careful choice of the

electrolysis condition or by using a fresh sample for each

3

addition of titrant.

’

1.2.4 Ion Selectlve Electrode Methods

Ion selective electrode: (ISE) methods are probably
the most ideal technlgues for mon1tor1ng free metal ion
concentrations without affectlnq solut1§% equ111br1a.
Although directzmea8urements of free copper in natural

systems by ISE's have been attempted"{165—16?] thé

‘concentrations of copper and most trace elements in these .

systems are far too low to be reliably'measured'in this ' aé

wéy [123]. ‘Nevertheless, ISE method§ remain an important
technigue for baSic speciation stUdies'which'involve free

metal ion concentration determlnatlon at - hlgher levgls,

“«

such as . the determ1nat10n of the formatlon constants of

-

. '_j{‘"
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metal-ligand complexes and hydrolysis‘studies
(128,131,141,168-171]). - i |
Ion selective electrodes\are available for only a
limited number of transition metals. {Those that are
:availab1e~genera11y suffer from‘non—Nernstial reeponse
below 107% M (e. - 0.06 ug/mL for Cu?*) [166,172).. The
copper ion selective electrode is the most widely uséd- it
has been tested for response to submlcromolar levels
[172). The steady state potential.response is very
dependent on the method of electrcde cleaﬁ{ng'and
conditioning. The rate of approach to steadp state
potentiai is a function of the copper concentration.
Smith and Manahan [173] used a copper ;Sé/izus the method
of stand;rd addition.for the determination of copper in
ltap water’ by ISE potentlometry. They added an excess of
an acetate-fluoride complex1ng buffer to adjust the pH to
- 4.7 and to prevent iron 1nterference. This method is’
obv1ou51y 1napp11cab1e to spec1at1on ‘work. h&ﬂide
d“lnterference w1th copper ISE .response [174 178] and the

—

electrode 's anomaious response. in the presence of
~

 ;ché1at1ng ligands [179] and in natural water [180 181]

'have been neported 1n the literature.
C “y

;1.2.51 Ion_ Exchange Methods A - 'o

- Catxon exchange re51ns have been 1ncorporated in a -
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number of schemes designed to differentiate free and

laéile complexes of metals from $trongly bound complexes

“and-particulate metal forms [142;182,183). Figura and

\

McDuffie [184] used ASV and Chelex-100 ion exchange resin

in the\@alcium form in their scheme of metal speciation.:"

They used both batch and column methods to classify trace

-metal sbecies‘és "very labile", "moderately labile",

"slowly labile", or- "inert" depending on thé time‘scale of
_tge ﬁeasuring technique. Laxen‘and Harrison [1;2] used'
Chelex-100 in their speciatién studies of lake water and
preferred‘the term Cheléx-labile metal fraction for the
speciés sorbeé onto the resin dur?hg a-48 h batch
equ{libration.‘(’f\‘ / o , :
Séhupert's iOn_ekchange method has been used as‘a

bdgch technique for theudetérmination of the stabiL@b&‘
& :

_constants of metal complexes in various systems 4&86,187]

and for the determination of the metal complexation

g : o - S -
capacity of sewage [188]. The method usually yields the .

free metal ion cdnéentration‘providédfthat certain

conditions are met [184,186,187,189]):

X

{a) The solution ionic‘étrehgth'must remaiQ constant.

(b) The free:ligandlcqnééntrafiqn must remain nearly

constant.
' N

(¢c). There should be no sorption of ligand'or complexes on

B

‘the "ion. exchange resin. E —

|

-
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. ’ A ‘
(d) The system must réach equilibrium. ’
(e) Only a v?ry small fraction of the fsee metal is
sotbed"so'that the equilibria ig}the sample solution
are not pertorbed in the presence of the ion
oxcnanger. The perturbation effect can be eliminated

by successive eqguilibration of the same portion of

resin with several fresh aliquots of- the sample

[N -

solution. .

Van den Berg and Ktamer [190] used Qerf small amounts
of a weak inorganic cation exchanger (manganese dioxide)
in their speciation measurements ofrnatural waters.
Although thc method may be specific for free copper
uptake, pertuftation is expected since the free copper is
removed from solutloﬁ | )

Perturbation cd% be eliminated conveniently by u51ﬁg
a column—equilibration_method rather than a batch method
of:equilioration. Flow through_column‘or successive batch

equlllbratlon methods were used for the decerm1nat10n of’

cation activities in m11k [191] " In contrast to the

Schubert‘method the authors d1d not employ addltion of a

"swamping ‘electrolyte so0 that the effect of other cations

on the accuracy of the method was pronounced.

Cantwell'et al. [189] determlned free n1ckel ion

-

qoncsntrations'in Faw sewade by a flow through column

equilibration‘version of the Schupert method usfng‘a

/
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strorg cation exchange resin. They compared this method ”
with the batch method. The batch method requires either
‘multiple equilibration with fresh portions of sample

solution or that the sample be well buffered with respect

,“,y

to free metal ion so that sorption of a smal&kfractlon of
i2* will not significantly alter its concentratien in the
_ sample. . In contrast, the column gguilibration method does

not require thxs condltxon since the sample is

<'a

continuously pusped through the res

Hom

#bed until no further

nlckel ions are sorbed, such that the entiire resin bed is
finally in equilibration with unperturbed sample
solution. The free nifkel is determined by elution of the

Lo o Lo . s .
equilibrated resin after @ brief wash with water. Unlike

lééﬁméthods.tﬁe ion exchange method is not
yiimited £o a small number-of elements. It can be applied

to the speciation of many differént‘metals with adeduate
vsgnsitivity for environmental work. Detecgion limits can -
~be as low as,'lO'.'10 ﬁ;[1841‘debending_6n the expepimentai
cdndif(ons and the_hetal detection system used. éne“
disadvantage,of'tﬁe method ié'théf maintaining trace ion
exchange;goﬁditions requ1res addltlon of an inert Z
Veleckfbiyte salt to the Sample;' Thls changes the activity
'coeffiéieqts of the ions and‘bossibly shift chemical

-

" equilibria inithg system.
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1.2.6 Miscellaneous Methoost'

: | 3
Solvent extraction has been applied to the
determination of kinetically inert lipid-soluble
. Y
organomefallic complexes "in combination with other

separatioh technigques such as gas chromatography [192]}.

Various tin alkyls haye also been separated and determyned
o ’

by high pressure liqui chromatography with AAS detection
[193]). Metal speciation u51hg‘AAS as a.ehromatographlo
detector have been reviewed byiFerhandez [194)]. 1In v
general, ehromatographic techniques ean be used_to‘
separate only kinetically inert species since it. severely
A oo ' .
perturbs eguilibria involving labile’ species.
| An important feature of sevetal elements is their
existence in more than one oxidation'state_of different
,toxiclEQ. This is true of chroﬁiuh'and arsenic [123]; R
,nLynCh‘et al. [195j reported a FIA'SYStem with.sequentiaL
: v1s1b1e molecular absorptlon spectrohotometrlc and AA .
detectors for the determlnatlon of the stable- oxldatlon

states of chromlum and 1ron. The.visible‘molecular f{

vabsorptlon spectrophotometrlc detector selectbvely ‘ gﬂi'

oeterm1ned‘the Cr(VI)-dlphenylcarba21de ‘complex or the |

. ) i J. . . ‘ . . ‘v \S
Fe(II) 1 lO—phenanthroline complex. The'same speciatiOn
pr1nc1ple was also used by Burguera and Burguera for- the

determlnatlon of 1ron(II) and<tota1 1ron [196] This

“spec1at1on technigue by FIA has been the subJect of a.
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a

S

recent review [197]. ,
UV=Vis spectrophotometry iqyolveg no direct contact
between the sample and the A&aéuring device so Eﬁgt many

. : Y
y < : Ty s s \ .
possible causes of error are eliminated. Unfortunately

this technique generally lacks the required sensitivity

“and specificity. The theoretical basis of a modified form

of UV-Vis absorption spectrophotometry for measurement of
free ion concentrations was presented by Fulton and
Kratochvil [198] who also reviewed earlier work. The

method has been used for the determination of unbound iron

in blood serum [199]. Fiuoresoence guenching also has

o

‘been used to measure compléxation capacity of fulvic acid

and the stability constants of Cu-fulvic acid complexes

[200,201] . o,

1.3 Research Objectives B

Copper sulfate is the most Qldery uSed chemxcal for_7
controlllng alqal growth in water supplles; recreatloeal-
lakes,*and reservoirs [167,202). It is estlmated that
over 9 mllllon kxlograms of copper sulfate are annually
applled for algal control in the Unlted States. Copper
ions are also- the most toxlc form of copper species to ;g‘

aquatlc life (Sectlon 1. %) and many cases’ of flsh hlll

have been reported after appllcatlon of copper sulfate‘to ‘

- ;;_. ) C\\m
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lakes [202]. Metallic copper} widely used because of its
excellent conductivity and mechanical properties, likely
2+

contrlbutes appreciable quant1t1ES of wasée Cu’ to ‘sewer

systems, lak®s, rivers, and seas. With'the ever—mounting
problem of &Acid rain in aquatic systems [100]), a larger
fraction”ot copper 1is iikely to'pe solubilized, and to
remain in the free toxic form.

Copper is a ;ell studied’element'both from the

chemlcal and the env1ronmenta1 points of v1ew SO that

there is ample 1nformat10n in the literature, about its

formatlon constants with many important 11gands.

L3

Furthermore, the element can be analyzed by various
methods of specxatlon such as ASV, ISE,. and ion
exchange. 'Copper is often the element of 7}oice for the

ba51c speclatlon studles. : . f j

[

Becauselof all the above mentloned reasons copper was
the metal chpsen for a detalled investigation of the ion E

Qexchange'method’of determininq free‘Mz* species in the

’

7presence of 1ts k1net1cally lablle compl xes.- As

. mentioned earller, a prev1ous report from thls laboratory

: ,dealt‘with the determlnatlon of free.n1cke1 ion- " - ;/)
/e .

concentratlons in raw sewage by the ion exchange
rs‘q ’ .
equ111brat10n technique [lQ{] Later'the method,was

,mxniaturlzed, made semiautomatlc, and app11ed to the

determ1nat10n of free copper 1n aqueous solutlons [74]

i
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1.
: ‘\’\ - .
In Chapger 2 of this work the theoretical basis of this
. - a
semiautomated method will bé described.’ In Chapter 3

varidus experihental parameters will be characterized and
optimized. In Chapter 4 the specificity of the methot~-for
. L - ’ .

free-Cu’t determination will be examined in the presence

¢

of various organic and inorganic riggnds commonly found in
natural waters. Finally, the method wilﬁ be used for the
determination of free-copgsf concentration and for the

determinattdn of the complexing capacityvof a lake water
y : ‘

T~ P

sampie from Quebec.

>
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CHAPTER 2

3

q
' THEORY OF SPHC}ATION MEASUREMENT BASED ON ION EXCHANGE
[

{ o

" The theoretiq?l treatment presented in this chapter

a

1s specific ,to the ion exchange column equilibration

A

‘method of speciation. De%filgd‘pheofy\as applied to the
=3 . . . !

batch méthod is presented eisewhere [189].
. ) ‘ ¥
. . : !

S o

2.1 16n Exchange Equilibria

e

Consider a.simple equilibrium system containing trace

amounts of a di&alenq metal ion, M**, a h}gh concentration
of an inert electrolyte (e.g. 0.1 M NaNOjy), a poﬁ

A . - ' 7
c‘grﬁ[;‘l‘e‘xing buffer, and a few milligfams of #ong acid -
type“catjon exchange resin (e.g. Dowex sow—xégf If the pH

1

is so low that no hydroxide species are formed then the -

following equilibrium will pfevail:

‘*
M*Ye+ 2RNE > RM + 282t (2.1)
. x Th
3 o IE
~ where R féﬁfesents a resin fixed chérgewsfte, K?: is the

thermpdynéﬁic ion exthang® equﬁlibr}uh constant for tje

-

ﬁﬁoh distributéd between the;soiution and tﬁe regin
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" phases, defined as follows:

0

a T a
. Th RoM Nat
. R (2.2)
e 4 . al
mtt RNa

a

Here ay is the activity of the spécies i. Equation 2.2

- can'be written in terms of species concentrations, [i],

and activity coefficients, yj:

2
: L IRoMIINaTIE TRyM T Vs '
K'Ih - 2 . (2.3)
1E ’ + 4+ 2 2 : ¢
‘ [M } [RNa] YM++ ¢ YRNa

where szM and ypy, are the respective-activity

=

.,

coeffic;ents of/B%M\gnd RNa in the resin phase.

If it is assumeg\that'all test solutions are
"swamped" with a high- concentration qf non—comp}ex%nq
strong electrolyte,iit can be safelg.stated thét ionic
stfengtﬁ is ‘cpnstant, and the activity coefficients are
therefore constant too. The trace amount of metal in any’
form is not expectéd to change_ﬁhe total ioﬁic:strength of

the system and equation 2.3 can be written in-thé form

o 2
Y2+ " YRNa [RZM][Na+]2
Kip = K?E . —— = 2 (2.4)
. (M” ] [RNa]"™
] A YR,yM YNa+ .
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where Kip is the concentration equilibrium constant of the

metal ion between the aqueous and the resin phases.

A second assumption necessary to the method is that
only a small fraction (<13%) of the exchange sites on the
resin will.be occupied by the metal, 1.e. RoM << RNa.
This is controlled by the electrolyte concentratior., One
should have high enough Na+ to guarantée the above
condition. The upper limit of the Na'* concentration is

governed by the desire to maintain adequate sensitivity

(related to resin uptake) of the metal ion, M2+, and to
avoid flow problems associated with increased viscosity.
The two assumptions above provide for "trace™ ion
. ’ .

exchange conditions [189,203]. Thus, upon changing the

metal ion concentration the amount of Na' released from or

sorbed .by the resin is(neglijible in comparison with the ™

total Na*t concentration in the system. Under these

conditions both {Na'] and [RNa] may be considered

constant. These constants can be incorporated in Kig ind

.upon rearrangement eguation 2.4 will take the following .

form:{
N

N

o (2.5)
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where A _ is the distribution coefficient of the free metal
ion between the solution and resin phases. A\, will be
constant as long as trace ion exchange conditions are
maintained, and the swamping electrolyte concentration is
held constant. I1f the swamping electrolyte concentration
is changed both the [Na+] and the KIE value will‘chanqe.

The Kig chénge is due to the direct effect of 1onic
strength &n the activity coefficients in both the solution-
and the /resin phases. Thus the value of A, will change’as
a result of both changing Ky and C%angiﬁg l/[Na+]2.

A third assumptibﬁ is that only the free metal ‘ion is
sorbe® onto'the re§in. This assumption is é%t likely to
be,met since, in principle, any cationic species is likely
to undergo ion exchange to some éxtent.' However it is

predicte

el

metal will sorb to a lower extent. Uncharged species also

d;that complexes with lower charge than the free

may sorb onta ion exchange resins [203]. 1In this work the
extent of sorption of species other than free copper (e.q.

CUL%+: cuL*, and Cul,) is being tested (see below).

* 2.2 Flow=Through Column Eguilibration Method

.

This - method involves passing a test solution, which
’ TN

" @
has been swamped“with NaNO5, through a known weight of a

strong cation exchange resin in the sodium form until the
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totai metal éoncentration’i& the effluent is;the same as
that of‘the test solution. Thus the resin in the column
is brought to équilibrium with £h¢ unperturbed.teét
solution. That is, the resin isfihiequilibrium with a
solution from whicﬁ no metal species\of anylform have been

taken up by the resin. An¢ further paséage of fresh test

solution will cause no change in the metal species

~
~

distribuation in e@ther phase. R
Itlshould be made clear that the addition of‘the
swamping electrolyte to the sample solution somewhagi\\
perturbs the original sample solution composition becaﬁge\
it lowers the activity coefficients. This will shift the \
ionvexchange eduilibgium system'(equation 2.4) and thus
change theé Kjp. It will also shift the solutionv
equilibria by decreasing the acid dissociation constants
of organic ligands and the conditional stability constants
;f metal complexes [264,20515 | |
A mofe pronounced perturbation 0f:the equilibrium’
sy;tem is eXpected if the‘electrolyte anion complexes with
the metal ion of interest (secmion 2.4). .The swamping
electrolyte cation may also coméete,with‘thé nmetal of
" interest for complexing‘iigaﬁds in the System.'
- The addition of swampiﬁg eleétrolyté»to the natural”

aguatic sample containing colloidal clay particles

enhances coagulation and precipitation with consequent
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(v}

perturbation: Because swamping 'electrolyte compresses the
) . .

electrical "double layer" around the particles .and thus,
N

decreases the electrostatic repulsion forces among them

[206] . '

The swamping electrolyte also competes with the free
metal ions for adsorption aéq éthange sites on hydrated
clay partigles in the sample and may cause the release of

various adsorbed metal. species [206].
: \

.Under tracé\iQE exchange conditions and assuming that
2+ )

M is the only. species of the metal M that is sorbed onto

the resin, the amount of metal sorbed onto the resin 'is

directly proportional to the free metal ion concentration
*in the solﬁtion phase. The value of the distribution
coefficient, Ao {(in L/qg), can‘be obtained from the slope-
of a calibfation cufve obtained in the absence‘of
complexing ligands. The area uhde; ﬁﬁe peak measured upon
elUtLon of thé equilibrated column (P.A.);'ig units of
absorbancessec, is propoftional to theimetai ion
concentfation in the résin«phase; [RzM] (moles/gram of

P

resin). . R o ' ' >
. [¥¢} Vo

S:S: L [R,M] (2.6)

p‘A. = F. )

o

The propertionality constant includes the sensitivity of

the atOmicvabSOrptioh detection system, S

AN
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(absorbance/mole/mL), the weight of the resin in the
column, G (grams), and the flow rate of the eluate into
the nebulizer, F (mL/sec). 1t has been found that 'S is a

function of F [35,74]. Substituting for [RZM] from

equation 2.5

Ge Se A
P.A. = ——— « [M2F] (2.7)
3 F

. . ‘
Thus peak area is psﬁportional to ‘the free metal ion

li?

concentration in tha\pest solution.

