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previously reported in the literature were obtained.
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o . ' ABSTRACT
METAL DIETHYLDITHIOCARBAMATES - PREPARATION

v

AND GLC ANALYSIS

Nelson J. Carvajal
»

This study involved the synthesis, characterizat}on ’
and 1nvestxgat1o? of the gas chromatographic behqviour of\\\d\
me;al diethyldithigcarbamates of Ni, Cu, Zn, Cd, Pb, Ha, Co,
Fe and’Mn.

A successful method of preparation was developed.
Characterization testing included the use of thermﬁ] analysis,
atomic absorption Jﬁd Uy spectroscopy. UV data not

Méta] chelate mixtures of up to five components
were successfully sébarated and quantitated. Difficulties
were enfountered with\Fe(DDC)3 and Mn(DDC)3.

The best results were obtained using silanized glass
tubing {60 cm x ]/8") packed with/a mixed 1iquid phase
of 0V-101 and QF-1 on Chromosorb W-HP. Plots of FID response
versus amount of sample injected were linear in most cases. )

Analysis of aqueous synthetic mixtures of up to five

divalent metals present in ppm amounts was accomplished with

% errors +4.5% and relative standird deviations of %5.0%

v
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'HPLC stud1es were attempted briefly, but separation .
‘of on1y four compounds was accompHshed using 2% ethylacetate
in cyclohexane as the mobile phase and LiChrosorb-C as the: :

. - .
adsorbent. ’l‘h\ere were no immed{iate advantages evident
compared to GC. , _ ‘ I %
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1.0. Purpose of this'Thesis

The purpose of this thesis was to study the gas
chromatograghic behaviour of metaldiethy]d1th10carbamates
of Ni, pu, Zn, Co, Cd, Hg,[ﬁb Mn and Fe with emphasis on
their detection, separat1on from synthetic mixtures and
quantitation.

* These metals are commonly important in studies of
ocean waters. It was expect@d that fhe results obtained.
would be useful in the development of a gas chromatographic
method of ana1ysis for traces of these metals in marine

samples.
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"of neutral complexes (2).

1.1 Introductian
\_/5" &

3 /

The use of gas chromatography (GC) as a\quantitative

?

method for determination of metals has-been studied ‘for the

1ast’2§ years, ever since Lederer (1) suggested that neutral
metal complexes such as acetylacetonates might be ‘amenable to
GC analysis. Metal derjvatization to form vo]atile\metal
Gbmplexes may be'coAsidered as a counte}part in approacﬁ to
the familiar proton derivatization through esterification, and
silanization of polar compounds ‘such as fatty acids. The ¢
ligand(s) used in order to form 5 neutral vz}ati]e complex
must bring tq the metal ion a total opposite charge of equal
magnitude. Typical ligands aée mono and dianions of organic
acids that effectively derivatize the metal ;on by sub-
stituting }t for their ionisable protons. The criteria
invalved are similar to those for organic solvent extractions
Most of the early work in this field was done with B-
diketonates and théir fluorinated derivatives. These
complexes proved to be valuable for the determination of
trﬂva]ent metal jons such as‘Cr(III), A1(III), Sc(111),
Rh(III) and the lanthanides, but rarely for divalent ions
except for Be(II) (3). Divalent metal ions such as Ni('1I),

Co(II) and Fe(Il) present some prablems because either

.hydrated chelates are formed which are of lower volatility

and increased polarity which leads to undesirable GC

behaviour like taijling, or nonsolvated che]ate? result which

| “—
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may polymerize or react with active sites present on the

support (and the liquid phasé in some cases) of the column.

-

to give excessive peak broadening or even irreversible
adsorption at low,levels (4). |

The most widely studied and analytically developed of
the f1uprinatgd B-diketone% are the hexafluorocacetyl-
acetones (Fig. 1). This particular system has made possible -
the analysis b} GC 6f many che1ates including those of metals

such as In(III), Sc(II1), V(IV), Rh(III) and Cu(IT) with no

-apparent evidence of decomposition (5,6). One pr&b]em

that has been encountered with

CFz:

(<j:\_0>nM ;M= In(11), Sc(II1), v(IV),
' bes g Ru(ITl), Cu(II) |

Fig. 1: Hexafluoroacetylacetone

’

)

PR
these complexes ’% that they have not yet been ana1§
quantitatively below the microgram level (7,8). P

Tr; luoroacetylacetones (Fig. 2) have shown-more

favorab1h\pehaviour with Co(IIl) and Rh(III) at submicro-

Y P

gfam‘]eve]s\(g), with electron capture being employed far
subnanogram level detection (10,17). ‘

CH3 - j | o

= '
’ —
//(\~_c;)3h4 ; .h4.. RR(III), Co(III) \
CF3 :
Fig. 2: Trifluoroacetylacetone R
N .
: \
‘ ]~ ,
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Rodriguéz-Vasquezt(B) has pointed out that hexafluoro-
<acety1$cetonatgs and the more highly f1aorinated B- diketone
deriwétiveé react w}th water to form hydroxy cohpounds which
makes it difficu]% to prepare the metal chelate in the
presence of water. Moreover, mény of these metal cﬁelates.
contain co-or&in%ted water. This can.lead to poor recoveries
from aqueous solutions. Other problems are created by their
inadequate thg}mal stability, long retention times %ﬁd de-
hxdration in the column. This limits the ‘possibility of
thei% application in gas chnoma}pgraphy. A
More recently, major efforts have been direc{ed towards
" the investigation of other métal chelate systems, basically
‘tfor the determination of divalent metals. v
Beta-thioketones (Fig.h3) proved to be useful for +
‘divalent metal ions su€h as Ni, Pd, Pt, Zn and Co (75?, the
most notable succegs bging with‘nicke1 Which was detected at

levels as low as 10 pg as its monothiotrifluordacety1ac€tonate

»
(13\)'. . R’

' , R« . ‘
=~ + I‘S
V:()'+ P4r] e Gi;ké)1h4 :
R : R .
M = Pt(IT),.pA(II), Co(II), Zn(I1) and Ni(LI).