]

2.3 Effect of Sorption of MOH'

"In Section 2.1 it‘is‘assumed that thé'pH is so low
-that hydrolysis producﬁs of the metal ioﬁ are absent. In
‘natural‘water samples the pH may vary ffom.4‘to‘9,
igonseqdehtly( éhe hydrolysis produtt of the'meéal'ion.‘

>

cannot be neglected. Sihcqnéome of théemetal-hydr0xxl.
. - . . . ! )

species are positively charged they afe,likely to
participate in .the resih'ion exchange process. 1In this.

section it will be shown‘that ion exchange of the

‘positively charged species, MOH' will not impakr the

specificity'of the method fbr free‘métal idnv

determination.
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The most importaht hydrolysis products of the metal

2+

M are listed below.

M2+ 4 on + (2.8)

? MOH
. M2* + 2087 I M(OH), (2.9)
MZ* 4+ 30uT 2 M(OH)3 ' (2.10)
M2t 4+ 4oH™, 2 M(OH)] C(2.11)
2M2* + 2087 I M,(OH)3* o (2.12)

o

i

Of. the above speciés those that are negativeély

'charQed are likely to be excluded from the resin phase.

Polynuclear cqmplexes are unlikely to férm to .a
Significant,e2£enttat.the low metal concentration
considered here. Positively charged mon* exchange én the
resin ogcurs to ad'extent that depenés on its distribution

coefficient value.
In the presence of an excess of a weakly acidic
o o

o COmplexing ligand new equilibria will be established. For

the sake of simplicity, assume a dibasic acid'HzL‘whiCh
: , : ’

forms a single complex (ML), with the metal."Undéf these
conditions equilibriafsdch as the following need.to be
‘considered as well:

]

.kal ,u -

‘ﬁzL'IZZZZZZ HY + HL™ ) f(2.13f



o

HL” $———=5 n*-+ L~ S (2.14)
++ = e . ‘
M*t e L ML (2.15)

where Kal and k,, are the first andﬂsecond acid
diséociaﬁion constants of the ligand respectivély and BﬁL
‘is the conditional formatién constant of ML [207].
Assuming @ simple system wheFé MOH' is the only
hydrolysis product of the metal ion M2+, consider two
cases; 1n C;se I MOH' is not sorbed énd in Case IT MOH' is

sorbed:

»
’

Case I: (MOH' does not sorb onto resin):
- k]

In the absence of any‘compiexing ligand, L27;

Mp = (M2*] + [MOHT) 7 (2.16)

< : A

where My is' the total concentration of metal in solution

ARR
A

.

M*¥ + 2rNat I R,M + 282t ©(2.1)
o . '
++ S +4 c
ey oy = —i] SPLE (2.17)
S T+ Mo’ M



where M OH s the fraction of the metal in solution that
. ;
is in the free form.
[RZM] [R2M]

Ao = = —05 S © o (2.18)
Y oty o+ (mow™)

Combining equation 2.17 and equation 2.18 we get

J ++ R2M
i [M ] = MT . (IM'OH (;\‘—) aM,OH (‘52.19)
o)
Ip the presence of H,L <
Mp = (MTT] + (MOHY] + (ML) . (2.20)

©

‘The diStributron ':atio,-DI of the metal between the resin

and the aqueous phases is given by

[R2M]

Dy = , — (2.21)
Iy + mow™)1 + ML) |

from equation 2.15

(ML)

_ (2.22)
mtr T

AuL =
substituting for [ML], equa@ion 2.21 will take the form

v
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. (R,M]
Dy = — (2.23)
(M*F) + (Mon*) 4 py - MPTI(LT)

©

substituting the value of (m**) + (mon*] from eguation

2.18 and the value of [M2+] from 2.19 we get:

»

: [RZM]
Dy = R . RH ‘ 3 (2.24)
T tBm () ram,on - (L7]
o o —
simplifyiﬁg
SR
Dy = — . (2.25)
1 +8p * am,on ~ [L7)
\
Case II (MOH' sorbs onto resin):
In thé absence of a complexing.ligand-
MTC/IM”I + [MOHY) | " (2.16)
>
M**+ 2RNa I RyM + 2Na® C (2.1
i + > L+ '
. MOH" + RNa ¢ RMOH + Na B (2.26)
++ : ++
= M ] _ M - '
IM,0H T T ¥ - ~] (2.17)

- + o
)+ o™y mp,
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[R,M} + [RMOH] [R.M] + [RMOH] .

, 2 2

Ao T Ty ranlii (2.27)
(M )] + [MOH ] My , .

In the presénce of a_comp1exing ligand H,L

Mp = [MY*] o+ [(Mon*) + (ML) (2.20Y
[R,M] + [RMOH]
Dy = — (2.28)
I1 + f
: ") o+ ort1 o+ ML)
Rearrangfng equation 2.27 we gét - ' - S
A [Rzml + [RMOH]
(") + Mon*)) = —Fm— (2.29)

- 7 O

:

Substituting from equations_2.29, 2.17, 2.22 and 2.27 in

éqpation 2.28 we get:

[R2M1'+ [RMOH]

P11 = “=TR, M1+ (RMOA] TR, M]+[RMOH] | =
. A AU (2:30)
; ,

Simpiifying S ‘ | ‘ri | -
. % . T . FRENEN : /’/

A , T

Dyy = o - (2.31)

1 +ByL = am,on * (L) / |

.
>
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In botthase I and Case 11, in the absence of ‘ligand
([LT) = 0), the value measured by the méthog is A -
Comparison of equation 2.25 and 2.31 shows that they are
identicalc Thus"whether MOH* is sorbed or not, the
. measured distribution ratio, D, will be proportional to
the free metal ion concentration because MOHY will always .

be present in the same ratio to the free metal ion as long

as pH is constant.

o

19

2.4 Effect of Metal Complexatjon with ‘Electrolyte Anion

Usually the swamping electrolyte is a salt such ds an
alkali metql‘nitrate(or perchlorate the anion of yﬂich is
‘relatively noh-cqmplexing. However due to the high
concéntratioﬁ‘of?electfolyté used even a ver; low
formation'cohstant ofvthe metai-electrolyte énion compléex
‘may tie up‘a‘sizable‘ﬁrﬁction of the total metal. 1In this

. -0 ® .

' section the effect of metal association with electrolyte

N <

_anion (NO3) is examined.

| ;f the concentr&tion of‘;he sWamping‘electrol;té is
*the‘sameffor fsample"ik[i=]f0)'and "standard" ((L7) = 6)';

'.thén,'as‘sﬁown below, nd probleh‘afiges. However, if the -

ligand thlldnder Studyvisvé weak compléxer_theﬁ it is!,

-
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necesséryjto use’ a high concentration of Na,L in tﬁe
sample in order to produce a significant concentration of
ML. The requirement of consgént [Na*] means that a lower
concentratiqn of NaNO3 swamping electrolyte is réquired in
£he,sqmple than in the standard.

In the absence of foreign ligands and "hydrolysis

products the following equilibria will be consibered:

s
4 N [
, MNOJ -
N M*T 4 NO3 ————= MNO} #(2.32)
+ ++ - : ’
B' 4+ = [MNO3T/([M"7] [NO3]) (2.33)
MNO} + RNa <—————=5 RMNO, + Na* (2.34)

KMN0§  \\

¢

&
e

where ﬁﬁN03 is thé conditional formation constant of MNO§'
while K i%;the distfibution constant of‘MNO§ between
) MNOY - , o B
the'resin‘and the aqueous phases. T,

The dlstrlbutlon ratlo for the equ111br1a 1nvolved in
the absence pf complex1ng ligands, - Dp g ‘is glven by

. IR,MF + [RMNO,] o
D=0 = ——%% + o (2.35)

(M ] + [MNO,] .

).

r : _
Def1n1ng A 2+ and A unot as the dlstr1but1on

3
'coeff1c1ents between the re31n and the solutlon phases we
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‘can write

v\
(R M) \
A = - ' A (2.36)
2“" + : d
M IM2 ]
A
(PMnO, 1
Ny = o (2.37)
MNOB [MNO;].

* Substituting for [RyM] from equation 2.36, for

[RMNO3] froh equation 2.37, and for [MNO§] From equation

t

2{33 we get: : .

T4 .o . Mt _,(NOT)
MNOY BMNo‘-; L=0"""3

' P -

o &
2.38)

Under trace ion exchange cqnditions MNO§ << NO} and,

“assuming complete dissociation of electrolyté,-NOE equals

<

the analytical concentration of added nitrate in the .

B <‘~ " ’ . ’ . / . N
systeﬁ%(o.l M). Equation 2.38 tan be arranged as
. B N - ) > . B

-

M1 20 A op + A, e B\ (0.1)
, L=0" "m2* © "mno3 BMno’g AR
Dy o= i - — (2.39)
L=0 ) R +4 .
o Mty 1+ (0.1)
: o L=0 = =~ ﬂmnog A
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In the column flow through - method the resin is

: O
equilibrated with an unperturbed solution phase which

consists of all metal species. Thus the dencminator of

'

equation 2.39 is simply equivalent tc Mrpo and

Dy g = e— s e = (2.40)

In the presence of ‘an excess of a complexing ligand,
H,oL, which forms a single non sorbed species ML (see
equations 2.13-2.16), an expression for the distribution

ratio DL#O' can be derived in a similar way:

[RZM] + [RMNOB]

D = 5 (2.41)
L#0 + +
M ‘]L#O + [MNOB] + [ML]
++ ++ -
A . M- + . ! M" 7 ] [NO,]
w2t FLro MNOY BMNog‘ [ 3
D 3
L#0 F + =
M o * Bor © T ppo(NO3D + gy o (M7 Ty (LT
(2.42)
+4- ) . . }
a %iLfo P2+t KMNO§ . B.MNO§ -
. = ) i . .4‘.
Dr.40 — (2.43)

. v 0.1) + gy, + I[LTF
Jigo 1 ¥ BMNO§ ( ~{ B, + (LT



At breakthrough conditions the denominator of

equatiéh 2.43 is equal to the total metal species

concentration in the solution phase (Mg), thus

M1 20 g + A -8 . (0.1)

O + ' +
MNO 3 MNO 4
D 20 = — e B (2.44)

In equations 2.40 and 2.44, A ., A 40 and 8°'
M2 MNO3 MN03

will be constant as long as both [Na'] and (NO3) ar% kept
constant. Under this condition the ratio of the two

distribution ratios DL#O/DL=0 is equal to the ratio of the

*

free metal ion concentration [M++]L#O/lm++]L=0' Thus the

method will still eld the“free metal ion J
concentration. This congluéion is valia as.long as HoL <<
0.1 M so that [NO3] is’essentially cdnstant,(O.f_g). i

If the ligana concentration is appreciable then in
order to keep jNa+) constant, a lower concentration of
electrolyte must be ‘used iﬁ the test sclution.. 1In thi§
case [NO3] will be 0.1 M in the "standard" solution but
less than 0.1 M in the "sampleﬁ'solution, and the

7

distribution ratio for the "sample” solution will be '

5

expressed as: . ' .
‘ . %\\\\
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+
MNO 3

M* P10 Ao * A - B (0.1 - {HL") - 2{L7))

O +
MN03

. ‘ (2.45)

In eguation 2.45 the numerator changes with a change
in the ligand concentration added and the ratio of the
distribution ratios DL#O/DL=O 1s not p;oportlonal to the

ratio of the free metal concentration (M++]Lf0/(m++]L=0'

&



CHAPTER 3

CHARACTERIZATION OF ION EXCHANGE/ATOMIC ABSORPTION SYSTEM

FOR FREE;COPPER DETERMINATION

3.1 Introduction

In an idéal species sensitive technique the
uméasurement step should be performed without,bepturbation
of the existing equilibria in the test solution. The |
flow-through column method of ion exchange quilibration
offers this distinct advantage since, at breakthrough
condition, the resin is in eguilibrium with fresh
unpérturbed test solution. That Iis, &he last pqrtion of
the test solution in contact with the resin beads did not
lose any of its species to the resin.

Initial work in this laboratory led to the
development of a semi-automated ion exchange column
equilibration system‘wi'd atomic absorption detection for

ﬁfree—copper ion détermination f74]. The systém involved a’
miniaturized ion exchange columﬁ (2—10 mg resin wsigﬁt)
throdqh yhich test solution is foréed by a befistaltic
pump. The éffluent from the column is éirectly‘conhected

. to. the nébulizer of an.atohic abéorption

spectrophotometer. The system is thus made not only rapid
» : : - ' :

7
S
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and simple, but also contamination-free. This is a very
important advantage especially whencdealing with sub part
per b;llion levels of free metal ions.

In this chapter‘the effect of §aiious instrumental

and test solution vq;iables are thoroughly studied.

3.2 Experimental .

3.2.1 Chemicals and Resins

Copper foil was ACS reagent grade supplied by
Matheson, Coleman and‘Bell, Richmond, N.J.

NicEgl certified atomic absorption sténdard solution,
1000 ug/mﬂ (Fisher Scientific Co.) was used in some tests.

Sodium nitrate, NaNOy (Fisher Scientific Eo. or

British Drug Houses), sodium pé:chlorate, NanO4 (G.

Fredefick Smith Chemical Co.) were used as received. .

.
-

'Reagent grade nitric acid, HNO3, hydrqchloric acid,'HCl;
sulfuric aéid, std4 (Fisﬁer Séientific Co.), and sodium
hydroxide,'NaOH fJ.T. Baker Qhemicavao.) were also used.

2,6-Dimethylpyridine (2,6—Lutidine)isupp1ied by
Terochem Laborétor}es Inc. was'dfstilled aﬁ atmospheric
pressure and the middle fraction was collected (boiliﬁg
range 132-136°C). | | .

Benzfl alcohol, re@ggst grade. (McArthur Chemical Co.
Ltd. Moﬂl?eal),.and p-toluene suifénic‘acid,rp:actical

\

\‘v .
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grade (Anachemia, Montreal) were also used. .
Analytical grade 100-200 mesh Dowex 50W-X8 strong
aeid type cation exchange resin was supplied by J.T. paker

Cheﬁical Co. in the hydrogen form.- The ion exchange
capacity is 5.1 milliequivalents per gram, on a dry basis.
Analytical grade. Chelex 100; (100-200 mesh, sodium
form) chelating ionvekchange-resin was used, as sﬁpplied
(BioRad Laboretotées), Nominal total ion exchange
capacity is 2.9 millieqguivalents per gram of dry resin.
‘Amberlite XAD-4 non ionic polymeric adsorbent; 20-50

mesh size, and Amberlyst 15 sulfonated ion exchange resin,

-325 mesh (Rohm and Haas Co., Philadelphia PA) were both

used as well. : . :

.

3.2.2 Reagents and Solvents

Water was distilled and paesed through a‘mixed bed
ion exchange resin column (Amberlite MB-1, analytical
reagent, Rehm and Haas Co., Philadeiphia, PA). |

| Stock copper solutlon (0.100 M) ‘was preparedlby

dlssolv1nq pure copper foil 1n n1tr1c acid (1% v/v).
‘Sodium nitrate stock solution_(O.SOO M) was prepared

by dissolving 84.99 q‘of the salt in 2 L of solution; The
_solutlon was then passed through a column of. Chelex 100
'3

ion exchange resin whlch had flrst been treated w1th HNO3,

- H,0 and several bed volumes of 0. 5 M NaNO3 solutlon.

¢
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2,6-Lutidine stack solution (0.05 M) was prepared by
dissolving thé neat liquid (5.358 g) in water and diluting
to 1 L.. |

;Nitric‘acid eluent solution (2 M), was prepared by
diluting 128 mL of the concentrated acid (70%8) to 1 L.

Analytical reagent‘grade acetone, methanol, angd,

benzene (British Drug Houses) were used as received.

I3

3.2.3 Apparatus

The instrumental setup used is shown schematically in
Figure 18. The varﬁQEIe speed peristaltic pump (Minipﬁls
2, Gilson, Villiérs—le—Bei, France)‘was fitted with\three
0.09 inch i.d. clear standard (PVC),tubes (Technicon
‘Corp.). One tube pumped the test solution. The second
pumped either water or eluent, depending on the position

of the rotary valve Vl (Model R6031V6, Laboratofy Data

Control, Riviera Beach, FL). Tﬁe'third line maintained .a

a

continuéus supply of water to the nebulizer of ?he q;omicf
-abéorption spectfophotpmeter (AAS)., Flbw,raées~yere.
measured.with a buret and stopwatch by, diverting the\fldw;
through the three-way Teflon slider valve. Vg (CAV3031;‘
Labqratory Data Controi). The two coupled four-way Teflon
slider valves V, anle3,(CAV4031, Laboratory Data Céntrol)
aré used to direct the flow of either ‘the dample line or

the wash-eluent line .through the column while diverting
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"the other to waste. The sample injection valve Vg (Altex
Model 202-00, Altex Inc., Berkeley, CA) is used to inject
a standard metal solution to ceeck>for flow rate or other
instrumental variation. The four-way valve Vg is similar
to V, and Vj and used here to chooSe‘the feed rine toothe
AAS. Details of coluﬁn design and construction are given

4

in Seerion 3.3.4. .Metal concentration was monitored with
a flame atomic absorption sped;rophotometEr (AAS) Model
4000 (Perkin-Elmer Corp.') eqfipped with a separate burner
control unit and Westinghouse copper and nickel hollow
cathode lamps (Westinghouse Caneda Ltd., Burlington,
‘Ontario). A printer Modél PRS 10.(Perkin—Elmer Corp.) was
used to provide a printout of the desired signal while a
stripchart recorder Model 7101BM (Hewlett- Packard Corp.)
was also used to trace the analogvsignél. The AAS was
directly coupied to tﬁe flow system by means>ef'a narrow

- (0.3-mm 1i.d.) Teflod tube connecting Vg to the nebuiizer
tube. A Haake circulating thermostat Model R20 was ueed
to prdvide a constaht{;empereture of 25°+0.5°C for both
the test-;eiurion and water jacket surrounding the resin
coldmn;. Where possibie the test solution delivery line
was 1nsulated wlth glass wool. pH measurements were made
with a Flsher ACCUmet Model 320 Bxpanded ?cale Research pH

m"br using a comblnat1on electrode (Model 13 639~ 90,

Fisher Scientific Co.) callbrated with a set oﬁ.certlfied

oy

¢
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é i
buffer solutions (Fisher Scientific Co.).

A Hewlett Packard Model HP 8451A diode array
spectrophotometer and a HP 7470A plotté? (Hewlett Packard

Corp.) were also used.