1’R and R' = CFy~, CHy, etc.

#ig. 3: B-Thioketones }

The Bkketoamine (Fig. 4) group of 1igands has been used
in both bidentate and tetradentate forms to chelate metals

such as Cu, Ni, Pd and Pt (7). The tetradeftates show: good

r

4
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stability and chromatographic behaviour and have ﬁeen
investigated for the determination of Ni and Cu as-fluorinated

derivatives of B-ketoamines at the picogram level using

electron capture detection (14). s d
’ g . ‘ 4

‘ , . .

C R | .
'(.« NH ,

. - R and R = CHy, CF, .
- :
« R
Fig. 4r B-Ketoamines,
<5

‘\\ ‘f ¥ ‘ ' -
Thexrange of ligands amenable to GC of chelates has
lately been extended to include dia]kyldithigghosphates,

(Fig. 5) and dialkyldithiocarbamates (Fig. 6).

- { “'»

. | N OR ) |
‘ M‘:-9>P<0 ° v/M Ni(IIT), Cu(Il), Zn(II)
Y N . - 3 » n
R NOR/N .
. . Fig. 5: Dialkyldithiophosphates

Fig. 6: Dialkyldithiocarbamates
q L] ‘ .
" Cardwell et al. (15) examined a wide range of metal
dia]ky]dithiophosbhateé and:shoqed"that‘the diethyl and
diisopropyl derivatives of Ni(II), Pd(II), Cr(III).and Rh(III)
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could be successfully eluted by GC on inert diatomaceous

earth supports.coaYed Qith s{licone stationary phases. The‘
corresponding Znichelates,'although volatile, showed consider-
able tailing. Separatiqn of Ni(II), Pt(II) and Pd(II) di;g
1§opropy1dithio-phosphates was accomplished using a column ~
pdcked with 2.5% 0V-101 on Chgsmosorb W-HP (C-W-HP). Detection
lTimits were found tb be-;f the order of 5 to 8 ng using flame

ionization-detection (FID). Thermal ana]fsis of other di-

alkyldithiophosphates showed them to be nonvolatile and g

unsuitable for GC. , K
7

The liégnd used in this project was'diethy1-dithiocarbamate
‘ (csz)é&Esz° (i.e. DDCT). It was used in the form of its
trihytdrated spdqu salt (NaDDC-3H2 ). J;W .

The wealth of informétion available on 1iquid-]iqaid
extraction and other analytical procedures using diethyldithio-
carbamate makes this system particu]a#iy attragtive for
further development of methodology for gquantitative determina-
tion of metals. ' ‘

The DDC-Tigand forms complexes with monovalent, divalent

and trivalent metal fons. The complexes formed have the

general molecular formula:

M(DDCln  or MISaNC(CaHsl2]n

~ where M is a metal ion with charge n and DDC is the ligand.
D'Ascenzo and wendlandt'(fé) studied_the thermal properties
“of Co(II), Ni(II), Cu(II), Zn(II), Cd(I1), Ag(I) and Hg(II)
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complexes of DDC by differential thermal analystis (DTA) and
thermogravimetric analysis (TGA). Their research shéwed
that these tompounds are volatile and thereby amenable to GC
3hﬁ1ysis. However, D'Ascenzo and w%nd1éndt (Zd) showed in
later wbrk~;hat‘Fe(DDC)3 decomposes- after melfing atl230°c.

. v
2.0 Structure of Some Diethyldithjocarbamates

Dithiocarbamates are part of a family of a major class

_of sulphur—bontéih1ng ligands which are obtained by reaction

of carbbn disulfide with varioyS nucleophi]qs. This major

class of 1igands is more generally réferred to as 1,1-dithio-

| acids. They are obtained as follows:

S
i
C + X" —— X-C/(§
's' NS

where X~ {s usually a nucleophile such as:

]
&

% -NR2 for dithiocarbamates
~0R for xanthates
-SR for thioxanthates .

v

L]

When X fs  N(C,Hg), the Tigand is known as a diethyldithio-
carbamate (DDC). It formi‘water so]uble salts with alkali
metg]s such as Na: K, etc. and forms water ins&]ub1e chelates
with most divalent and trivalent meta1s‘ | |
Na(C2H5) NCS,3H,0 (NaDDC-3H 0) is usually used to

extract metal ions from aqueous solutions into organic so1vents
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as their cohpigxes formed according to the reaction:
L nDDC ™ ——>M(DOC),
where M" is Pb(II), Hg(II), C4(II), Cu(Il); Zn(II),
Ni(II), Co(II}), Fe(II1),'Mn(II), etc. | "
Thest}ucturesof some of these complexes have been
studied by X-ray crystallography. Pb(DDC), has been shown
to be a distorted square pyramiq/in the solid state with
two sets of sulphur atoms at'2.74ﬁ apd 2.80ﬂ respectively
(21). No evidence'of dimerfzation of the Pb complex has

been found.