3.2.4 Cleaningqof*Equpment

All laboratoryaeiulpment used for solution handling
was first Cleaned g% washing with 11qu1d detergent
solutien and then thoroughly rinsing ‘with tap water. It
was then. soaked overnight in 30% (v/v) HNO3 and rinsed
thofoughly with aistilled—deionized water.. The flow

system and resin column were cleaned by pumping nitric

acid solution (2 M) through all lines for 15 min followed
: {
by thorough rinsing by pumping distilled water. The

procedure was }epeated whenever contamination of the water
reservoirs was suspected. The Chelex 100 ion exchange
»column was'reqeaerated and‘reconditiqn;% prfer'to its use
on each neQ 2-L batch of«sodium nitrate steck solution.

Attempted relaxation"pf the washi@ﬁ procedures resulted in

higher blank signals and spurious results. a

3.2.5‘ Resin Preparatlon ! ' a .
A su1table welght of the coarse (>325 mesh) resin was

ground in'a clean, dry agate mortar and pestle untll most

of the mater1 a 325 mesh sieve. Next, the flnes

were removed by repeated suspension and decantation -in

q
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three bed volumes Qf‘éolution until the supernatang
solution was clear ;n lesé:lhan 20 min. The resin was
then placed in a borosiiicéte glass column and Qashed with
4 M HC1l until the effluent was colorless (~100 mL). Then
it was coﬁverted to the sodium form by washing with 2 M

~ .
NaOH to constant pH of both the effluent and the influent
solutions. This was followed by a water wash to gonspant
pH. Finally the resin was washed with 200 mL of hethénoli
followed by a water wash and then dried in a convection

oven at 45°C for 48 h. The dry resin was stored in a

tightly closed glass bottle.

3.2.6 Sulfonation of XAD-4 Resin

A 10-gram sample ®of XAD-4 non-ionic resin (20-50

mesh) was wetted with 15 mL of absolute methanol. Then

100 mL of water was added. The mixture was stirred at

: Ty ,
room temperature for 60 min after whHich most of the liguid

2

was decanted (~4 mL of liquid left)

The res1n was then added in portxons to 500 mL of 94-
95% HySOy4 chllled in an ice bath to 5°C, and stirred ‘
'J magnetica11y. . The portions of resin turned llght Eed,
lpurple, and flnally to a Esrple4black color. When
" magnetic stirrlng was, stoppéd al@ the res1n beads
’ flqaged.u The temperature of th acid was ;hen raised to -

a

35°C-and the mixture was'stirr d vigorously'for 7 h.
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: theféffluent was colorless in ordér_td\get rid of any- ¢,

‘U
After cooling the mixture to room temperature the beads

were scooped off the surface and thrown into a stirred

ice-water mixture (~1.5 L). Due to the heat of dilution

the final temp%rature rose to 60°C and the black beads

turned to brick red color. 'The resin was then filtered on

a 10 to 20 um sintered glass dlso u51ng air suctlon and

~

washed with water until the f1ltra£e was\ﬁeutral The

beads on the 'funnel were next washed\yxth 1:1 HC1l until

1 £
e

: S L ¢
iron. They were washed to neutrality with water which
: \ p
2 . N
yielded light orange beads. Finally, the\bead§5$§re

washed with methanol (=300 mL) and air-dried to yield a -
| ‘ ) .

. \Y
light beige tolored product. The sulfonated Yesin. was

\ )

N |

[N

\ >
- PN
- \;

3.2.7 Esterification of Amberlyst 15 Resin '~ - -

W

stored in a.glass bottle.

-«

This procedure was adapted'fromhfhat of Zervas et al.

" » . ) v F 0:3
[208] for the .selective esterificatipn of the carboxyl

'gr p In"a 1-L three—necked‘}ound—botgom flask;:fvg of

‘ ‘ \
Amberlyst 15 (- 325 mesh) re51n,,100 mL of benzene,'Sﬂ mL

LN y
A

bof benzyl alcohal and 48, ;bq of p—toluenesulfonlc ac1d ‘

were 1ntrqguced When.the brown colored mthure,was

refluxed~(78°C)dih a Dean-Stark azeotropic.distillatiOn'

‘apggralus it turned black. .The solution Wasfrefluxedrfdr?'

10 or éo.hdurs as water collécted"in'the;sideiafm’the

124
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boiling point of théfmgxture'increased from 78° to 1l0°C.
During .that period ~15 mL of water was collected. The .

system wa's cnen cooled to room temperature and a lump of
"tarry product solldified in the bottom. Ten mL of oenzene
was added and the resultino mixture was filtered throuqh a
q IOpm sintered glass Buchner funnel, washed several times
| w1th 30-mL portlons'of benzene, acetone, methanol, 2_&
HNO,, water, acetone, and methanol respectively.
. | The grey-black powdery product was dried at-70°CAforv

sevétal hours. The"p}oduct was de-fined qsbdescribed in

Section 3.2.5, dried and stored.

®

3.2.8 “éolumn.Construction‘
The oplomn design‘wasfpattefned after that feported
in the llterature [74l. A 50-mm long Teflon tube (1.5 nm-"
.) was. flared at g?th ends (Flgure 19). This length of
tublngtls necessary to accommodate the two end flttlngs, Ae'
(chemlnert,'EaboratorysData~Control, Riviera Beach,’FL%.
ApproXLmately‘mem long cylindrical-glaSs.ffjts.(~l,5 mm
diameter) were made-b9°drillinglcores from a sintered
‘qlass plate (nom1na1 pore 51ze 50 um). A snug f1tt1nq
frit was qently pressed 1nto the SO—mm Teflon tube and
placed close to'the centré (~20 mm'from one end), From, ¢« e d

'the other end the de51red welght of the dry (~325 meéh)i

de- flned) re51n, B, was 1ntroduced u51ng 'a fine spatula.

0
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3 | { “
( ~
\
f' ' R ‘ ' . . o
‘ Figure. 19, Details of column const:giﬁ}ane A dre two connectors o
(including two stainless steel washers). The resin
- ‘ particles, B, are sandwiched very loosely between two

‘poroqs_silica frits, C, inla narrow 1.5-mm i.d. Teflon
tube (shown in black). The two Teflon tubes, D, are
"inserted from both ends to reduce the dead volume of the

¢ e ' column.
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"The end of the tube was tapped lightly to collect most of

the resin particles in the cgntre of the tube. This was

followed by pushing another tightly fitting frit into the
A

tube so that all the resin particles were sandwiched very

loosely between thé two frits, C, leaving extra space

about equal to the volume of the resin to allow for

swelling of the resin. This minimized flow rate,

“variations. Finally a tightly fitting Teflon tube, D,

(0.063 inch o.d.,'0.02 inch i.d.) was introduced into each

end of the column to reduce the dead volume.

3.2.9 Instrumental Conditions

The peristaltic pump setting was maihtained at 666
throughout. Flow rates jn all thréé lines varied bhetween
s to 6 mL/min depending oﬁ solution viscosity and the
degree of resin compression in the column. Resin*
compression varies with resin bed length and pumping

time. The atomic absorption spectrophoﬁometer cond}tions
. . ] o g;_ T e
used for monitoring copper and nickel signals are

- - ’b

tébulated in Table_4.

B
3.2.10 Test Solution Preparation

_The test solutiom was generally‘plepared by

|
|
t

dispensing 50.0- mL of sodium nitrate sitock solutiqh (0.5

M) and 5 mL of 2,6-Lutidine stock solutian (0.05 ﬁ) into a

400-mL beaker.  About 100 mL of water jwas added and the pH
A ) ’ ! - ' ‘
S i

i



Table 4.

ta.

Instrumental parameters of the atomic absorptlon

spec(roPhotome(rlc determination of copper.a

Lamp current, mA

t
Wavelength, nm
Spectral slit width, A
Asplration rate, mlL/min
Mode
Signal

Inteqration time, s

Acetylene pressure, psig

Alr pressure, psiqg

10 _
324.7
7 (hiagh)

6.3

Absorbance

Peal height and Pealk ‘area

\

50

12

23

For the determination of nickel

wavelength was 232.0 nm.

N
&

lamp current was 15 mA and the,

128
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was adjusted to the desired value with dilute HNO3. Then
the appropriate volumé of daily-prepared dilute coppetr (or
nickel) solution was added slowly to thé maqnetjcally
stirred mixture. A final adjustment of pH was necessary
in some cases. The beaker contents were then
quantitatively transferred to a clean 250-mL volumetric
flask,wdiluted to volume with waﬁer, and shaken ;éll. The
pH of thé test solution(;as then rechecked and readjusted
if necessary using very.sméll volqmesyof‘HNOB or NaOH

solution so as to cause nenligible further dilution of the

metal 1ion. o

3.2.11 Free Metal Determinat-ion’

The test solution was first puhped through the column
via V, and Vy with 2 in the wash position (dotted lines
in Fiqure 18). The resin equilibration step required 15

minutes, for complete breakﬁhrough. Normally the column
effluent was diverted to t;e flowmeter by valve Vg QUring
the equilibration cycle”to‘preveﬁt fouling of the
ﬁebulizer and burner slit by the high salt "
concentration. During this cycle the nebulizer was.
.suppliéd with watér from the H,0 lihé;via Vg |

After the equilibratiOﬁ cycle.was'compieted Vo, and V3
were switched to the ofgér positionszlsolid lines‘iﬁ
Figure 18) and the column was backwashed with wa;ér for;1 

/,,‘«_’/‘

S/
;
v
e
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!

minute to remove interstitial test solution. Next, Vg, and
Ve were switched to divert the flow to the atomic
absorption spectrophotometer and the water washing was
continued for three more minutés to remove the remainder
of interstitial test sdlution. During the water washilng
the baseline of tﬁg AAS was set to zero. The AAS was also
st to measure the area of the .oncoming -signal by setting
the integration time (50 seconds). V; was then switched
to the eluent position (2 M HNO3) to start the elution

cycle. Integration was triggered 15 seconds after )//
) ¢ ‘

.switching to the elution cycle. After the peak had eluted
and the €luent baseline was refestablishgd Vy was switched
back to éhé ash pqsition until the wash bageline was re—”
established.h Valves V¢, Vg, Vg3, and V, Qere then switched

- -back to theif_initial position for the next test solution.

To savé dn acetylene consumption during'thé

equilibration cycle it_was foupd sufficientvtobturn'on the
AAS bprner five miﬁutes before'the elution step. - The

*blank was run in exactly the same manner.
R > '
! ¢

-

3.3 Results and Discussion o I

x

3.3.1 Choice of Eluent
It is desirable to employ a strong eluent in the.-

system in order to obtain shérp peaks and a better
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detection limit. This depends primarily on the type as
well as on the concentration of the eluent. 1In an earlier
report {74]) ethylene diaminetetraacetate was used as

2* pecause of the high formation constant

eluent for Cu
witﬁ the analyte. Since a noble mstai capillary nebulizer
became available on the PE4000 spectrophotometer it is
p0551b1e to use routlgﬁly a strong acid eluent. Several
concentratlons of nitric acid were investigated as
potential eluents. It was observed that the higher the
acid concentration the sharper and narrower the eluted
peaks. 2 M and 4 ﬁ»HNO3 gave almost'identical peak
widths. However, 4 M HNO caused cloudlness of the pump
tubing in a short time. 1t was decided to use 2 M HNOj
eluent because pump tube cloudiness was less severe, yet
the elution times were short. Generally pump tubes were

replaced every 2 to 3 months depending on the frequency of

usage.

\

3.3.2 Buffering of the Test Solutions

Althodgh the flow-through column;method does hot
require the test solution to be buffered it'is“desirable
to ma1nta1n a constant pH of the test solution for
characterlzatlon purposes, espec1a11y when the pH itself!

is a varlable.'In general,’ buffers should have several

important properties. 'Thesefinciude an appropriate pH,
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adeguate buffering capacity, and solubility in the medium

of interest (209-210). For metal ion speciation studies

Y

another characteristic of the buffer is important; it

should not complex the metal ion of interest since this

’

will affect the species distribution .in the system. No

\

buffer is known to have this characteristic but tﬁgre are
some)buffefs developed which have low formation cod§tants
with metal ions [211,212). 2,6-Dimethylpyridine (2,k<

Lutidine) has often been used as a buffer in the pH rénge
. i\

6.5 to 8 (pK,; = 6.96). The steric hindrance of the two'

methyl group substituents neighboring the nitrogen,donor\
[ 5
atom makes it a poor ligand. The formation constant of

2,6-lutidine with Cu?*t is th available in the

Y

literature. Howeve%, for éubstituted lutidines it is \
relatively low: 8y is 1.3 for 3-nitro-2,6-dimethyl-
_pyridine; 1.4 for 3-nitro-2,4,6-trimethylpyridine, and 1.6
for 3—§ulfonato—2,6-dimethylpyridine. Also the formation
constant for 2,6-dimethylpyridine (2;6-1Qtidine) with

nickel(II) is 1.6 [211].

Since it is desirable-to keep the added buffer

concentration low, an éexperiment was ‘done to'deter@ine the
concentration of 2,6-lutidine needed for adequate
buffering_action.L It was found that as low as 4 «x 1074 M

of 2,6-lutidine in the test solution was sufficient to

maintain a constant pH of 6.0 ¢+ 0.05 for more than 8 h in

’

- B
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.

‘a solution eprsed to air. At pH 8 the same buffer
concéntratioh was inadequate; the pH gradually dropped to
7.8 over the same period, ?resumably due fo uptake of
602. The test solutions used in these experiments
contained 0.1 M NaNO; and 2 x 1076 M copper.

An attempt was made to investigate copper
;omplexation with 2,6-lutidine by UV-Vis molecular
_absorption spectrophotometry (Secﬁion 3.2.3). Figu;é 20A

. shows the absorption spectrum of lutidine solutiQn (2 %
1072 M) at pH 6. Figure 206 shows three‘spectr$r=(l);is
the absorption spectrum for a solution contaiﬁiqg 10‘3_&
Cu(NO3), and 2 x 1072 M lutidine adjusted to pH 6 with, 
nitric acid. (2)'is the absorption spechQm fdr-thé above>
solution eicept for the absence of lutidine. Spéétrum (3)
is obtained by mathematical subtraction of (2) from (1).
The intense:abgorption of 2,6-lutidine and nitrate .group (
below 340 nm made the task of monitoring_tﬁé ligand
conqént:ation an Aimpossible one. " Spectrum 2OB(2)_shows

' that there is no wavélength shift in- the copper absggptionu

. . a - .

spectrum upon additipn of 2,6-1lutidine. Bjerrum [213]A‘

showed that-the éddition of_py;idine‘to a coppér nitrate

;olution klo—z ﬁ) resggied in a blue‘§hift.anq a three-,

~ fold increase in abségba;éé“for a 1:1 ¢omp1ex. _Spectfum
(3) cieqr%y’éhows théé there is no increase in absorbance

on addition of lutidine. The slight vertical shift of (1)
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(A) absorption sbectrum for 2,6-lutidine (2 x 10™2 M),

(B) spectra for 1073 M Cu(NO,), solution (2), and 1073 M

Cu(NO4), p-l;.xs 2 x 1072 M lutidine at pH. 6 (1). Spectrum
(3) is the net subtraction of (2) from (1). T
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and (?) on the absorbance scale (0.0007 absorbance units)
is constant over the copper ion absorption:.region and . is
probably due to mismatching of blanks or cells, or to
light scattéring. A slight turbidity was observed in the
copper solution containing lutidine. Higher
concentrations of copper could not be used because
addition of lutidine (pH 6) causes hydrolysis .and
precipitation of blue copper hydroxide. The above
experimental results.adds more evidence for the poor
iigand characteristics of 2,6-lutidine.

In the 1ion exch;nge cclumn equilgbration method of
ffee—cbpper determination the concentration of 1lutidine
buffe; employed in the tést solutions 1s twenty times less
than that used in tﬁe above experiment (Section 3.2.10).
Assuming a 6 value of 2.0 for the copper-2,6-lutidine
cbmplex Lijwas calculated that the millimolar'conc—

»
entration¥%f 2,6~lutidine used would only complex 0.02% of

the total éopper in the test solution.. Consequently 2,6-

lutidine complexation with copper was neglected.
. ES

+

o < .
3.3.3 Effect of Copper Concentration on Column-Test

Solution Equilibration Times at pH < 6

14

\\\is indicated in Chapter 2 it is necéssary to pump the
test.‘olution throu%: the resin column until cbmplete‘
breakthrough is attained. In this section the effect of
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change 1in copper concentration on the equilibration tlm?

©

to achieve complete breakthrough is examined. Using a 2-
mg resin column three test solutions of fixed pH (6.0), ¢
ionic strength (0.1 M), and lutidine buffer concentration

(4 x 1074 M) were prepared. ' The cobper concentrations

13

— - - /
used were 2 x 10 6 M, 1'x 10 6 M and 2 x 10 7 M. The test

sdlutions were loaded for different periods of time.

~N

Figure 21 shows the results obtained for the three test
. L

solutions. Breakthrough 1s achieved when the column is

-
.

fully .equilibrated and the copper content of the resin .
does not increase with time. The breakthrough regions are
therefore seen as plateaus in Figure 21. There is little
difference in equilibration times for the differen; copper
concentrations. In subseguent experiments a 15-minute
equilibrat}oh time was adopted. Equilibration curves

‘obtained at pH values lower than 6 are essentially similar

to those at pH 6.