Fig. 7: Pb(DDC), Structure ‘

Cu(DDC)Z, Zn(DDC)z, Hg(DDC)z and Cd(DDC)2 have been
found to be dimers in the solid state (22,23).

M = Cu, Cd, In and Hg. &

Fig. 8: M(DDCln Dimers '

s ' ' ' , '

- "‘
“
b
'
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Cu(DDC)2 is monomeric and square planar in solution (24,25A)
in solvents such as.benzene and chloroform.

| The geometry of the co-ordinatien of Cu is closely
related to a tetragonal pyramid, Cu hav%ng a co-ordination
number of five with normal bonding to four sulphurs, and a
fifth lﬁng bond to a sulphur atom of the centrosymmetrically
related molecule (25).

Zn(DDC)2 and Cd(DDC),, also dimeric in the solid state,
are isomorphous and isostructural. In these comp1exe3 thef]
metal ion is a five co-ordinate with geometry intermediate’
between tetragonal pyramidal and trigonal bipyramidal.
Zn(DDC)z seems to- have a normal (mpnomeric) molecular
weight in benzene. Cd(DDC)z, howeyer, appéars to be dimeric

3

in chloroform in concentrations of 7.3 x 10°° M to

3.3 x 1072 M (258,25C). |

Hg(DDC)2 has bﬂrn found to crystallize in three different
forms. One consists of isolated dimeric units which have
similar structure to that of cd(DDC), and Zn(DDC),. The
second forq consists of monomeric Hg(DDC)Z with square planar
co-ordination. A thifd form is known'to occur when the
;omplex is prepared with an excess of ch1é according to the
equation: ' ’ ,l

nHgCl, + 2DDC” AN Hg(DDC), " (HCl,) 4

where n is believed to be as high as five (26). The

" formation of these complexes has been attributed to the

affinity of Hg towards sulphur donors and the avai]abit}ty

2=
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of the lone pair ofelectrons on coLordinated S-atoms in the
Hg(DDC)2 complex. '

Ni(DQC)2 forms a 4-co-ordinate planar complex (25). It
has been‘shown to be a monomeric compound in organic so]v;nt
solutions.

Fe(DDC)4 is formed when either Fe(II) or Fe(III) are |
reacted :with DDC™ in aquedus solution under normal atmospheric
conditions” (27). Fe(DDC)3 decomposes under acidic conditions
to CS, and the respective diethylamine salt. Fe(DDC)3 has
been fohnd to be monomeric and with a distorted octahedral
geometry. As is the case for Fe, Co also forms Co(DDC)3
even when the starting material is Co(II) (28). Co(lI)
oxidizes very readily to give Co(DDC)3 in aqueous solution.
Co(DDC)3 has also been foun& to be octahedral and monomeric.

Mn(DDC)2 is very air-sensitive with a structure similar
to that of Ni(DDC)z. Mn(DDC)2 oxidizes very rapidly to-
Mn(DDC) 4 and then to Mn(DDC), (29).

A

3.0 Chromatography of Diethyldithiocarbamate Chelates ' .

3.1 Gas Chromatography

1

Reports on the volatility and stability of
diethyldithiocarbamate complexes have been available since
1940 when Malatesta (36) observed these properties for
Ni(DDC)z and Co(DDC)3.

G. D'Ascenzo and N.W. Wendlandt (19,é0) studied and
reported the thermal properties of Ni(DDC)Z,,Cu(DDC)g.
cd(0DC), Zn(DOC),, Hg(DDC), and Na[Co(D0C)4]. Na[Co(DDC),]
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Qas later shown te be Co(DDCS3 by Holah and' Murphy (28).
The volatility of these compounds suggested that they
- could be aﬁa]yzed by gas chromatography.'

Daughtrey et al. (16) reported a p%ocedure for GC o
analysis of inorganic and of methylated arsEnWt“éE’E/dieihy1-
dithiocarbamate complex in water and urine samples.

Arsenic determinations were made at the 1 ppm level by
electfon capture detection (ECD) using a column packed with
5% 0V-17 on 80/90 mesh Anakrom As (Analabs Inc.).

J. Masaryk et al. (17) studied divalent and trivalent.
diethyldithiocarbamate chelates of Cu, Ni, Pb, In, Cd, Fe,
and Co. They found these complexes to be unstable under
thermal analysis. It was shown that with increasing
temperature they first melt and then decompose. It was
also reported that Zn(DDC)2 forms dimers in,the solid and
ga§ phase, while Cu(DDC)2 forms dimers onty inYthe solid
'state. Ni(DDC)2 was found to be a monomerl .Nevertheless,
J. Masaryk et al. reported a separation of Ni(DDC)2 and
‘In(DDC), on 3% SE-30 on Chromosorb W-HP at 250°C.

° Villa et al. (31) showed, by mass spectro$coby, that
Zn(DDC)2 forms a dimer in the gas phase while Ni(DDC)z'and
Cu(DDC), are monomeric. : .

J. Krupéik et al. (18) showed separation of some Ni(II)
dialkyldithiocarbamates. The diethyl, dibutyl and df-
1sopropy1 dith1ocarbamates of Ni(II) were separated on 3%

SE- 30 on Chromosorb W-HP (C- w HP), 60/80 mesh, -at 270°C.

°

:
.
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The expected struicture of Ni(DDC)2 1q the gas phase was
confirmed by massispectroscopy._ The thermal properties of
these compounds were studied by thermal analysis 3nd:§t was
concluded that '6C could be used to analyse them.

Cardwell and Desarro (32) studied the diethyldithio-

‘carbamates of Ni, Cu, Pd, Zn, Cd, Hg, Pb, Pt, Ag, Fe and

Co. They found that Ni, Zn, Fe-and Co were comb]eteY&
volatile under the conditions used for GC. The other com-
p]éxes were less volatile and decomposed s]ightky. In all
the cases, the TGA cqgves showed‘one-stép weight losses. In
general, g]] thé compounds they studied proved to be
thermally stable, with initial inf]ectioﬁ points on the‘TGA
curves appearing in the range of’240°C (Cu and Ag) to about
3000C (Ni, Co, Pb and Pt).

These results indicated tha% GC could be used for
analysis of thése complexes if the experimental conditions
are properly selected to minimize decomposition andvto
ensure Eapid volatilization.

It was reported hy Cardwell et al. (32) that 5% 0V-101

" on Chromosorb W AW-DMCS (CW-AW-DMCS) can be used for GC of

’ ~metal d1ethy1dithipc;rbamhte complexes. All thesé comp lexes,

except for Fe(DDC)3 and AgDDC were eluted successfully at
column temperatures in the range of 220°C to 245°C and with
the injector-defector at 250%C. The e]utgdrsamp1es were
analyzed by mass spectroscopy which showed that no de-

composition had occurred. A separation of a synthetic
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mixture containing Zn(DDC)Z, Cd(DDC)2 and Pb(DDC)2 was
obtained at 220°C using the above mentioned packing. |
Column tub1ng did not appear to make any difference when
glass or sta1n1ess steel were used.

Tavlaridis and Neeb'(33) have done gas chromatography

on diethy]dithiogarbamafés and their fluorinated analogs.

- They found that geparatioﬁ of synthetic mixtures of Pb, Ni,

Cu, Cd and Zn as their diethy]dithiocaréﬁmate chelates is
pbssibie on 3% 0V-25 on CW-HP at a column temperature of
240% w%th the injection no¥t at 265°C. Also, separaticn
of Zn,hNi, Cd, Pb,Sb and Bi as fluorinated diethyldithio-
carbamate chelates was accompiished on 5% GESE-30 on
Chromosorb @ at a column temperature of 185°C with the
injection port at 220°C. The fluorinated compounds proved
to be more volatile than the noﬁ;f1uorinated counterparts.
In another publication, Tavlaridis and Neeb (33A)
claimed that multi-elemental analysis of up to at Jeast “
nine elements was possible by GC if metal che1ateslof
fluorinated diethyldithio;arbamate were used. A separation
of a synthetic mixture of Bi, Pb, Fe, Co, Hg, Cd, i, o
and Zn chelates was reported on 3% 0V-25 on CW-HP w1th the

co]umn temperature programmed from 120°C to 210° at 2%/

~min and the injection temperature at 210%.

Studies 'of other alkyldiethyldithiocarbamates have been

reported. For example, separaéion of Pb, Ni, Cu, Cd and Zn
3
as the diisobytyldithiocarbamate chelates.on 3% 0V-25 on

U maamm s . e e .. . - - P
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CW-HP using column temperature programming, 220°C-265°C'
at 2°C/min, was reprted by Tavlaridis and Neeb (338). i_
They claimed that N1'(DDC)2 can be detected by ECD in amounts
as low as 20 pg and that other metal chelates can be

. \ detected at the 100 pg Tevel. '

Tavlaridis et al. (33C) repor‘ted séparation of syr{theti‘c

| | mixtures of Ni, Cu and Zn dipropyl&ithiocarbamates using

' “ 5% GESE-30.on Gas Chrom Q and CW-HP as the packings.

J. Krupcik et al. (34) did studies on several dialkyldi-
thiocarbamates of(Ni,' Cu, Cd, Co and Zn. They found that Zn
chelates of diethyl, dimethyl,. dibutyl and diisopropyl-
dithiocarbamate can be separated at 230°C us.ing 2% SE-30 on
CG-AW-DMCS as the packing. When capillary columns coated
with OV-101 and SE-30 were used the complexes were adsorbed
on the waHis of the glass capillary. 1In a capillary
column coated with 0V-1-b} a separation of Ni-chelﬁtes of
diethyl, d11:soproby1, dipropyl and dibutyldithiocarbamate
&

was obtained at 270°C.
) Krupcik et al. (34) also reported that Cd(DD(:)2 and

Cu(DDC), decomposed above 230°C ‘on 3% SE-30 on Gas Chrom-P.
' Ahmad and Aziz (35) determined ECD detection Timits

for Pb, Zn, Ni, Hg and Cd diethyldithiocarbamate chg1ates~

following their separation on 3% SE-30 on Varaport-30.

It was found that at a column temperature of ZSO.OC it was

possible to detect from 2.0 to 6.0 ng of each complex.

Radecki et al. (36,37) have done some mardne

) ,

— i o A
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bottom sediment analyses by GC. It was shown that Ni, Cu
and Zn could be extracted from marine bottom sediments and
‘successfully separated by GC as diethyldithiocarbamate
chelates without any interference. This is interesting
bgcahse other methods for defermination of metals in marine
s;diments invo]vé either inductivelycoupled plasma emission
spectroscopy (ICP) or atomic absorption spectroscopy where
prior Eeparat1on,is needed to avoid interferences due to v
other components in the sediments and the reagents ﬁsed. By
using GC these interferences are eliminated and simultaneous
analysis of several elements is clearly possible.