3.3.4 Effect of pH on Column-TestvSolution'Equilibration

Times

To investigate the effect of test solution pH on

equilibration time three test solutions of the same copper

concentration (1 x 107 M), ionic strehgth (0.1 M), and
lutidine concentration (1073 M) were prepared. The pH
values of the solutions were 6.0, 7.0, and 8.0. A 2-mq

~
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Fidure 21. Effect of copper concentration on equilibration time for
a 2-mg resin column at pH 6. Total copper concentration
2 x107% M (a), 1 x 1076 M (b), and 2 x 1077 M (c).
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resin coiumn was equilibrated with each test salution for
various periods o% time at a fixed flow rate of about 5.5
"mL/min and the co;responding peak agea upon elugion of
sorbedlcopper was recorded. Figure 22 sho;s~a gfaphical
representation of the results.obta%ned.‘

At pH 6, as reported in Section 3.3.3, a completeg
break through of copber was reached in leSS'than 15 min.
For the test gplutions ;t‘pH 7 and pH 8 bréékthrough was
not attained even after 30 minutes of flow through the'
resin column. Furthermore fhe peak areas obtained for
these test solutioﬁs tend to'increase with pH. This is

-

. N ] - ‘
contrary to the expected trend; \@as the. pH is .increased

copper hydroxy species are formed/ and the .fraction of free"-
coppér is decreased. ‘Speciés distributions fo: two
different tqtél concentration; of<cobper in O,Igﬁ_NaNO3 :
solution are shown in Figure 23 (refer to Section 4;2.4 jf
for method-;f calculation); If cgmplexatibn of copper
"Qith 2,6-lutidine and nitrate‘isrignofed it can bé seen
.frém Figufe 23 thatmthe freé;cééber,fraction;is 96% at pH- .’
”6; 65 to‘?O%.at pH 7, and only 12 to 16% at pH 8. | | |

There are two possible explanations for the results

o o .
in Figure 23: e B :)'

(a): The resin has additional, weékéacid functionalbgroups
‘ , ‘ : e a0

.[187,214,215]) which are protonated at low pH but free

at higher pH. Thése gfdups'increaSe'tﬁe ion exchange

v o"
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~ Figure .22. Effect of pH of .test solution on column equilibration
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time. Total copper concentration is constant (10'6_§):
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2+

capacity and perhaps the resin selectivity for Cu
.Y

(b) Colloidal particulates of copper hydroxide are
trapped in the resin phase and are not washed off.

The presence of weak acid (probably carboxylic) groups in

addition to strong acid sulfonic groups 1is béiieved to

[

result from oxidation of the chain ends of the polymer

. ?

(187). This is likely in light of the strong oxidizing
conditions use@‘in the sulfonation process [214]). However
sulfonated resins preparcd by us under milder conaitions
(Section 3.2.6) behaved in Qhe same way és commercially
available ones. Fu;thermdré, derivatizaaion of the .
suspected carboxylate group; of commercially available
resin (Sectibn 3.2.7) did ﬁot change the copper-ion .
exchange cHaractgrisFiCSgi Thus, it seemed more likely”

that the effects seen in Figure 22 arise from the presence

|
/

of a filterable solid phase.

3.3.5 Testing;for Presence of Copper-Containing Colloids

‘To investigate the possibility of colloidal copper

.

particulate formation in the test solution, which might be

o R .o
trapped on thetresin column and eluted as free copper, two

test solutions of identical composition were prepéred.:
For both, the copper concentration was 2 x 10-6 M, the pH
.was 7.8 and the lutidine concentration was 1073 M. One

test solution was filtered thr0u§h a 0.45-um pore size

(v

e
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Nylon 66 filter (Rajnin Instruments Co. Inc., Woburn,

MA)}). Filtration did not affect the pH of the test
soluti&n. Using a 2-mg resin column, equilibration curves
were obtained for both filtered' and unfiltered solutions
under identicéi conditions. A slightly ‘lower final
pumping rate of the unfiltered test solution was observed,
especially at long equilibration times (4.9 mL/min istead
of 5.7 mL/min). The equilibration curves obtained are
depicted in Figure 24. ‘It is evident that in the filtered
test solution particulate copper was almost gompletely
eliminated; The striking difference in the shdpe of the
two curQes clearly indicates the.uptake of particulate-

copper by the column, and:the continuously rising copper

signal with time for the unfiltered test solution

indicates the collection off this \colloidal copper form.

In the copper determinatior step, following a given
loading time increasing the coumn washing cycle from 4 to
15 min did not-wash off the tr ppéd copper colloids in the

unfiltered test/solution and é¢ssentially the same peak

afea is observe ;
The copper| residue on the.filteflwas leached with 2 M
HNO3 solution and quantified by directly aspiratind the
solution‘into hé aédmic absorption spec;rophotométef.
.10.25% of theﬁt§ta1 copper in thé/jOOO mL of test solution

. e
passed throUg% the filter was filtered out.

h
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Figure 24." Effect of filtration of the test solution on the shape of
the equilibration curve. Total copper concentration was
2 x 10°® M and the. pH was 7.8. |



There was evidence that a colloidal copper
precipitate also forms at pH 7. However at pH 6 there was
no evidence for the presence of such a precipitate; the
equilibration curves for the filtered and unfiltered
solutions Qere identical. Tt should be stated here that
not all colloidal copper is expected to be trapped by a
0.45-pm filter.

Paulson et al. [171}, studying the hydrolysis of,
copper 1in sodium perchlorate solutions (0.05 m or 0.7 m),
repgrtedé@ﬁﬁ%ocedure for preparatioh of an essentially
precipiﬁaté—free copper solution (up to 4 x 1076 m) in the
pH range of 6.8-8.4. The procedure involved ultra violet
light irradiation to destroy organic ﬁatter and purified‘
nitrogen purging\{p eliminate dissolved car?on‘«.oxide.
Taey reported 1% residual copper on a 0.1-um Nucleoporé‘
fi}ter. Recently Gulens et al. [170) reported. the

‘
presehce of copper-hydroxy colloids both‘in the presepbe
and abéeﬁce of atmospheric carbon'dioxide. Their -
observationsiwere confirmed Py light sbattering'
measureméents, even for (3.10'6 ﬂdcopber solution at pH
8.5. Also Buffle et al. [129,131] studied the -
complexation of copper Qifh humic and fulvic acid
substances and tonéluded that, éoﬁtrary to earlier |

réports,‘slow hyarblysis of coppéf probably plays a role

at pH values 3.6.

144

"
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The solubility of colloidal coppet is affected by

several physical and chemical parameters including surface

area, ionic strength, pH, copper concentration and the
“presence of complexing agents

{129,170,171,216,217). 1t
is expected that in more dilute solutions less colloidal
copper precipitate will be formed.

Using a 2-mg resin
column equilibration curves for four test solutions at pH

: : ¥
8 were obtained. The total copper concentrations of the

1077 M,

test solutions were 2 x 107° M, 1 x 106 M, 4x 1077 M, and
2 x 1077

The curves obtained are shown in Figure 25.
A plateau was obtéjafd for the solution with a total

copper concentration of 2 x 1077/ M, but not for the higher
concentrations.

Comparison of &he loading curves for 2 »
107 M copper in Figureg 25d and 2lc reveals that the

. . \
‘plateau peak area.at pH 8 is higher tha

ﬁ that at pH 6.
' v
This may be due to the presence of multibly charged

‘soluble polymeric copper-hydroxo species |at the higher
} .
. pH.

Thus it seems that at pH 8 filterable colloidal
copper hydroxides form at concentrations

higher ‘than 2 x
.
; ' L ,
1077 M, but that copper-hydroxo species fprmed at lower

. _ . \ . .
copper concentrations are soluble. It sh?uld therefore be

. ’ l
possihle to use the ion exchange method‘aﬁ pH 8 or less

2. x 1077 M.

does not exceed
‘ .

given that the total copber cdncentration\

|
|
R
- L

\
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concentrations: 2 x 1076 M (a), 1.x 1078 M (b), 4 x 1077 -

M (c), 2 x 10™7 (d), at constant pH..
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3.3.6 Effect of Aging of Teést Solutions

Furthef evidence for the formation of particulate
copper in the test solution came from aging‘spudies
deécribed below. Six 1-L volume gest solutions having a
fixed total copper concentratioh of 2 x 1078 M but
different pH values (4.0 to 9.0) were prepared in
polyethylene bottles according to Séction 3.2.10. " These
test solutions were analfzed for free copper immediately

/afﬁer preparation, and again-after aging for different
R o
periods. The equilibration time employed for the analyses

in %ﬂese experiments was 15 minutes. At the same time the

undisturbed bulk test solutions were ahalyzed”for total
copper by direct aspiration using the same instrumental

settings (Table 4). Figure 26 depicts. the results
. . ()« . .
obtained for the ion exchange method of analysis for free

copper. From Figure 26 ‘it is evident that: .,

(a) As the pH is increased the copper signal is ‘
increased. 0 , i

(b) For test golutions with pH < 6.5 there is no change
in the copper signal with aging. L

(c) . For test solutiqdé with pH' values above 6.5% there is

~a‘decreasé in .copper signal with aging. The decrease -  '
in signal is larger for higher pH values. This.
“‘clearly indicages"that copper is. lost from.theipeét

.

soiubions at high pH values. This conclusion is
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‘forbnickel.

‘

Effect of aging of test solution on the relation hetween
metal uptake and pH for copper and nickel. Total metal
concentration 2.00 x\10‘6_ﬁ_for copper and 2,04 x 10‘6:ﬂ



149

confirmed'by-the results of direct aspiration
determination of Coppe; in the still solution.

A similar aging study was performed for nickel under
the same flow-c?nditions. The instrumental conditions are
listed in Téble 4, and the results are plotted iﬁ Figure
26. The éame behavior was observed for nickel as for -
~coppgr except for a shift of the ascendling curves to
higher pH. This agrees 'with the facﬁ‘that‘nickel ,
undergoes less hydrolysis than copper.

’ Fhe gradual decrease in'pH of the agéd solution
(Table 5) indicates that copper hydrolysis is'kinetfcally
§low. The complicatiéns arising from copper hydroxy
cof%oids at pﬂ‘values > 6.5 must be overcome before the

method can be applied for free-copper determination at

higher pH values. Further work is required in this area.

.
Y

3.3.7 Assessment of a Larger I‘dn-Excharge Resin Column to

Increase Sensitivity

For the ion excha‘nge‘rgethc}d to:/,glappli.cable to

4 ~

« natural”water samples it must be sensitive enoum
[«} i A ‘

detefmine‘free—copper‘concehtratﬁons-on the order of 10”7
¥ _8 o o . ?‘ 7 A .
to 10~ ‘%ﬂZlB].ﬂ The ion exchange method can be made more
-sensitive by employing a larger. resin column, thus sorbing
N . ‘ . -' ) ) - .
more copper at equilibrium. _,fHow‘eQ th’}s will require
lohger' e‘quiliblrat'ion'times. For a 10-mg resin umn the

. . . .
R

\ . . ' . - : . “e.
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The effect of test solution aging on pH for metals 1n 0.1 M

*

-3

NaNO3 and 10 M lutidine. Total metal concentrations .were

2.00 x 10°% M and 2.04 x 1Of6 M for copper and nickel
respectively.
Aging Time Copper Nickel
(h} :
0.0 9.§5 9.75
o045 8.75 9.75
. 1.5 -- 9.75 //5‘—;-
24 8.05 -
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equilibration time for complegg'breakthrough of a 2 x 1078
M copper solution at pH 6 is 15 min. For a 2-mg resin
column the abovg test solution requires 10 m{nutes for
complete b[eakthroegh. The equilibratidﬁ time will also
depend on other factors such as flow rate of the test
solutionf Equilibration time is shorter .for faster flow
rate. The upper limit of column size‘@g‘governed by the

) l ’

practical pumping rate and by copper peak §ignal

e

broadening.induced by elution from thelcbﬁumn.

B.B.Bgiﬁgfect of TIonic Strength

Decreasing the ionic strength: of the test soluti%%ggggg

another way of‘incre¢Sinq the sensitivity of the method.

As the ionic strength is decreaéed the distr{ﬁution
coefficient of copper, between the aqdeoué and the reéin
phases iSAincreasel;i.Thus the absél 'e-amount of ;oppef
sorbed onto .the. resin will be larger. However, tﬁovothef
factors need to bé taken into consideration. The first’is N
the need to maintain trace ion exéhange cénditions>and
"thus a linear distribqtioﬁ isoéherm. The second factor is
the Heed to>establiShféomp1ete'bfeakthrough (equilibrium)
-thch will requife a longer time as the distfibutidn i
coefficient iéfﬁade‘larger. \ T
__The qhah{ifative rélationship‘betwéep copper uptake

ﬁic.strength can be obtained by rearranging equation’
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2.4 into the form

v

L 2
- [RpM) - (Th . IRNa)® =~ M S (3.1)
. 2+ 1E +.2 2 o :
- M) © [Na ) YRoM C Y+

} . a

\
|

An experim%nt was conducted to examine the effect of

ionic strength on the distribution coefficient of copper

between the resin and solution phases. - The sodium nitrate

concentration in the test solution was varied from 0.1 M

to 0.4 M at a fixed copper goncen£ration of 1 x 1077 ﬁj.a

lutidine éoncentration of 1073 M, and a pH. of ﬁ.O;q
From the peak areas bbtained upén aﬁélysis’of the

test‘solutions, the amount of copper sorbedlat variqys;g
ionic stfengths was calculated.by comparison with peak ;)
areas obiéineé.by injection into the elugnt streaﬁ via }g
L we A ‘ : '
;Vélvp yfngigure 18) of a knawn volume (135 u;)'of
standagd copper solution (4 x 10'4‘g)3 A:plot of the
experiméntglly measured'distriﬁution coefficient of copper
(Xo7.i§_ionic stréngtﬁ %p) i$ shown in Fidure 25. | |
Equation 3.1 suggests that\if one knows the value of

‘the"activity coefficients then a plot of

‘v

- )
Y L]

TR Tt

»0‘ _\.'.i.+2
Yy2+ ° Y%Na (Na )
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Figure 27. The‘distribufion coefficient of free copper between the
resin and the'%queous phasesvas a function of ionic.

strength.

. ’ ) -
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;coaffipients, a plot was made dfax“ .

\ f
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Iy

~

should be linear with zero intercept. The resin phase

L)

agtivéty coefficients szM and yRNafcannot readily be

evaluated as this requires knowledge of electrglytenf

sorption and swelling characteristics in

addition to the

»

selectivity coeffic;ents (185,203]. Activity coefficients

in the solution phase, y , and YM2+' can be estimated at

.Na .

different ionjic strengths [219,220) up to 0.1 M or by the

Stokes and Rdbinson formula [221) for. ionic strengths up

i
Y

‘ K
to 4 M. Therefore, neglecting the resin

5 N
1/[Na+]2 (plot not shown). -The plot was

rather showed a deviation from 11near1ty.

K

possxble re‘asons gpr non- lxnearlty”of4the above plot.

S
(a) Neqlect of correctlon for varlatrén

a, . .
phase activity -

2 +/Y 2+.l§

not llnear but

v

-There are three

‘...

in the resin

phase act1v1ty coeff1c1ents wlth”monlc strength.

¢

(b) -Sorptlon of other charged specxeé"such as CuNO+.

\,
AN . )
g . e

. {e) Sorptlon of c01101da1 spec1e9 fAfJ

[

“"An experlment whlch was performed to lnvestlgate the

\ &

possxb1l1ty of sorptron of CuNO3 specxes

.f'\,

w1ll f1rst be

de5cr1bed@ The formatlon constant of CuNO3, as comp1led ¢

é
9 v Ho

&

-

A

Cin the blterature f222 223] is relab1ve1y low (3 47 to .
C3.16 at‘u = 0) and 11terature values vary wxdely for the

\§same ionic strength For example at p =:3 Mg . valfes

CuN03 LI

:0 40 to 0. 96 are repor&ed. “Qsinq\thé‘iqdividuali

[~ . o
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activity coefficients of Kielland [219] and taking the
activity coefficient of CuNO§ as being equal to that of
cdcl?t the thermodynamic formation constant of CuNO§ (3.47)
was corrected for ionic gtrength apd‘fouhd to be 1.34 at u
= 0.1 M. Coprection for ionic strength was also done by a
form‘of the Davies\quation (220, 224a); the values of the
Debye-duckel constants used were those listed by Bates
{209] at 25°C.‘ The calcula&ed formation constant obtained
was 1.70 in faiily good agreement with that obtained by
the first_methodl

It is qenerally‘believed that sodium perchlorate,
NaClO4, is a completely dissociated salt [220] thh%@ non-
complex1nq anion. For th;s reason NaClO4 was chosen as a
swampihg electfolyte in this.expe:imenc conducted to check’

the degree of complexation of copper ion by nitgate ion.

Four solutions were.prepared as detailed in Section

3.2. 10- all had the same total copper concentration of 1 «x

:

107 7 M, pH of 6. O lutldlne concentration of 10~ 3.ﬁ, and

ionic strength of 0.10 M but differenf'prOpoyfions of
NaN03 to NaCLO4'(Table‘6). Uponfrunping these test

solutions followlng the procedure in Sectdon 3.2. lh the

pe@k a;eas of the copper 51gnals obtaxned were .

"statlstlcally equal These ;esults mean either thég NOS

’;s as non—complexlng-as‘tloz or that CuNO§ does form bdfgi

sorbs onto re81 to the same extent as does’ Cu2+ The

B ;. S
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Table 6. Composition of test solutions used to test the possibility

of copper complexation with nitrate ion.

1

Test Solution NaClO4 NaNO 4 2,6-Lutidine 7 [Cu)T
" (M) (M) (M) M)

‘ /

) 0.10 0.00 1073 1077

2 0.07 0.03 1073 1o’

3 0.04 0.06 1073 1077




-

157

second expldnation is unlikely in light of the charge
difference between the two species [263].

Sorption of colloidal copper containing species is
possible. Schubert ({1B4] suggestea use of ion exchange
for -detection and-interpregétioﬁ of colloidal behavior.

‘In contrast to the sorption of cations the sorption of
colloids may be increaSed with increasing electrolyte
concentration by virtue of gnhancing coagulation. This
possibility was ruled oQt.as én explaﬁation of the non-

: p
linearity of the plot of xo-y£a+/yM2+ X§_1/[Na+]2 in the
présent-case'because eduilibration curves obtained for
high ionic strength (0.4 ﬁ)‘showed a flat platedﬁ after 10
minutes of loading.“.If colloidal particles are'Sorbedvé
flat plateau will not be obtained (refer to Section 3.3.5
and Figure 24). | |

Thus it is likely that the explanafion’of.non4
linearity An tﬁewpteseﬁt case,lies in corréctiOntqf resin-
phase éctivitygcoéfficientévwitﬁ ioniﬁfstrength..,ﬁpon )
'increasihg ionié s;nehgthJélectrolyte”invasion’Qf‘the
‘resin l203?}qi§es risé to. a changé in the-abtiviky
coefficients: | |

In a ppéV{ou$>Study of the éorbtion of nickel(i})‘on
,_é ca;ion”exchanger.a linear relaiionship’betwegn‘xo and
tN§+]f2'was observed 'in the ibnig strength fanée bf 0.01.‘
to 0.5 M [2@2;1b] . 'However,. closer ex"'a'm.inat-iéanof the

]

Y
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results obtained for!nickel o;er the same ionic strength
range studied here (0.1 to 0.4 M) showed a curvature
similar to that observed fo? copper. This pehavior, of
course, does not prevent tﬁe use of the ion exehange
method for free-copper determination asllong'as,the ionic
strengkh/is constant for all samples and standards. . In
natural water samples the salf content is so low that the
ionic strength will be equal to the concentratiqn of the
added swamping»eleptrolyte (0.100 M) and wF&l not change

from one sample to another.

| . | %,
3.3.9 Calibration Curve, Detection Ljimit, and Precision

-

Seven calibration standards of pH 6 containing 0 to, 2

‘ 10‘.7 M copper v)ere‘ made as described in Section 3.2.10
" * L .
and run as described in;Section’3.2.11 using the

lingfrumental conditions listed.in Table 4. Figure 28
 shaWs a photo reproduction of .the éééks obtained. for

<

dublicate runs of these‘solutiohs. The solutlons
contﬁ@ned 0.} M NaN03 and 10° -3 M lut1d1ne buffer. The
callbratlon curve obtained was llnear at least up to 2 x
10 =17 %écopper wlth a correlatlon COeff1c1ent of 0.995.