©

3.2 Liquid Chrqmatqg_gphy

L1qu1d Chromatography of dialkyldithiocarbamate che1ates

. has been reported in recent years. Heizmann and Ballschmitter

(38) reported the separatian of synthetic mixtures containing
Ni(DDC)2 and Cu(DDC;Z, and Cu(DDC)2 and Cé(DDC)3, using a
silica gel packing (LiChFosorb SI 60) in 15 cm x 2 mm
/(ind) glass.column. Benzene was used as the mogi;g‘239§e
and UV detection at 330 nm. Separation of more_than t;om
complexes was found to be difficult mainly beﬁause of

pronounced tailing of samples on the silica gel.

9

Uden® and Bigley (39) reported the separation of
of
Ni(DDC)z, Co(DOC)3 and Cu{DDC), using a mixture of Skelly B
(a petroleum hydrocarbon), diethylether and aceton1tr11e

(15:5:80) as the so]vent system (mobile phase) on a 4 mm x

T b
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25 cm (1&xL) stainless steel column packed with 8 unm

diameter Sperisorb-SGP. UV detection 1imits at 254 nm were

. reported to be in the 5 to 10 ng range for each metal.

Identification of chelates was.achieved by using an inter-

faced d.c. argon plasma emission ‘spectroscopy detection

system in series with the UV detector. It measured thelc‘
metal content of each peak. ' |
0'Laughlin and 0'Brien (40) studied the behaviour of
Ni, Co, Cu, Zn, Cd, Hg and Pb chelates of diethyldithio-
carbamic acid on silica gel columns with toluene as the

mobile phase. Separation of Pb and Hg, and Co and Ni, was

possible but separation of a mixture containing all these

complexes was difficult because of tailing of peaks.

Calibration plots g% peak area vs. amount of metal chelate

injected indicated linear response over the low nanogram

to microgram range. The detection limits using a UV
detector at” 254 nm were found to be in the range of 5 tb
210 ng with the best results for N1'(DDC)2 and the poorest
for Pb(DDC),. ' '
Moriyasu and Hashimoto (41) described adsorptioﬂ
chromatography of diethyldithiocarbamate ghe]ates of ;§<\“
Cd: Pb, Cr, Bf, Cu and Ni on deactivated silica gel.
Separation of synthetic mixtures of Hg, Cu, Cd, Pb, Ni and
Bi were reported on LiChrosorb-S1-100 using the solvent
system Hexane/Ethylacetate (98:2) as the mobile phase.

Separative microdetermination of these chelates was

accomplished within 12 minutes. Detection limits at 254 nm

%

Lt
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were in the range of 10 to 20 ng.. Selective determinations

were also achieved by changing the\detector wavelength.

Separation of synthetic mixtures of Hg, Cu, Pb,,Cr, Ni, Bi <«

and Co were also reported using the'éame conditions. In all
cases, however, the resolution Qas very poor. .

Revef;ed phase HPLC has also been done on some diethyl-
dithiotarbaﬁ;te chelates. Simultaneous determination of .
Cr(III) and gr(VI) in water using NaDDC‘és thé’chelating
agent ha; been r;ported by Tande et al. (43). Separation
of‘the chelate formed was obtained using a column packed
with Lichrosorb PP-8 (particle size 10 um) and methanol-
water (65:35) as the mobile phase. UV detection at 254 nm
of amounts as low as 2 to 10 ppm :f Cr(IIl) and Cr(IV) was
possible.

G. Schweds (42) an& (42A) has reported separation.of
diethyld;thiocarbamates of Pb, Ni, Co, Cu and Hg using A
Lichrogorb 18 (10 um particles)gas fhe packing, 65:35 -
acetonitrile-water™as the mobile phase and detection at

\ng Ni, Co,
Zn, Cu.and Hg were also reported,uﬁ}ng“lichrosorb RP-8 as

‘ . /'
254 nm. Separation of mixtures cdntaining Cd,

the packing and 70:30 methanol-water as the mobile phase.
Separations were obtained within 25 minutes. The published
chroﬁatograms!show very poor resolution of'the mixtures

in question.

A.M. Bond and G.G. Wallace (44) reported methods

_ipecifica11y for the determination of Cu based on reversed

:

phase Tiquid chromatography with electrochemical detection.
t . ‘
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It was found posswble to detect amounts as low as 2 ng

°

of Cu without interferences from nmany other elements. .

4.0 Introduction to Gas Liquid Chromatography

. Gas chromatography (GC) is an instrumental method of .
analysis for separat1on, 1dent1ficat1on and quant1tat1on of

volatile mixtures. Permanent gases (such as oxygen and

carbon Hioxide) vo]at11e 11qu1ds, volatile solids and
pyrolyzed so]ids can all be separated by Gas Chromatograph1c
techniques -(45).

+In gas chromatography tﬁe separation takes place ina.

- column where the components of the sample distribute them-

selves between-an act1ve{stat1onary phase and an inactive

mobile phase (carrier gas). The moving phase is an inert -h
gas and the sample components are introduced into the gas

phase, The column is usually a metal or glass tube packed

with the porous particles of a relatively inert material
(di'atomaceous earth is very commonly used) on which the:

stationary liquid phase‘is~distributed iq}the form of a thin

film. *The sample is injectea into a heated block where it

.is evaporated and its vapour éarried by the carrier éas
through the co1umn.’ During this period the mo]écuTes.of

the sample components spend part of their time jp~the'
stationary phase, th% other part in the carrier gas. The
relative retardétion of differeut Fomponents is different
and, thus, they emerge at the.end of the column sebarated

in time. The eluted componeﬂtﬁ are detected by a suitable

\ detector and the detectqr signals are e]ectroniﬁal]y recbrded

to gjve‘a chromatogram. The chromatogram consists of a

.
o
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series of peaks, each Gfuyhich indicates” the elution of

a component and the amount e]utg%. The tiﬁe of e}ut%?n may
be ueeq to identify the componeets of the mixture and is
defined'as the e]utjonntime or retention time for a part;EU—
e _lar component (45,46). |

7 é

A basic gas chromatogrdph is shown i n Fig. 9 (45).

« -~ R “\

- - “

T 75,0 Column ’ ‘ o - -\

The column consists of a glass or metal tube packed with
—~ a 5@11d support coated with a statibnary liquid phase.

¢

. ° 5.1 Solid S_pgprt ) -
& K The: purpose of the/§o11d support is to hold a thin-
i <, ' " uniform film of 11qu1d phase. An optimum support
et L ) should have certaié cha#apte§1st1cs (46): /
.". ' J r(i) A large specific surface area (from 1 to 20 mz/g)
, ‘ ' . (ii) A pore structure with un1form pore d1ameter in
the range of 1 wum or 1ess b
(i1i) Inertness (a minimum of chemical and adsorpt1ve
infefaction‘with the sample)a
‘ ) {iv) Regu]ar]y-sﬁaped\partic1es,=uniferm jn size %or
* . efficient packing and effieiency‘of chromato-
L e _ '. i graphic operation. -
- ‘“ ; (v). Mechanical strength - it should not crush, on’
handling. { -
No material has yet been found wh1ch fills a11
© these rgqqltements. However, severa] su1tab1e supports

PO . Tare commerc1a11y~a?n¢lg?1e, but)it is necessary to

ST : . \\,/.
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compromise in choosing between efficiency and strength.
The most popular gas chromatographic supporfs are
those prepared from diatomaceous earth, whi;h is also
known as diatomaceous silica or kieselryuhr (47,48).
Two different treatments are used to prepare diatomaceous
earth supports for use in gas chromatography, resulting in
white-coloured and pink-coloured supports. ,
The white-coloutred éupports ahé prepared by calcina-

s ¢ P . .,
tion of diatomaceous earths above 900%C with sodium carbon-

'afe added as flux. In the heating process, fhe diatomaceous

earth is fused and held together by sodium si]icate°g1ass

and the si11c¢)present is partially converted to crystalline

cristobalite. The resultant product is white in colodr due
to t@e conversion of iron oxide into a colourless complex
of sodium iron silicate. These white products are use: to
prepare the most inert supports'suéh as Anakrow A, Anakrom
Q@ and Chromosorb W supports. These white flux calcined
supports are, however, fairly ffagi]e.

The‘pipk-éoloqred supports, e.g. An&krom C-22"or

Chromosorb P, are prepared from crushed firebrick in which

the diatomaceous earth has been calcined with a clay binder \

at temperatures above 1000°C. The metal impurities
remaining form complex oxides which contribute to the pink
colour of these supports. These pink supports are denser
than white supports because of the Qreateﬁ destruction of
the diatom structure during the caiéining treatment. These

supports are harder and less friable than the white supports
L ’ 2

4
P
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and are capable of holding iarger amounts of liquid phaée

(up to 30%) wiéﬁ%ut becoming too sticky to flow freely.

~The surface.of pink supports is more adsortive, however,

than that of white supporgs and they are not suitable for
analysis of polar compounds. '

Neither the pink nor thg white supports give gﬁneralﬂy
acceptabie performance without pretreatment of their
surfaces té‘remove active sites, and thereby reduce the
possibility of tailing of peaks (47,49). These adsorptive
sites are attributed to metal oxides (Fe, A1) on the
surface, which catalyze degradation (%48), and to surface
silanol groups, -SiOH, which are kapab]e of forming
hydrogen bonds with pola? compounds. Mineral impurities
‘are removed by acid washing with hydrochloric acid, which
leaches out iron and aluminum from the surface of the
support. ”Surféce silanol groups are eliminated by one of
several possible silanization processeé described in the
lTiterature (46,47,48).

Silanization of supports is effective but these
supports must be'used with caution. The silanized shpports
have hydrophobic rather than hydrophilic surfaces, as
are found on non-silanized diatomite support surfaces.
Polar stationary phases sucw as polyesters and silicones
with a high content of cyano gr&ups (such as 0V-275) do nét
/wet such surfaces. They spread better on the surface of non-

silanized supprts to provide a more evenly coated Surface.

At high temperatures, water and free acids4when injected onto
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silanized supports, will remove surface silyl ether grdups
and regenerate an active surface.

Among the supports évaluated in this study were
Chromosorb W-AW-DMCS (CW-AW-DMCS), Chromosorb G-HP (CG-HP)
Chromosarb W-HP (CW-HP), and Gaschrom Q (GC-Q), all acid -
washed and silanized materials. CW-HP and GC-Q are equiva-
lent supports. These are specially treated supports and
recommended by their manufacturers as the most efficient
and inert of the diatomaceous.earths,

5.2‘ Stationary Liquid Phase

It is the Tiquid phase which distinguishes bétween the
solutes in the sample through differences in their solubii-
ities and interact1on'undér the operating conditions. Where
these differences a;e small, the chromatograph must be '
operated at maximum efficiency to obtain a satisfactory .
separation.