The ;slope was 4. 1 x 106 absorbance-secondomble l.p with‘,

-
1

'fnge standard;dev1at1on of 1'57%. The 1ntercept .

peak area ax1s was 0 002 0. 017 at the 95%

conflfénce level.ﬁ‘Each standard was run twice and the-

. ,Q. g .i.

§& o\
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Figure 28. 'Chaft recorder traéinqs for duplicéte ,ruhs' of standard
COpPREY solutions (0 to 2 vx.10'7‘ﬂ)'Aat»pH 6 co'ntaini'nq_ 0.1

. M NaNO; and 1073 M lutidine buffer using the ion ex_chanqé

column gquilibrat‘ion/AAS, method," :
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avérage peak area (corrected for the blank signal) was

used 1in the calculations.

’ The éetection limit (2 x 1078 M copper concentration)
was calculated as the sum of the average blank signal'p}hs
three standard\gev1atxons [225 226]). The relative
jﬁ%andard devlatlon of- the blank, calculated from eleven
blank test splu!ions run over a period of 3 months, was
"16%. |

The precision of the méthod was evaluated at 1 x 107/

M copper cqncentration. For four test solutions analyzed
in duplicate the relativé standard deviation of'tge

/

average peak area was 3.4%.
. !
|

g |



" CHAPTER 4

EFF‘ECI‘ OF, COMPLEXING LIGANDS ON FREB-COPPER DETERMINATION

BY Tk" ION %‘IANGE COLUMN EQUILIBRATION/AAS MEFHOD

4.1 'Introducti@n
N {\ )
In the 1on e%ch nge column equlllbratlon method of
. L2 <’\_

free-copper de&ermlﬁatlon 1t‘15 assumed that only the free

g

metal 13 exchanged onto thevresin while ,the complexed

i

forms are not. The addition of a complexing ligand to a

solution containing free copper will result in the

complexatlon of .some of the copper ions, rendering them

- Al

'unexchangeable and thus giving a lower value .for free

copper.
As mertioned in Section 2.1, cationic copper

’complexes'ére likely to SOrb onto.the reein.by,hechanismsgi‘

. s N
v . .

51m11ar to’ those of free copper [203] Cockerell .and

T i:‘s,

Walton [227] observed that the presence of. ethylenedlamxne N

g
(en) in the test solution drlves more copper 1nﬁo the'

2 .

mre51n phase than ‘when ethylenedlamlne is. absen@ The

a

dlstr1but1on coeff1c1ent oﬁ Cu(en)2+ 1s ev1dent1y larger R

than the dlstrlbutlon coeff1c1ent for hydrated Cuzu. Maes .

and Cremers [228] concluded that the enhanced sorptlon of ’

|\o

N

3

?Cu(en)% on 1norganic clay catlon exchangers can be

I L 161.':.'Ld15- t :‘f,h_
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explained in terms of greater delocalization of the charge
©on the complex 3in the exchanger and poor hydration
relative to Cu?*. In the present ion exchange method of

free-copper determination sorption of cai;onic complexes

causeigan interference by giving a falselb high free-

copper concentration. T .

Neutral copper complexes may also sorb onto ion

N Iz

exchanqe resins. Although a qyantitative theory of such a
process has not yet been presented, sorption of nedgtral
" species has been explained in terms of physical forces and

interactions such as London forces, dipolefdipole
.4
1nteract1ons, saltlng in, salting out, and sleie action

[203]). As w1th catlonlc complexes, SOﬁ&thn of neutral
. s

' copper complexesowill interfe%efin:the Selecpivityfof the
o o | .

. ) L A4 . . . . !

ion exchanage method of free-copMer determination, giving

\ N 4
. . P’

hidh-results. Anionic complexes are not ekpected to sorb

to a 51qn1f1cant extent onto a ca%non exchahqe re51n .

I3

.because they bear the sa%e sign of charge as the re51n
.‘0

[matrlx and will therefore experlence c01on exclusxon Q" -

[203]

%

Natural water‘systems contain varlable concentratlons

l‘
e

o of different or anic and 1non anlc 11 ands Wthh are
S 9 d

,; capable of complex1ng ébpper(II) (95, 115] Dependlng on

the llgand charge, the copper complex formed w1£h these

llgands may be p051t1ve, neutral,&or negatlve. In this

P . - -
s )

. [ ‘
%, . . -
L . . .
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»
A}

chapter the ion exchange column equilibration technique is

-~

tested for its specificity for free copper in the preseﬁce

of various organic énd‘inorganic complexing ligands. The .

\

ligands chosen were those of Yen found in natural waters
such as chloride, phosphéte, sulfate, and® fulvic acid or
xsimple organic ligands with funct9onal groups similar to

“those present im humic substances, such as glycine,

’

phthalic acid, citric acid, .and salicylic d®id.

The testing schemé is composed of two major steps.

The first involves mathematical calculations of the copper
o . A

species disfributione in the presehce¢of various
'cbncentfatiéns of compiexing ligend. ‘The second step
involves preparati&n end analysis ef test solutions
-containing copper(II) and varioys figand compoeitions in,

ofder>to compare the freeecoppef concentrations .obtained
[ .
by the 1on exchanqe method w;th those pred1cted by .

-
-

calculatlbn. . o B : .

=

In‘the last‘three sectfbnsvofnthis chapter analyses
‘for total and free copper are reported for a water‘§amp1e

from Boqgev1lle Lake 1n Quebec. The complexatlon capac1ty

@

of thls water sample was ailso determlned by tltratlon w1th

"copper(II) u51ng the ‘ion exchange technlque to monltor the

titration. : : "'ﬂ SR <7 Sl L
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4.2 Experimental

A

4.2.1 Chemicals \

Aminoacetic acid, NH,CH,COOH (glycine) was analyticad

o

. . - . ) .
reagent grade (British Drug HoUses) and sodium sallcylateﬁ
ééH4(OH)COONa was certified reagent grade (Fisher

Scienti ic Co.%.- Phthalic acid; C6H4—1,2—(C00ﬁ)2 wqé
Y i :
Bak%r Gyade (J.T. Baker Co.); citric acid, HOCOCH2C(OH)—

(COOH)TH,COOH- H,0 (Caledon Laboratories Lt$.) was reagent

grade, sodium ‘chloride; NaCl (Amachem Co}); anhydrgus_____

o

sodium sulfaté,_NaZSO4 (Amachem Co.);‘ahhydfous di-sodium
hyd®rogen orthophoéphate, NazHPO4 (British Drug Houses);
and monohydrated sodium dihydrogen orthophosphate,

"F,NaH2P04-H20"(British Drug Houses) were either analytical

«

‘or reagent grades. All of,the above were used as

rebeiyed,.withoﬁt further pu?ificat&on.,‘

A ;a%ple.bf fulvic acid was guppliéd by Dr; C.H.

Langford, Départment of Chemistry, Coécdfdiadungversity;
. o . » :

Montnéaif Queb;L and uéed.yithout further t;eatméng. ‘The .

material was extracted from the Bh horizon of a podzol -'#
. from Armadalé; Prince Edward Island, Canada. - -,

4.2.2 Reagents - .
6Sodi_um‘.chi'oifdéstbék solution (0.500 M) was prepared
by dissoiving;29g220 g of the salt in water and diluting

° B R ! . - -
st : ¢ .

k . | . . N .
I . L e . . ‘ \ -

-ffto l L.".' L e L N
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_’D@ sodlum hydrogen orthophosphate stock solution
(0 025 )gwas prepared by dlssolvlng 3 549 g'.of the’'dried

aqhydr powder ‘in a 1- L volumetrxc flask and dllutxng to‘

volume with water.

Sodium dihydrogen orthdphosphate.stock solution

(O’OE%QQ) was prepared by dissolying 6.899 g of the

- monohyfrated salt in water and diluting to 1-L.

Sodrum‘SUIfate stock solution (0.25 M) wast prepared
by dissdlving 35.510 g of the dried salt and dilutinq to 1

L with_water.

Glycine stock solution (1072 M) was prepared by & -

..

disso%ving 011878 qlof glycine in water in a 250-mL <«

. < N . ~ .
volumetric flask and diluting to volume with water.

Working standards of glycine were prepared by serial

dilution of this stocﬂ solution. .
. Q . -“r*_“;}- ’

FY

& Phthallc acid stock solutlon (1072 M) ‘was prepared by

‘Qolumetrlc flask .and d11ut1ng to

: .volumetrlc flask and d11ut1ng to volume with water. .The_

L I
dlssolv1ng 0 8306 g - of the crushed crystals in a 500 mL
kvolume w1th water.
~
C1tr1c ac1d stock solutlon (10 3 M) was prepared by

'
rﬁ-ﬁ%

dlssolv1ngé§ 1501 g of the monohydrated ac1d 1n a 500-mL

. >
v

fresﬁly prepared stock solutlon was used .to prepare more
’ N . o . ; P =~

N dllute standards as reQU1red. S S

gd)
TR

;VWSodlum sallcylate stock so‘utloﬁ (10 2 M) was

.

prepared by we1qh1nq 1.601 g of the salt and dlssolv1ng in

- R
. . . . N

» t .
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~8

. water with the aid‘of an ultrasonic bath. The volume was
. broudht to 100 mL with water. This stock was used to

prepare fresh dilute standards. o o

Fulvic acid stock solution (1g/L) was'prepareé by

dissolving 0:1000 g of -the material in & 100-mL volumet®ic

~

AflaSk using an ultrasonic.bath. The solutiéﬁ'wa% then
'dlluted to volume with water. More diIuce stock solutions

were freshly prepared by serlal dllutlon of the or1g1na1

preparatlon.

Other reagents and solvents used were described in

Chapter 3.

4.2v3. Apparatus

As .well as the equipment described in Section' 3.2, a

Perkxn Elmer Model 5000 atomic absorptlon spectrophoto—
meter w1th a graphlte furnace unit (Model HGA 2200),

¥ %; .
-autosampler (Model AS-1), and a Perkin-Elmer copper hollow'

cathode 1amp were ‘used. for the determlnatlon of total

“!qy..

copper 1n.the ‘Bonneville Lake water sample.("fhe.
7

,jnst;umentaq,cpnditions are listed in Tablek

' 4;2.4 Calculatlon of Copper Spec1es Dlstrlbutlons as a

Vf

v Functlon of L;gand Concentrat1on

. 'For varylng llgand concentratlons the soluble -

‘cmononuclear copper conta1n1ng spec1es dxstr1but10ns (in

'percent) were calculated at 0 1 M ionic strength and pH 6

i <
! —
/



Table 7. Instrumental conditions for the Perkin:Elmer 5000 graphite
’ B
o furnace AAS for the determination of total copper in' lake
@;- water.
- !

3.

Wavelength {nm)

Spectral slit width (nm)

|« Lanp current (mA)
K

Furnace

Furnace temperature (°C)

L
Pyrolvtic qraphlte-wfth platforn

-

;

*
Dry ‘ o 110- ~ "7 ) .
; - ‘ ; . g
‘Ash 1000
. Atonize o *-2650
Time (s)h . ’
- Drv 40 ’ .
. > ;, . ' »'*
4 ]
ash [ 20 . )
. . . . " a R
) Atomize’ 8 ) R ' .
N . . ! /
. N
Jntegration time (s) .8 N
. . - | :
Purge gas Argon :
¥ o3 . «
" \ SRR : '
. i_
b
L ! 4 .. -
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’ P

'.following the general scheme 1in Appendix A. Values for
total copper Concentrationé\we:e 1 x 10-7 M and 1 x 1076
M. “The formation constants of CuoH? and éu(OQ)z used wgré
105‘4 and 1011-6 respectively [170] and the autoeprotolysis
constant of ‘water k, was taken as 10°13.78 [22?].
Fo;mation constants of various copper—iigand,sp%piés wgre

- takén from data compilatigns or from specific references,
as indicated. If necessdr;i'an ionic strength cor;ectjon
wasomad%/using individual ionic activity éoefficient
valueS'bééed upon computations by Kielland [219] or
-caiculated frém the Davies equation [220]. Both lutidine
and nitrate 16; were considered as non-complexing ligands
(Sections 3.3.2 and 3.3.8). Calculations of species

s

hY
distributions obtained by the procedure of Appendix A were

checked by cdmputer cqlculations'(Un}versity of Alberta

Amdahl) using a slightly modified version of the o

 speciation program COMICS [134]. .The modification was the
inclusion of an additional subroutine which.provided S
fractional species distributions of the metal in a tabular

form. For both total copper cdncentrations used the

>

species_diStribdtions were identical for all ligands

studiedvexcepﬁifitréte. {For'a 1 x 10—6 ﬂ_totallcopper
" concentration éhe relati§é\free copper curve in the
présencé of citrate is,higher:théh that of the 1 x 10_7'31
totéliéoppe;‘Sy'a’maxiﬁum of 6% (Figure 34(b)).' fhis

shift‘is due to the higher metngto-Iigand ratio for the 1



-

~ 1070 M total copper solution.

4.2.5 ‘Preparation of Test Solutions and Blanks

-

On the basis of the species distributions calculated
4 v , :
for a aiven’ ligand, a series of test solutions was
prepared con;ainino variable ligand concentrations but

)

Constan£ total sodium cbncehtratién (0.100 M) and. lutidine
buffer'(IO_B.ﬂj in the followina way.

A suiltable voluhe ofAO.SOO M NaNOg solution was
delkvered into a 400ij beaker. The volume of ﬁaNO3 was

calculated such that the total sodium concentration,

'”Lnéludinq that from the ligand solution, was always 0.100

v

ﬁf;tier dilution to 250 mL. This was Eoliowed,by an
app%dpfiate volume o£ the liqénd solution. Fivé'mL,of
ﬂutidihe solution (0205 M) were then added and, if
necessary, a volume of watér to éive a totgl volume of
approximatély 200 mL. “The pH was .then adjusted.to 6.0 py
qqditioh of d}luté HNO; except for NaH;POy4 ligand system
wheré NaOH was used, Tgis was f0110wed by dropwise
addition to the sﬁirred solution of lOme'of Qaily— .
prepared standard copper sqiuéion (2.5 x 10‘6‘3). A fipal
pH adjustment Qas necessary after_éddition of the cogber
in sohe cases.‘ The cohtents of\thq beaker were
guantitatively transferred to a. 250-mL voluhetric flask,

diluféa to volume and‘ShaKen well. - For each test solution

4
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a corresponding blank was prepared in exactly the same

~

- ”
manner except for the absence of copper standard. 5

4.2.6 Determination of Free Copper by Ion Selective

- Electrode (ISE) Poteptiometry

This work was carried out by D. Lucyk (229} to

provide comparat.ive measurements to the i1on exchanqe

Ay
column eqguilibration/AAS measurements for the

de{ermidﬁtion of free copper. An Orion 94-29 cupric
selective electrode, an Orion 90-02 double junction
-Aa-AaCl reference electrode and a Fisher 825 MP Accumet pH

~meter were used. The measurement and electrode cleanino
procddures were similar to those of Blaedel and Dinwiddie
r‘ |

(172] . v A

<«

Since the 1SE measurements were designed to provide

A

- comparison data for the ion exchange column equilibration

. R ) ’ \ . .
: method, .the test solutions used for ISE measurements were

. . ,

of the same comp051tlon as those for the.ion exchange
method (Sectlons 4. 25 and 4.3). However due to the lo;er_
,sen51t1v1ty of the ISE method for copper determlnatlon, a
.10 fold higher total copper con%%ntratlon6§10 6 M) had to
be used. Of the seven 11qands stud1ed by the don exchange .
method; only chloride was not 1nvest1qated by ISE. B
fSever)ai reéearqhefshnave noted abnormal cupric-ISE

R

. . : o~
_response| in chloride media and it was feared that o,
|
|
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performing such a study might foul the electrode.

4.2.7 Treatment of the Bonneville Lake Water Sample and

Standard
/The Bonneville Lake water sbmple‘was éubpliéd by M.
Papineau of Environment‘Canada, Inland Waters Directorate,
Quebec Region. It was an inteqrated sample_(O to 4‘my
collected by a helicopter on October 3, 1985, divided into
four 1-L subsamples and shipped in ice [230]. In our
iaboratory the subsamples were allowed té stand at room
temperatufe for several hours beforevthe pH was mgasured
(5.2), The subsamp{es were then filterﬁa (‘0}45‘uh) using
acid-washed 47-mm diameter Nyion 66 fiiths (Rainin | .
Instrumeﬁts Co., Woburn, MA) . For each 1-L subsample a
ne¢ fiiter was used. The first 200 mL of filtrate were
used to rinse the receiving flask ;nd were discarded.
Thé‘saﬁple.solution$ for free-Coppe;.deterwination
\were‘prepared as follows: To-20 mL of'O.SOQ ﬂ_NaNO3',
solution was addéd 2.0 mL ok lptidine buffer (9.05 M); tﬁe
pH was adjusted toi5.2 by drdbwiée,addition'éf dilute~ »
n?gric acid; i6to thi$ soluti&h was delivered 78.0 mL of
the fiiéfredﬂwater'sample, whi#h gave'a final pH of«SQéS-t
0.05. A blank test solution Qas_prepared‘by tﬁe same

procedure, but replacfng the water sample with an

‘eqhivalént volume of filtered distifled water. A standard

ey



)

" copper test solution (1.0 x 1077 M) was also pfepared for

calibration as described in Section 3.2.10 except for pH

adjustment to 5.2. ™

R f
»
Kl

4.2.8 Preparation of Sample Solutions for the Determinaz

tion of the Cgmplexing Capécity of the Water;Séhpi;
_Eighty milliliters of the filtered lake water'samblg,
weréldiséeﬁsed into each of eightIIOO—mL polﬁethylene
bottles and spiked with 0, 10, 25, S0, 100,‘260,3300, and
400 KL.of'a standard copper. solution (5 x lO?? M). ‘A
. variable volume Finnpipette (Labsystem Oy, HelS{nki,
Finland) and Yéllow disposable plgStiF tips-“were used.
The final pH did not drop bylmofe than 0.06 unit. ;Theb
next- day 20.0 mL of a soluﬁion*compgsed of 0.500 ﬁ_NaNO?
and 0.005 g_}utidine with a pH of 5.2 wés addea ﬁo each
bottle and the bottles were shaken’welli

?

4.3 Results and Discussion

///;A;'l Ef fect of Chloride on Free-Copper Determination

: , _
Cupric ion forms a very weak 1l:1 complex with

chloride ion. From the compiled data [222,223] the

formation codstant; B +¢ 1S 10‘-0'06 at an ionic
- ‘ - CuCl’ ' .

strength, p, of 2 and lies in the range of ;00‘00 to_100’4“

at'ﬁ = 0. Makashev eﬁ al. [231] ;eported'a formation .

constant of 100:12 at y = 0.1 for the inner-sphere '



complex " This valu'e was used in the‘calculation of.
specxes dlstrlbutlon presented in thlS sectloh. "HC1 was

assumed to be totally dissociated (ky = 10651) [222] ane

"»

copper specxes dlstrlbutlons in the presence of chlorlde

1on (0 to 0.1 M) were calculated as descrlbed in Sectlon

’

4 2. 4 and thé results are plotted inzFlgure 29(a).
Test.solutlons and blanks con;alnlnq 6 0.02, 0'04K
0.07, and-Q;l m_chlorxde concentrat1on§ were prepared as
in Section 4.215.-'Tnese solutions‘uere analyzed for free
‘copper téectionl3.2;1l)‘usin9 the ion excnange column

equilibration/AAS method described in Sections 3.2.3 and

3.2:9. 'The peak area (corrected for the corresponding
- . . . N g

blank) of the test solution in the presence of the ligand
was d1v1ded by . tnat in .the absence of the ligand to.obtain
the relatlve free copper (1n percent). Fo;“each ligand
concentratlﬁn used the 'relative free copper was plotted
agalnst the«llqand‘concentratlon (F1gure 29(b)) .The'
solid curve in Figure 29(b) is the relatlve free copper‘

calculated from the Cu2+ specxes d1str1but10n in (a) as

-~ -
. ' ’

detailed in Appendix B. The solid circles ars
¢ R . N .
‘experimantal po1nts. S e

-

T N
The good aqreement between the solid curve and the

bR

eiperimental points.of Figure 29(b) must be con51dered
fortu1tous in 11ght of the h1gh uncerta1nty (+5%) ~in the
calculatlon of the copper species d1str1butxon. ‘The error

J

S ’ ~

s
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Figure 29. (a) »Calcg;ated copper species. distribucion as a function
‘of chloride%concentraéion at pH 6; (b) decrease in free-
copper concentratlon with 1ncrea51ng chlorlde concentra-
tion as measured by the ion exchanqe method (®). The

R ~ ' solid line in (b) is calculated from the Cu?* species
distribution in (a). Error bars are the uncertainty 1n
the calculated sol1d line. 0 - L
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b?rs shown in Fiéu;e 29(b) are based on a calculated *

‘relative standard deviation of 0.44 in BC Ci*{ This
, ; u .

uncertainty was estimated from evaluation of the various

values of B 4+ compiled at y = 0 [222,223].
CuCl .. .

The uncertainty in B was/ilso taken into

cuont
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account. Gulené-et al. [170] determined BC g for dilute

uQOH

copper solutions (~5 x 10—7 M) in 0.1 ﬁ_NaNO3. The values

reported were 1093 ang 196'8. On the other hand, Smith

and Martell [233] listed 8 - -, as 10%-1%0-0_ the value
: CuOH .

of 106'4/10'35 was used . in this work. The results in

Figure 29(b), however, show that chloride ion does net

interfere in the determination of free copper by the ion

exchange column equilibration method. That is, the

sorption of cuc1? by the ion exchanger under these
coﬁdftions is'slight enough .to be ignqpee\even at fairly

high chloride concentrations.

4.3.2 Effect of Oorthophosphate on Free-Copper

Determination . y

Copper forms two ofthophbsphate complexes [222],

- CuHPO, with a 8 value of 103-2 at p = 0.1 and‘CuHZPOX with

a B valuetof 161;3 at y = 0.15. For the latter complex
Kriss and‘Yastrimirskii [232] reported a B value of 1

at u = 0. This value was corrected for ionic’ strength,

pl-7

taking the activity coefficient of-CquPOZ/tévbe.equal to

7/
1

- o / ,
‘ . -

. : - j
. l B . . \)\7 . V
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that of Cq:gl+ [2Y9]). The resulting formation constant' of

0l-3

CUHZPOZ was 1 the same as that rgported at u = 0.15.

The stepwise phosphoric acid dissociation constants used

for?pf= 0.1. were those listed by Martell and Smith

(233]: k., = 10°2-00

’ kaz

_ -6.73
al - 19

' anq ka3 =
The copper species distributions in- the
presence of various phosphate concentrations were
calculated as‘outlinaﬁ in Append;x A and Section 4.2.4.°

. 4 [
Figure 30(a) shows a'piot of these results.

Test solutioﬁs and blanks containing 0, 0.5, 2, 3.5,
5, 7.5, and 10 mM concentrations of 6rphopho§phate were
prepared as described .in Section 4.2.5 and ana!&zed for
free copper-(Sectioﬁ 3.2.11) by the ionvexchange column
equilibration/AAS method described in Chapter 3. The
relative freéAcobpe}, defined in Sectionlifg.l, is plott;d'
against the total orthophosphate concentration in—Figuré |
30(b). The solid iiné ip_(b)]was.obtaiped by calculating
‘thé.relatiVe free)copper from the'Cu2+ species
'distribdtion.curvé in Figufe;BO(d)l(Appendix B). The

AR Lt :

solidicirclés are experimental points for the system using
Na2H§O47as the starting material, while the open circles

4

. . f
are the experimental poipts for the system using NaH,PO4

as the starting.material. The ion selective electrode
results are also shown in Figure 30(b); the solid
triangles are experimental points for the NazﬂPO4bli§and

Y

A
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Figure 30. (a) Copper'§pecies'distribdtion as a function of
orthophosphate concentration*at pH 6}‘(b) the decrease in
free—copperfconcentra;ion with phbéphgte cgncentration‘as,
‘obtained by the ion. exchange method'CO) and the ion . o
seleétive electrode method‘(A). The solid symbols denote o
y , values obtained when NaZHPO4 stock solution was ‘used as a,®
source of phosphate while, the open symbols denote values
fobta1ned when NaHZPO4 was used. The solid line in (b) is
*the relaﬁlve free copper calculated from the cu?* specxes 41
distribution ip (a) and the dashed 11ne is calculamed ‘ '
. ‘ from the sol1d 11ne assumlnq CuHPO4 sorbs as well. g o

[
4 N
. .
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system while the open triangles are those for the NaH2P04'
?

. !
ligand system.

N

-

Fiqure 30(b) shows that rg% ISE results are always

lower than those of the 1on exchange method. Furthermore,

the relative free copper is dependent on the type of salt

added to provide the orthophosphate ligand. For both
technigues use of NaH,PO,; as a source of orthophosphate
ion yields higher relative free-copper values than those

obtained when Na,HPO, is used. In the NaH,PO, system the

pH of the test solution was adjusted by addition of dilute ’

NaOH while 1in all other ligand systems, including Na,HPO,,
. ¢ . .

2

the pH was adjused by addition of dilute HNO; (Section
4.2.9). Thisiwould result in about 5% higher (Na*] for
the Na,HPO,. system. In this case a slightly lower (~2.5%)
f ree-copper sional-is expected by the ion,  exchange method
which is_conﬁrary to the 75% hiqhep relative free copper
values found (Figure 30(6)). The possibility that NaH,PO,

is contaminated with copper was ruled out because blanks

of hoth orthophosphate salts (Section 4.2.5) showed -
similar free-coppetr signal:aqd therefore similar total-
" copper concentrations. This peculiar observation was #hot

pursued further. '

"The uncertainty in the solid curve of Figure 30(b)
was estimated by taking into consideratinn the errors in

B (Section 4.3.1), in k,p for phosphoric acid and in

CuOH+

—a



Rt .
&
R as the major species formed. The error in « -
CuHPO, | J p HPO,
was tdken as equal to that of the uncertainty in kj, for

a; N
phosphoric acid which was calculated as 0.21 relative

>

siandard deviation (r.s.d.) based on six values compiled

in the literature [222,223] at p 0.1. The uncertainty
in ?CUH§O4.Q35 taken as 0:18 r.s.d. based on a single
D . ,

value of 103‘2 reported at u = 0.1 [222].‘ The overall

absolute uUncertainty ranges from 5 to 6% (one standard

deviation) and is showhn as error bars in Fiqure 30(b) for

three phosphate concentrations.
ok

The dotted line in Figure 30(b) is the new position
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of the solid line, assuming that'CuHPO4 does sorb onto the

resin.with a distribution coefficient of 19 L/g. It was’ |

calculated according to equation B.18 in Appendix B using

the experimentally determined value of 41 L/g for the -

‘distribution coefficient of free copper, AC 24 (or Aol
. u

4.3.3 Effect of Sulfate on Free-Copper Determination

Copper forms a single 1{1 complex with sulfate ion

with a formation constant 6f 10'0‘95 at u =" 1 "and 102.36 at.

w = 0-[222]. At u-= 0.1 a corrected R value of 1@1'52

o. I
Calculatéd'usinq activity corrections, {219].- The‘%irst
proton of sulfuricvacid (H2504) was asSuﬁed to be'u
completely dissociated while the acid dissociation.

constant of HSOZ‘was taken as 10;1'55 [222]. Thefcoéper

»

2

- was

S
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species distributions at different total sulfate

concentration were calculated as described in Section 4.24

and plotted.in Figure 31(a).
Test solutions and blanks containing 0, 0.01, 0.02,
1 0.03, and 0.05 M sulfate were prepared as describéd in
VSection 4,2.5 and analyzed for free copper using the
instrumentation and conditions in Chapter 3. A plot of

the relative free copper (derived in Appendix ‘B) vs tota

-

sulfate concentration is presented in Figure 31(bi. The

dots are experimental values obtained by the ion exchange
A v . _ oo
method while the solid triangles were -obtained by the ISE

method (Secgion 4.2.6). The solid line was obtained by
2+

calculating the relative free copper from the pu species
4 B S :
distribution curve of Fiqure 31(a) as detailed in Appendix
/4

B. The ion exchange method gave 64% "higher results than

expected while the ion .@elective electrbde gave 34% lower

-

‘results.
Sodium ion has a fairly large fotmatioh constant with

sulfate iohgiﬁ = yp°-7 at o = 0). This value was )
LN E o '
correécted for ionj% strength [219] and a B value of 10025

was used to calculate the free-sodium and sulfate

concentrations available ét‘u = 0.1. "Table 8 shows the

species distributions obtained in'the.aQsence of copper
(blank test solutions). As N5N03 is gradualiy replaced by

Na,S0, the free-sodium ion concentration drops from 0.1 M
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Figure 31, (ay Copper species distribution as a functlon of sulfate
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) %oncentratlon with 1%crease in sulfate concentratlon as
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v o

4 ) ¢




total sodium concentration but variable total sulfate

concentration.

Species distribution of sodium and sulfate at constant

’

7
Salt Concentration (ﬁj Species Concentration (ﬂ) Iénic
: , i Sttength

Na,S0, NaNO5 Naso, Na® S0; No_g‘ (W

0.00 . 0.10 0.000  0.100  0.000 0.10 0.100

0.01 ?0.08 0.002 0.098 0.008 0.08 0.106

0.02 | ‘jro.os 0.004 0.096 0.016  0.06  0.112

0.03 110.04 0.005 0.095 0.025 0.04 0.120

0.05 0.00 0.009 O:g91 ©.041 0,00 0.132
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to 0.091 M (Column 4). Furthermore, about 20% of the
sultate added is tied up as NaSO, ion. The higher free-
copper signal observed in Figure 31(b) in the ion exchange
method is partly due to-a decrease 1In [Na+] upon addipion
of sulfate. At 0.09 ﬁ_[Na+] the calculated free-copper
'signal was 4% higher than at .0.1 E_[Na+]. Also,
replacement of NOE by SOZ results 1n an increase in ionic
strength éColumn 7). This change 1is too small, however,
to affect the free-copper concentration sianificantly (see
Fiqure 27). .
Uncertainties in the calculated relative free-copper
“curvé in Fiqure 31(b) arise mainly ffom uncertainty‘in the
values for & + (Seétion 4.3.2), ¢ _. -and BCuSO4'

CuOH ' NasO}
L. S . 2.36+0.03
Smith and Martell [222]) list ¢ as 10

at u =
0 while for the same jonic strength the IU%AC compilation
[223i-li$ts a range of values from.102'25 to 102'36.A The
corresponding uncertalinty in thé free copper calculation

&5

is 0.12 r.s.d., which is the same as that used for qhe

. . - s - .
uncertainty in # _. .The absodute error in the rilative
Na804 : - o F
free copper value, calculated for three sulfate ?@

concentrations, 1is shown as error bars iQ:Fiqure 31(b).
-t is;péssible tha; the -neutral spec;és Cu§04 sorbs

onto the exchanqger. Thq_dqttéd line in Figufe 31(b) 1is

the new posiﬁion of the solid line assuming th;}~euso4

sorbs onto resin with a distribution coefficient of 19
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k/q. kThe calculations are similar to those used for the
phosphate system and are detailled in Appendix B. In
natu;al-water systems sulfate concentrations are generally
Jess than 8 = 1073 M, even for Cu§04—treated lakes [115)
and sulfate will be mainly associated with)caiciUm, which
is more ébundant than copper énd eauallY’stronqu
Compléxing.' Thus sulfate is not expected to cause severe
interterence in the determination of free-copper

concentration by the ion exchange column equilibration

method.

4.3.4 Effect of Glycine on Free-Copper Determination

. Copper and glycinate 1ion, NHéCH2CQO—, (GLY ) form a
\ ) - .
21 complex (8 = 108-13) and a 1:2 complex (f = 1015-03,

at 0.1 ﬁ_ionic strength {234}). The acid dissociﬁgion

+
and k4, Pf alycinium-ion, H3NCH,COOH

0“9 . 56

constants, ka]

(HQGLY+) are.10_2‘36 and 1 respectively [233,234] at

u .= 0.1. Copper species distribution calculations were
performed for vérioﬁs total dlycine concentrations
following the: scheme iﬁ Section 4.2.4; the results are
présented in Figure:BZ(a),f |

| Test solutions and blanks were prepared to contaiﬁ'o,
10, 1S, 60 and 100 pﬂ_tofal glycine according to Section

4.2.5. Since the total_concentrétion of ‘ligand added is

low relative to the swamping electrolyte no correction was
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({) Copper specie distribution as a function of total
glycine concentration at PH 6; (b) the decrease in
relative free-copper with increase in glycine :
concentration as obtained by the ion exchange (@) and by
ion selective electrode (A) methods. The solid line in
(b) is calculated from the Cu?* species distribution in
(a) while the dashed line accounts for sorptiomr of
cuGLY*. R o
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’. maaé for total [Na‘] (compare with Table 8). The above
test solutions and blanks were analyzed for free'coppe:vby
the ion exchange column equilibratiog/AAS method (Section
3.2). Tﬁe relative free copper, detine&mfg Séétion 4.3.1
is p}otted against the total glycine concentréfioﬁ in
Figure 32(b) (solid circles) while the ion selective

N
electrode results (Section 4.2.6) are-shOWn\EsAsolid

triangle.. The solid line in (b) is obtained by’

2+

€

calculating the relative freé coppe; from the Cu
)
distribution curve in Fiqure 32(a). The TSE results aqree
well with those predicted by calculations»{golid line in
Fiqure 32(b)) while the ion exchange results are slightly,
h?ohgr, probably due to exchange of positively charqed
copp‘r'glycinaée species (cuGcLY?’ in éigure 32(a)).
Assuming a value of 9 L/g for the distribution coefficient
of uGLY" between the f;sin.and the aqueo%s.phase¢‘the
dotjted line in Figure 32(b) was calculated accordi;g to
egquation B.18 in Appeﬁdix B. -This line fits well the
elgerimental data -obtained by the ion exchange ‘method,
wLich_sugqests that positively charged complex~species do
o
éqxb,én the ‘exchanger.

e

A +5% absolute standard deviation in the solid }ine
/ in Figure 32(b) was estimated and is shown as error bars
at three total glycine concentrations. ‘The error

“calculations took into account the uncertainty in RC Od+
, u

i
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(Section ' 4.3.1), in R + (108'15t0’09) [234), and in
CuGLY
the acid dissociation constant of glycine (10—9'6110‘06)

which was calculated from‘eiqht‘Eompiled values at p = 0.1

4:3.5 Effect of Phthalate on Free-Copper Determination

"

Phthalic acid (H?PTH)\is a dibasic acid with ,

‘dissociaﬁion constants of 10—2‘75 and l%—4‘92 at an ionic

strength of 0.7 [235]. At pH 6, 92% of the acid is
completely dissociated as the phthaiate ion (PTH ).
Copper forms three complexes with phthalate ion; CuPTH
with a R value éf 103°22, CuH(PTH)* with a g value of
10133, and CUuPTH) with a 8 value of }05'- ) all‘at 0.1
M ionic strength [235]. The copper-phthalate speéies
distributions versus phthalate concentration, calculated
as in Secti5n 4.2.4 and Appendix A, are plotted in Figure
33(a). For the highest pﬁthélat@ concentration used in
" the calculation, CuH(PTH) was iess than 0.1%. Therefore
this species was not idcluded in Figure*3£(a).

7‘Test solufioné and»blanks containing 0, 0;2, 0.5,
1.2, and 2 mﬂ_pﬁthaiic acid were{p;epared as described in
Seétiqn 4,2.5 and analyzed for free copper by ‘the ion
exchange column equilibratioh me thod (Sectioh 3.25. Thé
relativé free‘cppper (defined in Appendix B) was plotted

against the total phthaléte concentration (Figure 33(b),



Fr T e

T

{“‘

&

Figure 33.