The most important ‘requirement of a Tiquid phase is
that it should be differentially selective for the components
in the mixture for which ft is to be used. Although a '
1iquid phase that cannpt'separate the components. ft;useless,
the fact that it can'separate them is not sufficientg\\A
1iquid phﬁ;g must a]so,satis%y otﬁ@r requirements (50):

-

LY
&

(i) The liquid phase must be a 1iquid'uhder the
- conditions of column operation. #his seems

.- obvious, but it should be realized that many

-
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compoupdf used as sta‘1'i1onary phases are solids at
room temperature (e.g. SE-30, 0V-1). If a ig;umn
is Lsgd below the melting point of the liquid
phase, the solubiiﬁty of the sample components 1is
greafly reduced, causing ov;r]oading of columns,
poor resolution, short retention times ;nd dis- .
torted peak shapes.
(i1) The 1iquid phase should have low volatility to
prevent its bleeding which would rapidly reduc;
the life of the co]ump. Alsa,some detectors will
lose sensitivity as the level of bleeding
increases. f
(111) The 1iquid phase shod\ld be stable under the con-
ditions of operation.! This is important for two
reasons. First, a dec0mposipg liquid phasz /
behaves the same Qay as § bTeeding 1iquid phase,
resulting fn high noise level, detéctor saturation
and shortening of column 1ife. «The second factor//
is that decomposition can change the properties of
the Tiquid phase and rendsr it unsuitable for
| analysis (51?. | : | //////
(iv) The liquid phase must not react with the sqmplés'to
be separated. ‘ P /
(v) For maximum stability the upper temperature Timit
-of the Liqhid phase must be\relative1y high when

compared to the intendgd operating temperature.
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*

Liquid phageg are usyél]y classified according to
their p51ar1ty (polar, semipolar and nonpd]ar). How this
is done is well documentea in the literature (49,50,52,53, .
54,55). . In this research the following 1iquid phases were
used: OV-101, SE-30, QF-1 and OV-17, individually, and as
mixtures (56). These liquid phases are silicoﬁe polymers

~with the general formula:

(CHa)5S1-0-Rp-R&+-Si(CHa); S0

-4
For OV-101 and SE-30 (nonpolar) the ratio of n/m is

one ad R1 and R2 are:

© R'=R%= -8iCHa)50- *

-

0Y-101 is a fluid which has a temperature limit of
350°C and can be dissolved in solvents such as chloroform,
toluene and dichloromethane to prepare support coating
solutiofs. SE-30 is a gum that has a temperature limit of

300°C and can be solubilized in chloroform, toluene or

dichloromethane.

ot o syt e 4 > e b5 4 DR YR
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QF-1, a semipolar_113219,Egj5e1’is a fluid where R -

and R% are: T : o o

! FQE: -S%l-()- FQZ:Z ‘{%l“()" ) )
(CHe)oCF5 CHCHe 7

The n/m ratio is very large. The temperature limit
of QF-1 1s 2759C and it is soluble in chloroform, acetone,
and ethylacetate.

0vV-17, also a semipolar liquid phase, is a fluid with

! and R2 being:

Crs .
Rz -9-0- R®= 51 (CHs)£0- E

3

L)

R

The n/m ratio is very large and the temperature 1fm1t
is 375°C. 0V-17 can be coated on the support from toluene <
or chloroform so1utions.: More detailed information on these
1iquid phases is available in.the literature (49, 57):'“ft -
is possible to use a combination of two or more liquid )
phases in the column. In this case, the poﬂgritg(or ;
separating power of the column will be a function of the
composition of the binary liquid phase’system (58). .If the °

components of the mixed 1iquid phase differ markedly in pelarity,

B e - .

Prpry “‘t«j
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the polarity of the mixed column can be varied over the full
‘range by changing the-composition. Thése mixed 1iquid phases
~“’can be utilized as mixed bed co]qmns in which each support
’ particﬁe is coated,With a, single pure stationary phase, or
' ,they can be used as biendéd columns with each support partiplé

coated with the binary liquid phase (56).

5.3 Preparation of Column Packing

. The ﬁacking,consists of a definite percent of

. loading of stationary phase (usually 2 to 10%) on a de-
\ activated solid support surface. The amount of liquid phase
and support required to give a specific loading is given~hy

the following equatfon:

°

’ Wt. Stationary Phase
% loading = x 100
v Wt. Stationary Phase + Wt. Support

. There, are three common methods for making GC paclings
(batch coating, in-place coaf1ng and filtration coating), each
of which has {its-advantages (49,57,59 & 60). The batch
coating ﬁethqd was uéé& in this project and is described in
the Experimental (10.3.1).

\ - S

5.4 Column Conditioning o . ‘

Every freshly prepared column requires conditioning

before its application in-analytical work (49,50). Condition-

ing is necessary:n(i) to remove any rgmaining solvent,

water or other volatile.contaminants; and (ii) to achieve a

—— DS ke ki v e cedfeams  wlems e _we - . - —
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more uniform distribution of liquid phase on the support or
tube wall. Conditioning is done by heating the column for
seVera] hours (2 to 12 houis) at a temperature 25%C above
that at which the column is to be used, but be]oy.the
maximum temperature limit of the liquid phase: with a small
carrier gas f1ow‘pasg{ng through (usually 5 to 15 mi/min.)

(46).

~T e

6.0 Detectors in Gas Chromatography N

* As sample'ﬁompdhents emerde from the column, they‘must

"be detected by a suitable device which relays an electrical

signal, via an amplifier, to a strip chart recorder

establishing a permanent record of the analysis referred to

as a gas chromatogram. More than twenty different types of

detectors have been developed for use in GC. However,
relatively few of these are in common use\foday: the most
common being the thermal condqctivity detéctoq (TCD), the
flame ionization detector (FID) and the electron capture ‘
detector (45,46,61,62 & 63). The flame ionization detector

which was used in this project is describedsbelow.