100 — — —
(a)’
80 CU2+ 1
‘) CuPTH
- 60» ~
Sl -
i » )
% ao} 1
. L ‘
20} (u(P]}ﬂz
CuOM - ) B :
rd
Ol —
100 — v v — v —
\ 5
2\ 1 (b)
\
_ 80O} \
& \
z { N )
g AN
‘a— \. A\ ]
[ 60 ~
C ~ :
o \\\ "
o s 8. )
< 40 ~~<__4
-3
s 1 /
< 20
™ . ‘
1 &
0 . P er—
0o - 4 8 12 16 20

'TOTAL PHTHALATE CONCENTRATION (M x10* 1

(a)
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Copagr species dlstrlbutlons as a functlon of total

(b) the decrease in free~copper

concentratlon with 1ncrea51ng phthalate concentration as
obtained by the ion exchange method (®) and by the ion

selective electrode method (a).

the relatlve free copper as obtalned from Cu2+

The solid 11ne in (b) is

species

dlstrlbutlon curve in (a) while the dashed line accounts
for sorption of CuPTH as well as free copper. ¢
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solid dots). The solid triandles were obtained by the ISE
method (Section 4.2.6), while the solid line in (b) is the

relative free ‘copper expected at various 1igand

- + .
concentrations as calculated from the cu? species

distribution curve in Figure 33(a) (Appendix B). The ISE

method gives results that are closer to the theoretical

A

calculation line than does the ion exchange method. The
higher results obtained by the ion exchange method are
probably due to sorption of the neutral species CuPTH.

This is not surprising in light of the skeletal similarity

3

of phthalic acid and the styrene-divinylbenzene

\

éqpolymer. The dashed line in Figure 33(b) was enlculated
f rom equétion B.18 in Appendix B with the assumption tﬁaﬁ
CuPTH sorbs ontd the resin with a distribution coefficient
of é L/qG. This yalue was arbitrarily chosen to give tﬁe@v
best fit to the experimental data.

The uncertainty 15 the‘solid line of Figqure 33(b) was

calculated as +3 to 4% (one absolute standard deviation)
. y |
and is shown as erlror bars at three different phthalate

concentrations. BCuPTH was reported as 103i1?30'05 [235]

PR

and more recently as 10322 by the same authors [233].

The uncertainty in a _ was taken as equivalenty to the

PTH .
uncertainty in Ka2 of phthalic acid, which was estimated
as 0.11 r.s.d. This dissociation constant was listed as

10°4-92 4 one case [235] and 10720 in another [236].
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The error 1in f 4+ was discussed in Section 4.3.1, and
CuOH

amounts to 1.2 r.s.d.

4.3.6 Effect of Citrate on Free—Cogper'Determinétion

Citric ‘acid H3CIT is a tribasic acid with stepwise

dissociation constants of 10-2-87, 10_4'35, ad%\lo_s'Gg at
an ionic strength of 0.1 {235)]. At pH 6 CIT is thglmajor
species (67%) while HCIT - comprises 32.6%. Copper forms

A

three mononuclear complexes with citrate; CuCIT  with a ¢

L]

K ’ .
value of 105'9,.Q¥HCIT'with a B valueﬁa% 103'42, and

CuH,CIT' with a R ‘value of'lpz'26 [(23%] . The species
distributions of copper as a function of total citrate
concentration were calculated as described in Section’

3

4.2.4 and plotted in Figure 34(a). Far the citrate

concentrati‘” fange used 1n tﬁe calculation, ,%CuHCIT  and
%€UH2CIT+‘ére too low to.be plotted in Figure 34(a).

"Test 'solutions and. blanks containing 0O, 0.25"0.5' 1,
5, ‘and 10 uM citric acid were prepared as-described in
Section 4.2.5. The presence of this lowvcdncentration of
citric SEid does not change the total sodium ibnA
COncentfation'from 0.1 M. Therefore 50 mL éf 0.5 M NaNOj
sﬁock.were,added to all test solutions and blanks |
regardless. of the citric acid cohcentration in the‘test

solution. The above solutions were analyzed for free

copper by the ion -exchange column equilibratién method
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Figure 34. (a) Copper species distribution vs total citrate (
concentration for 1 x 10-7 M total copper at pH 6.0; (b

the decrease in relative free copper with increase in

e~

total citrate concentration as obtained by the ion

exchange method (@) and by the ion selective electrﬁde
method (A). The solid line in (b) is calculated from the
cu?* species distribution in (a) as outlined in Appendix

B. The dashed line in (b) is calculated from the cu?t

species distribution curve {(nqt shown) for 1 x 1076 M

total copper.
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i
_ | .
(section 3.2) and the relative free copper was plotted

against the total citrate conqentration (solid dots 1in

Figure 34(b)). The solid and the dashed lines in Fiqgure

o
34(b)- are the relative free copper curves as calculated
from the Cu2+ épecies distribution curves:for 1 x 10_7_ﬂ

and 1 x 10_6 M total copper concentrations respectively.

The solid triangtés are the results obtained by ISE
(Section 4.2.6). Both the ion exchange and the 1ion
selective electrode methods gave results close to those
predicted by Calcﬂlation.’ As seen from Fiqure 34(a) the
éajor species formed upon additién of citric acid is
CuCIT’,.which is excluded from the resin phase because of
its negative charge.

The absolute standard deviation in the solid line of
Figure 34(b) was calculated to be *5% to *7% based on

I

estimated uncertainties in g + (Section 4.3.1), a -
. ) CuOH oL CIT

and R _. The uncertainty in a . = was calculated as
CuCIT ‘ C CIT 4 ]
0.12 r.s.d. based on an equivalent u%ag:tainty in the Kjq

! o

of citric acid'[éBSI. Aty = 0.1 B o “;‘yas'reported to
» ' S CuCIT- -
be.105'90 [235]) while at u = 0.5 it was reported as 1695
[236). The value of B _ used in these calculations
~CuCIT .

was 105‘9r0'1; corresponding to 0.27 r.s.d. The absolute

standardydeviatibnS'in the relative free copper are shown

A

as error bars in Figure 34(b). 4 I

N
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4.3.7 Effect of Salicylate on Free-Copper Determination
Salicylic acid (H,SAL) has two acidic hydrogens, one
a.carboxylic hydrogen (kal = 10—2'81) and the other a
phenolic hydrogen lk,, = 10‘13’_‘-4') (235]. At pH 6
salacylic acid is 99.9% in the HSAL™ forﬁ. Copper ion
forms two complexes with sal&cylate ion, CuSAL with a

t

formation constant of 1010'6 and Cu(SAL); with a formation.
o

constant of 1018‘5 {235). Following the qenefal procedure

\

described in Section 4.2.4 and Appendix A the copper
species distribution vs total saliecylate concentration was

calculated; the results obtained are plotted in Figure

35(a). ] % ,
4 -
Test solutions and blanks containing 0, 0.5, 1, 3,

and 5 mM sodium salicylate were prepared as described in,
Section 4.2.5 and analyzed for free copper by the ion

- exchange qolumn equilibration method offSection 3.2. The
results 6btained, expressed as relativé free copper
(Section.4.3.l) are plotted'agqingt total salicylate

‘Concentration in Figure 34(b) (solid circles). The solid

\ ]

line in (b) is the relative free copper as calculated from

2+

the Cu species distribution curve of Figure 35(a)

(Appendix B) while the solid triangles are experimenﬁal

\

results obtained by the ion selective electrode method
(Section 4.2.6).

. Good agreement is found between the ISE method and
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u .
.the ca1CU1atlon method, but ion exchange gave higher

e .
relative Qfee copper., This may be attribuged to sorption

of the neutral species CuSAL.

T
An experlment was coqducted to test the pOSSlblllty

o
”

“of removal -of sorbed neutral complexes .during the column
° < -t
washingscycle. : The experlment involved washlng the loaded
. " ‘

0y

‘coiumn'w{th different solvent mixtures 5§d pu?e solvents,
for periods of ciﬁe ranging from 4 to 15 min. The, ﬁo
’soivents stqdied were water, 50:50 methanol/watef,'and
‘95:5 methanol/water. In each cas€ there was no change io

the eluted copber signal from that obtained in the normal

washing cycle of 4 min using distilled water. ; This h

in

indicates that either there are no sorbed Q‘!gggl
{‘_f‘.

P .
complexes or that such sorbed complexes are ot removed by

the solvengys’ used.

The dashed 1ine.in Figure 35(b) was calculated from
the solid line by takino inﬂ)émrount thecsorption#éf
-CuSAL w1th a dlstrlbutlon coe§f1c1ent of 8 L/g, a vaiue
arbltrarlly chosen to fit the experlmental data of the-ion ¥
exchange‘method. Details of the ca;CUlatlon procedure are

glven in Appendlx B. The dashed line does not fit the

ﬂexpe{)mental data of the ion exchange method very closely,

partly because of the relatively high uncertalnty in the '

&

& calculatlons of the solid llne,-espec1a11y in the low
¢ e , v )

S
. gy

#salicylaée %oncentration»region (x11% ébsolute standard
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deviation) . The standard deviation in the relative free

copper curve of Figure 35(b) was calculated taking inté

-

account-errors in R 4+ (1.2 r.s.d., Section 4.3.1),
CuOHR -

a . (0.25 r.s.d.), and B CusAL (0.38 r.s.d.). As before,
%AL - .
the uncertainty in agpL Was taken as the uncertainty 1n

—~
o

kyo tor salicylic acid which' was evaluated from five

values reported at p = 0.1 [235,236]). For R gpp Martell

010.62:0.02

and Smith [235] listed the value 1} at u = 0.1

while im the IUPAC compilation [236] the listed valuye 1is

1010'80'40‘03 at the same ionic strength. For this

calculation the value used was i010'6‘0’1.

4.3.8 Effect of Fulvic Acid on Free-Copper Determination
Fulvic acid is the soluble fraction of the humic
sdbstances in soil or water. It is a polydispersed
polymer with a moiéqular Seight of a few hundfed to. a few
thousand atohic unité containing phthal{c and sélicylic
.

‘acid-type functional groups [128,133]. BecauSe of the

ill-characterized nature and of the very complex behavior

of fulvic acid [131,201] no attempt was made to ut1112§

L4

the . formation constants reported in the literature to

predlct the variation of free-copper concentration with

\

fu1v1c ac1d concentraéion. It was decided s1mp1y to

éompare.the results of the ion exchange column
equilibratipn method with those of the coppér ion

*
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selecti;e échtrode method.

Test soii%ions and blanks contaihinq 0, 0.25, 0{5,
1.25, and 2 mg/L of fulvic acid were prepared as described
_in Section 4.2.5 except that 50 mL of NaNO4 stock solution
were added to éll_test solutions and blanks. These
solytions were stored 1in polyefhylene bottles for 24 h,
after which they were analyzed for free copper by the ion
exchange column eguilibration method (Section 3.2). A
plot‘of relative free copper against fulvic acid

concentration 1s presented ih'Figure 36 (solid dots). The

solid triangles are those obtained by the ion selective

. \
electrode method (Section 4.2.6).

[

The relative free copper obtained by the ion exchange
method is similar to, or evenvslightly léwer thah, thap'
obtained using the ISE. The‘;electivity of thevion Cos
exchanae method for free copper in the‘presence of fulvic
acid may be due to the fact that copper-fulvate complexs
forméd are anionic and.therefore are excluded from the,
Fation exchange fesin, Gamble [237]) showed that Armadale
fulvic acid in 0.1 M KCl is almost completely ionized for
Bt éoncentrations less than 1 x 1072 molal and has a total
of 6.5 miiliequivalents of acidic functional groups per
gram. The concentration of copper in the test soluﬁion (1
x’ f%-7;ﬂ) is too small to neutralize the négatively

» K.Y ) . .
charged fulvate ligand since the latter is available 1n 6

\



198

100T T T T D | T T T T T
_ D
x 8ot : - .
S b ) =
&
O GSC)‘ ¢ -
Q
N 2

[~ —

| $
(Ve

40 ° -
i
2 P
—
5
w 20" =
g

0 A 1 i » N | 1 1 1 vl

0 1 2

FULVIC ACID CONCENTRATION (% x 103 )

Figure .3h. The decrease 'in relative free copper as a function of
fulvic acid concentration by the ion exchange method (0)

and by the ion seléctlye electrode method (A). .

\

/.



199

to 120 fold excess. The fact that modef organic ligands
such as salicylate and phthalate (with the same funqtional
groups as fulvic acid) interferé in the ion exchange
method while fulvéte apparently does not means that such
simple ligands cannot be used here to simulate the
behavior of fulvic acid. This’is not surprising 1in 1i§ht
of the polymeric nature of fulvic acid.

The agreement between the results obtained by the two
methods in Fiqure 36 is within about 10% over the ligand
concentration range studied. For these measurements, as
for all of the ion selectivé electrode'measurement§ in
this chapter, the copper concentration employed had to be

y .
a factor<of 10'1arger than that used in the ioQ exchange
method because of the insensitivity of the electrode.
Thus the ion exchange methoq, which has the same
sélectivity for free copper in the presence of fulvip

acid, can be used at the lower copper concentrations more

commonly encountered iﬁ natural_waters. B [

In the pH raﬁge of 6 to 8 speciaﬁion modelliﬁg in

. 4 "
natural water has shown that the @ajor copper fraction is
associated,ﬁith soluble organic matter such as fﬁlvic aqid
[167]. Expeximehtal studies héve confirmed the above
statement. It‘yas.réportgd that 58 to 98% of the copper

in fresh water [166,238) and 67% of the copper in salt

water [148],>may be organically bound. This‘mgans that
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cghé fractign bound to inorganic ligands such as sulfate
/.

ion ma¥ be relatively small and the interfegence observed
in thag_system may be small or nQnexistent. This further
suppgﬁts use of the ion exchange method for free-copper

speciation in natural water samples.

3

Based on the results obtained in this chapter, as

well as in bther studies, one can conclude that dicationic
copper species such as-Cu(en)%+ interfere stréngly in the
ion exchaﬁqe method. That is, the distribution
coefficient of this complex between the resin and the
solugion phase 1is higher than that.éf free copper, which
was determined in this work as 41 * 1 L/g (Section 3.3.8)
‘for Dowex 50w—X8.~ Monocationic spécies such as cuGLY' and
neutral copper species such as CuPTH and CuSAL interfere
to varying degrees, with distribution coefficients ranging
from 8 to 9 L/g.. Anionic copper species.suqh as CuCIT

do not interfere, i.e., the distribution coefficient is

less than 8'L/g. -

4.3.9 Determlnatlon of _Tree Copper in a Lake Water Sample

a

The Bonneville Lake water sample, flltered andQD
pfepared'as described in Section 4,f.7, was analyzed for
free copper by the rion exchénge qol&mn éqdilibratioq
méﬁhod,(séction 3.2); The peak area obtained for the

e .

sample solution was 0.035 +0.003 absorbances second which’

; “‘_/"‘Q -
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is smaller than that of a blank test solution (0.055 +
0.004 absorbance-second) used in the calibration curve‘
(Section 4.2.7). This 1s prébabl?'due to complexation of
the copper impurities from the reagents with the "available
ligands in the sample solution. Another blank, pr?pared

by the same procedure except using unfiltered distilled

water, gave the same peak area as the above blank, which
eliminates the possibility of copper contamination by the
tilter or adsérption 06 the filter. The above results
indicate that free copper in the lake water sample is
below the detection limit of the system, ahd that theF
water sample is capable of complexing the copper
imburities that are introduced into the samble solution

through the addition of lutidine buffer and swamping

electrolyte.

< 4

4.3.10 Determination of the Complexing Capacity of a

}; .
2 Bohneville Lake Water Sample by Copper Titration

The copper-spiked lake water sample solutions
; - . : . ?

(Section 4.2.8) were énalyzéd for free copper by the ion
exchange colump}equilibration method (Section 3.2). As

observed in the p:eviousvsection the unspiked samples
. A . .

"showed a lower copper signal than the blank. SampTEj

solution (100 mL) spiked with 1.25 x 10™2 moles of copper

shqwed a free-copper signal cémpafable to the blank. The
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f ree-copper concentration was calculated from a
calibration curve at pH 5.2. A plot of the free-copper
concentration obtained vs the total copper concentration
added to the sample solutions is presented in Figure 37.
The toﬁal copper concentratibn'in each sample solution was
calculated as the sum of the copper spike and the copper \
impurity from the reaqents.. The cobper contribution by
the reaaents was evaluated by graphite furnace AAS
(Section 4,3.11) as (1.8 + 0.3) = 1078 m.

The intersection point of the two segments of the
curve was used to calculate the complexiAQ capacity of the
water sample (3.0 « 10—8 M). This value 1is very low
compared to that of many iakes around the world which
range.from 1.0 x 1077 M to 1.26 x 10~4vm_[£201. This is
not surprising since the water sample is poorly
mineralized and has a low total oréagzc carbon. Table 9
shows the chemical aséay report that 'accompanied the
.sample’qf Bonqevilie Lake water. For comparison.aﬁ assay
ok another 1ak; {#108) reported by Wagemann and Barica
i167] is also included . in the table. _Therlow complexing
capacity of the Bonnevilile Lake‘wa;er sample means thatﬁ
the lake is susceptable to metal ion pollutiﬁn more than

others. This is also evident from the low pH of this

lake, it is poorly buffered. . N
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FREE COPPER CONCENTRATION M xip')

4] v T r + T - A

[+] Y ' 'b 15 . 20
TOTAL COPPER CONCENTRATION (M x 10°) .

-

Fiqure 37. Reiation between‘tke total copper concenpr@tion in the
sample solution and the free-copper concentration. as
‘determined by thq ion exchénqe calumn equiliﬁration/AAS
method.
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.

Table 9. Chemical composition of Bonneville Lake water, Quebec and a

-

pothole lake near FErickson, Manitoba (167].

\\\ Bonneville Lake #108 [167)
ca?* (mq/L) 0.93 72
Mg2* (mg/L) 0.24 180
Na*.(mag/L) 0.44 24
k* (mg/L) 0.38 32
LY
NH (mg/L) 0.015 0.073 ’
SO2” (mg/L) ‘ 4.00 710
- ‘ e 4

C1™ (mg/L) 0.30 34

- Dissolved organic carbon {(mg/L) 3.9 28
stsolveé ingrqanic carbon (mg/L) -= 51
Conductivity (umhosecm™ ') 13.6 1470

Alkalinity (mg/L) , 1.60 - 921

pH . 5.6 8.1-8.5
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4.3.11 Determinat®n of the Total Copper Concentration in

Lake Water by Graphite Furnace AAS

-

It was necessary to determine the total copper v
conceamtration of the sample solutions used in Section
4.3.9. Tﬁis would allow accurate determination of the
total copper concentration in the sample and the exact-
contribution of reagent contamination.

Thé filter;d sample, the treateé sample (Section
4.2.7), and its biank solution were analyzed for total
copper using a Perkin-Elmer 5000 AAS (Section 4.2.3) with
the experimental conditions listed in Table 7. The
determination was carried out by N. Motkosky of the
Department of Chemistry, bniversity of Alberta. A linear
calibration curve was obtained using copper concentrations

of 0, 2.5, 5, 7.5,.and 10 ng/mL in dilute nitric acid (1%

¢

v/v).

No copper could be detected in the filtered sample.
For the treated sample and its blank a small copper
céncentration of.1.2 ng/mL was detected for Both. Th;s
is, obviously, a copper contfibution by the reagents added
in the treatment‘process, and is equivalent to l.8lx 1078
M. "The general conclusion in this section }s that the

B

Bonneville Lake water sample contains no detectable

copper. .



CHAPTER 5
CONCLUSIONS AND FUTURE WORK

In the first part of this thesis 1t has been
demonstratéd that solvent extraction in the.flow injection
analysis\(FIA) mode can be effectively used to eliminate
interferences prior to flame atomic absorption
spectrophotometry (AAS). In thelwofk reported this
technique was used to elimiéate spectral line interfereénce
from iron in the determination of zinc. However, it
should be ,evident thaf the technique can just as_.easily be
used to rehove other types of spectral interferenceé %;52'
also matrix effects in general. Another significant
discovery made in this work is“the fact that flow
compensétion using the extracting organic solvent provides
a bonvenignt and reliable means of interfacing solvent
extgaction/FIA with the nebulizer of an atomic aSSorption
spectrophotometer without sacrificing signal stability.

The effect of various chemical, instrumentsl, and
flow parameters on peak height in solvent extraction/FIA
has been QUéétitatively‘deécribéd by an eguation déveloped
during this work. This equation has been experimentally‘

verified. Such a quantitative understanding is dseful for

206
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optimization of solvent extraction/FIA systems interfaced
with various detectors.

Another significant contribution of this work is
development of a’'semiquantitative model\of phase segment
formation 1n solvent extraction)%IA based on consideration
of both the interfacial and\hydrodynamic forces operating
in the segmentor. This model represents a viable basis
for a theoretical understanding of the segmentation X
process and provides a gﬁide for the design of new and
modified segmentors for use in continuous flow systems.

The solvent extraction/FIA method devéloped-here can
.be adapted for preconcentr;tion and eliminat;on of various
interferences ‘in the analysis of extractable traée
elements in natural water, biological, soil, and
geological samples. It can also be used to investigate
solvent extraction processes since the method is rapid and
because extraction parameters can be easily changed.
Interfacing of solvent extraction/FIA should be feasiblé
with other spectroscopic techAiques such és graphite
furnace AAS and inductively coupled plasma atomic emission {
spectroscépy, where magrix and spectral interferences are

&

encountered more freguently. _
v oo \
In the second part of this thesis a previously

developed semiautomated method for free-copper ion

determination by an ion exchange column eguilibration

N\ B
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technique was characterized, particularly with respect to

4+ . .
2 species 1n the presence

its selectivity for the free Cu
of copper(Il)-containing complexes. It was found that the
method is slective for free copper 1n the presence of
negatively charged complexes but' that neutral and
positively charged copper complexes may interfere. The
method(is applicable to natural waters with pH values less
than 6 which do not contain a high concentration of
complexing ligaﬁd/lthat form neutral or positively charged
cépper corplexes This condition is likely to be met- for.
-many natural waters where complexatidn'arises primarily
from humic and fulvic acids. The_total concentratign of
sulfate in natural waters usually ranges from 1073 to 1074
-3

M, although it may be as high as 7 x 10 M for waters

treated with copper sulfate. However, even in this case

the ervror 1in cu?t

concentration due to uptake of CuSO4
will be < 5%, Furthermore, complexing ligands'will
associate with . thé major cations in natural water such as

2% and Mg?t to further reduce the available ligand

Ca f

concentration.

The ipn exchange column equilibration method is an
order of magnitude mofersensitive'than the copper ion
selective electrode method. Howe?er, ﬁhe_ion exchanqe

method requires addition of a swamping electrolyte which

may perturb the chemical equilibria in the system. It
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.

also requires longer analysis times than the 1ion selective

electrode methoé and is not as selective for the Cu2+

species.

Since the pH of natural waters may range between 4

and 9 it is desirable to extend the applicability of the

%bn exchange method to pH values above 6. This would
N ‘ .
require further investigatiom—into the formation of
: . -
colloidal species that can adsorb onto the column, along

with investigation of means of eliminating them. Based on

'

the filtration study reported in this work, an on-line

filter might be used to remove colloidal copper from the
sample solution. At pH > 6 complexation of copper wiz@

earbonate and bicarbonate ions becomes important. Thug&if
L

future studies were conducted in this region it would be

necessary to assess the specifjigity of the ion exchange
method in the presence of these ligands.5

*

Specificity of the method for free-copper ion could

be iﬁgroved by replacement of the resin used here by a ‘
& . . FTN, !

colbhn_packing which would be expected to be more

-

- selective for cu?*, such as porous glass beads con£q§ning 4

chemicaliy\pdnded iigands.- The method cculd also/be

adapggd to multi-e¢lement free metal ion measurements by

coup%ﬁng the ion exchange flow system-to an inductively

Lo

coupled plasma atomic emissioén specﬁrophotometric

~detector. Specificity of the resin for other free metal
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O

ions would have to be verified in a similar way to that
outlined in this thesis. There also exists the
possibility of replécinq the atomic absorption
spectroscopic detection with electrochemical,
colérimetric, or even neutron activation detection. The
possibility of measuring much, lower concentrations of free
metal ions than can be measured by ion selective

electrodes provides motivation for further studies of the

column equilibration technique.

—
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APPENDIX A 5
CALCULATION OF METAL SPECIES DISTRIBUTION

In the studies of specificity of the ion exchange

column equilibration technique for metal ion, M**, various

organic and inorganic complexing ligands are added to th;
test solution. It is therefore necessary to- calculate the
specles distribution in the test solution to allow
comparison of predicted [M2+] with the exggrimental-value.
Consider that a fixed concentration of a dibasic
weakly acidic ligand, H2L, is added to a test solution
containing a trace amount of metal, M++, and a high
concentration of a non-complexing electrolyte. If the
ligand forms a yafigty éf'mononuclear complexes with ‘the

metal (e.g., ML, MHLY, ML§), then the metal-containing

species distribution as a function of pH can be calculated

¢

as shown below.

>

Mp = [M**] 4+ [MOH®] + [M(OH),) + ... + [M(OH)Z(P=2) 4

ML + [MHL*] + (ML) | o (A.1)

'\r,f~f

- _{;“‘"'
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Substiituting for each specles concentration- in terms
of its conditional formation constant and individual

ligand concentration we get /-

]2

Mp o= (MY 4 PP (M**) (oKT) + Br,',l(OH)z-[M++][OH- o
g IR YRR o) D LU IV U RS S
M(on)242-m" }{on] ML JILT] N
80 Lo M*YLIHLT) + gt ety LTy ? (A.2)

. MHL , . _MLZ

Substituting for [OH } in .terus of‘[H+] and k, (the

autoprotolysis constant of water) and recognizing that

Mty s common to all terms we get:
M. = fM++]{l + 8 ..kw' + B . (Ei— 2, +
k, " _
B! —(2-n)° + By (L7] + 8?7 «[HLT] +
M(oH), (27n) ([H*]) Pt LT gy
Bt _-[L712) L (A.3)

MLE

+

The fraction of the metal present in the free form,

aﬁ++ is obtained by rearranging equation A.3
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~
Kk, ! K, 2

= 1 1 + 8" . — 8} o[ —— ...+ '

@t | /A P won* o+ MTm(on) ([H+]) BM(OH);(H—Z)
;\

kw n = =,2 ‘
- (- + B L7 «[HL] + B 'sa- (L") A.4
([H+]) BmL ] +8MHL+ BM& b ’ )

In the abpve equation a ,, 1s independent of the
/
metal concentration. It is’dependent on pH and the
complexing ligand concgntration, fL=1. If My 1s much less
than the total ligand concentration, Cp. the amount of

ligand tied up in the form of metal complexes can be

neglected and we can assume that

CL

(HoL] + [HLT) + (L7] (A.5)
)
The individual ligand species concentration in eguation

"A.5 can beucalculatgd in a conventional manner from the

acid dissociation constants ka; and pH 1207]:

ka1 * ka2

(L7) = — 3 " ‘ . Cp (A.6)
(RT]S + (H'] « kay * kajkao “

If the total ligand concentration, CyL is not in large
excess relative to the metal concentration My an iterative
" procedure is required to determine the individual ligand

d‘.
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specles.
The a value for each metal species can be expressed

in terms of a by'nearranqing equation A.4

H++
+ k
[MOH ] . w
a = — =4 * (A7
Mon* M mon* (1) Imtt B #___)
[M{(OH) ] Kk 2 .

. . 2 g SR (. A (A.8)
M(OH), M M(OH) , (n] Mt :
(meom) ~ATMy ‘

a _ = =g’ -
M(on) (n=2) My M(oH) ("7 2)
K n
SO (U AN, B : (A.9)
\[H*]) QM++
a = [ML] = 8' - ‘[Lzl e (A 10)
ML MT ML mtt
o +;M=B'I+.[HL-].QH (A.11)
MHL Mrp . MHL M2
E_ﬂ,\("f,‘/;’ '
[MLzll K : ,
a - = M'27 =B' = ',[L_]Z ¢ X 44 (A.12)
ML'2 T . MLS M

A programmable calculator can be used to calculate
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the species distributin of the metal as a function of
pH. It is also possible to calculate the species
“distribution at a fixed pH and variable ligand

concentration. The above calculations can also be done

using the various computer programs available which are

generally used to solve multiple metal-ligand equilibria

(Section 1.2.1).
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APPENDIX B

DERIVATION OF AN EXPRESSION FOR THE EFFECT OF SORPTION

Ot ANOTHER SPECIES IN ADDITION TO FREE METAL

As mentioned in Section 4.1 species other than free .
metal may also sorb onto a cation excganqe resin. It is
useful to be able to predict the extent of interferggce in
the measurement of free-copper concentration caused by the

sorption of a copper complex. Two cases will be compared

24

here: Case 1, where only the free-Cu ion is sorbed and

2+

Case 11, where free-Cu and a copper complex species are

\

both sorbed.

Assume a simple system where MOH* and ML are the only

2+

complexes of a metal ion M (such as copper(II)) present

at trace concentrations in a buffered test dolution that

is swamped with a high concentration of non-complexing |

electrolyte.

Case 1: (Only M2+ sorbs)

In the absence of complexing ligand, L~, the
following equilibria will be established upon

equilibration of the test solution with the resin, RNa,

"™, under trace ion exchange conditions.

o

236
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»
B!
24 _ cuon? +
M + OH & ———— MOH (2.8)
I ‘ ;
/

. K : ‘
) M2* 4+ 2RNa z:*i RyM 4+ 2nNa’t (2.4)

For the column flow through method of ion exchange
1 . - )
eguilibration the total concentration of metal species. in

[ '

solution, My, is equal to the .sum af [M2+] and [MoH']:

N . 2 -

)

: . Mp = [M2*) + [MOBH*) . (2.16)

The distribution ratio of the metal between the resin and
‘the solution phaSes is given by )

\A [RzM‘], - IR,M)
Dy2g = = = (B.1)
0
. m?*) * (mon™ My .

DefﬁninglxM24 as the distribution coefficient of M2t v :

between the resin and the solution phases:

¥l | N N oy = —5T— (B.2)
. M i) ‘ .
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‘ 2+ 2+ »
a - = L. - An (B.3)
t . 2+ + .
M® ,L=0 (M) + [MOH ) Mo
where « is the fraction of the metal in solution
M2+, L=0

present in the free form, M2* in the absence of complexing

ligand L. Combining eguations B.1l, B.2, and B.3 we get

In thé presence of a complexing ligand, L™, the
following equilibrium will be established (Secfibn 2.3) in

alidition to 2.8 and 2.4 above,

+ LT ——=— ML (2.15)

The distribution ratio in this case, Di#O’ is given by

‘ D40 = —o5— leMl = [:ZM] (B.5)
\ © M7 )] 4+ [MOH ] + [ML) T
» B |
.Substitutinéifor [R,M] from equatien B.2 we get ,‘
N XQZ* . [M2+] |
b{ 40 I (B.6)

The ratio [M2+]/MT in eqguation B.6 is the fraction of

L. ~
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metdl pfesent in solution as the free form in the presence

of L7, a 24 , and is a function of (L7). Egquation B.6
M ,L#¥0

can be written as

1 =
DL#0 —AM2+ .*QM2+,LfO S (B.7)

Dividing equation B.7 by equation B.4 we get

bl T o4

L0 _ M°7,L70

D - a (8.8)
L=0 M2+,L=0

*In the ion exchange column equilibration method we
measure a peak area, P.A., that is proportional to the
concentration of the metal in the resin phase, [R,M]

(Section 2.2):

P.A. = - [RyM] (2.6) .

Combining 2.6 and B.l1 for a case where the complexing

ligand is absent, L=0; we get

»

: _ G+ S5 :
‘»P-AO)L._-_O - ""'F-— ._ MT . DL=0 . N (B.g)

. e
. M . ,/
Since G, S, F, and My are constant it is evident from

eguation B.9 that in the absenée of complexing ligand the

©
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-,

peak area 1is directly proportional to the distribution
ratio Di-p- By the same token, combinipg equatins 2.6 and
B.5 in the preéence of a complexing ligand, 1i.e., L¥O,
gives

N

(p'A')LfO = ‘G-.F-S d MT . DII,fO . (B-IO)

which means that the peak area in the presence of a

complexing ligand is proportional to the distriéation

ratio, Di#O‘ Dividing B.10 by B.9 we get

I
(p'A')LfO D

L70
= (B.11)
A, b,/ o

Combining  equations B.11 and B.8 gives

' 1 a
(p'A')LfO ) DLZQ ) M2+,Lf0 ,
(P.AL), _ D._, «a (B.12)
L=0 L=0 2+

M® ,L=0

In panel (a) of Figures 29 to 35 the a values of
various species are expressed as % by multiplying each by
100. For a given total ligand concentration, dividing

i ; . {
(in percent) by a yields the

a .
Cu2+,L#0 Cu2+,L=0 )
corresponding “"relative" free copper (%) value used for

the solid line in panel (b). As shown by equation B.12,
oo .
this is proportional t (P.A.)L#O/(P.A.)L=0[ the ratio of

<
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measured peak area for a test solution containing ligand
to that for a test solution not containing ligand.

2+

Case 11: (M and ML sorb onto resin)

In the absence of complexing ligand just as in Case
1, the distribution ratio, Di_gr+ is given by equation B.4.

04 (804)

¥ L=0 = T2+~ w2, =0

k)

In the presence of complexing ligand the following
equilibrium, in addition to 2.8, 2.4, and 2.15, must be

.

considered: .

ML + RNa &—————® RNaML ' ' (B.13)"

where Ky 1is the distribution constant of the species ML

between the resin and the solution phases. Defining A ML

as the distribution‘éoefficient‘of ML we can write
[RNaML]

AmL =.—[—PE)-—' (B.14)

In, this case the distribution ratio, Di;O' is given by
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IR2M]+ [RNaML] [R2M] + [RNaML]

Dijo = —3 =
: Mty s [MOH+] + [ML) Mr

(B.15)

Substituting for [R,M] and {RNaML]} from equations B.5 and

"B.14 respectively, we get:

42+ ’ :
L Mgzt T g0 Appt (ML .
D = = A ca + A ea
L#0
7 | M M2+ T M2+ 20 ML® ML
(B.16)

1

¢

where aML‘is the(ﬁraction of the metal in solution present

as ML.

Dividing equation B.16 by ‘equation B.4 gives

° I I ’ )\ . a - + A X, . a
- D\ %0 w2+ M2+ 140 ML © OML .
= (B.17)
L=0 - IS e« a
M2+ M2*,L=0

Breaking up the quotient on the right hand side of

equation B.17 we. get ° P
JIT Yy a oo )
Plgo _ M ,igo , Mmoo - (B.18)
L=0  «a A o @ 5, ' : '
M2*,L=0 - M2t "M%t ,L=0 ,

.

Comparison of equation B.18 and equétion'B.Q shows
that sorption of ML,resultS in addition of_the sécond term

¢
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on the right hand side of equation B.18. a ,, and “ﬁL can
M
be calculated for any ligand concentration (Appendix A).

4

AM2+ (41 L/g for copper(Il)) can be determined
experimentally by determining the concentration of metal

in the resin phase (mole/g) in the absence of complexing
ligands and dividing by the free metal concentration in

the solution phase (mole/L) in eguilibrium with the

resin. If experimental results of the type plotted as the
points in panels (b) -of Figufes 29 to 35 do not fit the
solid line caiculated.from equation B.12, which assumes )
that only M2* is sorbed by ‘the resin, then equation B.18

can be used to evaluate the experimental data. Thus, the

dashed line in panel (b) of Figures 30, 31, 32, 33, and 35

was obtained by evaluating tﬁe a's in equation B.18 from
literature values of formation constants and assuming a.
value of Ay which ‘gives the best'fic to the expefimental'
points.. The agreeﬁent between the dashed lihes.and
experlmental points in these cases suggeéests that ‘the
source of deviation from the behavior predlcted by
equatlon B.8 1is, 1ndeed, the sorption by the re51n of a -"j
metal 11gand complex in addition to the free metal. The
1nterfer1nq metal llgand complexes were CuHPO4 (neutral).
CuSO4 (neutral), CuGLY+ (catlonlc), CuPTH (neutral), and

,

' CuSAL (neutral), S

‘4 . -
. . - o