@

6.1 Flame lonizatijon Detector (FID)

“ The FID is the most freqbent]y used GC detector. It
is a nearly universal detector responding to all but a few

gases, such as the permanent gases like nitrogen and oxides

-
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of nitrogen, and H,S, S0,, COS, CS,, CO, NHy, COp, HpO

and HCOOH. -Actually, this insensitivity can be used to

f

good advantage by using H20 and CsS, as solvents, since
potendially large solvent peaks are eliminated. The

e
presence of these compounds can have some effect on

detector performance, however. While some other detectors
are more completely universal, the FID has the advantage

-12 g/ml

of being able to detect concentrations as low as 10
of many hydrocarbons» .

A schematic representﬁtion of the fJD is given in
Fig. 10 (45,63). An e1ectr;\ﬁi f1e1d is estaplished
between the burner jet, where hyaqogenugas burns, and the
positively charged collector electr . Column effluent
is burned n the flame and any negative ‘jons produced are
collected at the positive electrode. Thig pracess can be
understood also by considering that the iops and electrons
formed in(the flame decrease the resi tgnce between the

N

two electrodeswikggyg as the gap resistance) thus_permﬂtt-

‘ing a current to flow in thé ex ernal circuijt. In practice,

gap ‘resistance is greatly diminished when organics burn in
the flame. This change in resistance is what is measured

in practice. To ensure total combustion of the effluent an

.excess of oxygen is introduced into the FID chamber by .-

intrdducing air at the base of the flame jet.

. g——e———
.
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- . FIGURE 10
5 - FLAME IONIZATION DETECTOR
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-The limitations of the FID are: ‘
F] !
(i) It is a destructive detector. T ereﬁore, use of a

: |
sample splitter is required if the ef{luent is to be

\

/ further analygzed.
/{(i1) Atoms like oxygen, niirogen, phogphorus, sd]phur and

halogens in the sample compounds |decrease the sensi-

\\/ .

tfvity of the FID to an extentdewgndent on theé degree:

of substitution in the sample.
‘ \
] \
7.0 Interpretation of Chromatographic Data

In chromatography the aim.is to separate the components

of a sampfe. The components, as they pass through the

[N

column, spend part of the time in the stationary phJse
I \
while another part of the time they are carried through

the column by the carrier gas., i

The volume of the gas phase in the célumn can be
expressed in terms of the holdup time, tmj The time spent

by a sample component in the liquid phase\is known as the -

~adjusted retention time, ty , which is thé retention time,
tr , corrected for the holdup time, t (Fi . 11), as

‘follows:

v

t'r1= tr1— tm (Eq-'l,)

Both ty, and t,

identification. Notice that t; is usualfy taken as the

are of value in making qualitative

retention time of a non-retained component, such as air,
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ﬂinjected together with thé sample. /
Other pirameters'such as capacity factor, k, partition

coefficient, k_, and phase ratio,ﬁ'r'hin be caTculated using‘

r
the.following relationships (64)°

. .
Lt LN E 22 r ~
kshTim | . (Eq=2) A
-] o -~ ' . < » -’ o~
; . i -0 - W, ’ -
s R and ) Ke=—g—="s L “.‘(E.q' 3), ]
~ o, yhére: Gi= concentration 6f solute in the liquid
, phase, g/m?
e . - A
G concentration of solute in the mobile
) phase, g/ml . \
T W= we{ght of solute iﬁ the liquid phase, g
. Wi weight of solute in the mobile phase, g
) B.= phase ratio-
\\ ‘ . . : . , { .

The implications of these equations in practice ‘are ..
that the amount of sample that. can be injected 1nto a column
w1thout over]oad1ng it depends on the amount of 11qu1d phase
on the-column which, in turn, 1nf1J£nces the phase ratio (q).
A h;gher amount of'liqud‘phasg leads to a lower phase ratio.

)EfﬁicienCQ of the column depends on the capacitﬁ ratio
(k), the sma11er'thefcapacify ratio the more difficult it is

. f‘to ashieve a separation. Column efficiency, and paragpters
S ' 7 , 2 ’ .
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” . ‘
governing it, are well reviewed in the l1iterature

. (46,50,59,65,66,67, 69) and will not be discussed here.
o * ‘

o
%
-

7.9 Resolgytion -7

~ The true eraration 0 wo consecutive peaks is
described by the Resolution, R; 'Wefined as: - _

™ ?

) 7
. :—-L——:At (Eq-4)
o 1+W2 .
. : '/
A ’ ‘ ¥
wheke at, s’ the distance between the two peak maxima, and
Wy and"w2 are *the widths of the two peaks in question

(Fig. 11). This expression is commonly used in GC.

“«

Anether useful expression that can be derived is

' , .
. -

~

o4 (w0 G -

L 4

- where @ is the selectivity factor defimed by:
. o : -
, . a —-;'f—-—— (Eq-6)
and N is the number o} theoretica] plates 68). These ‘
expressions are commonly used in HPLC work. -

% -

«

It has been“claimed in many cases that™a Resolution”of

-

R=1 gives a separation wh1dﬂ*1s about 97% complete, while a

Resolution of 1.5 represents a complete separation ' \

3
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(59). Any value of resolution larger than 1.0 is usually
adequatelfor analytical purposes (70,71).
Consideration of theoretical factors led to the choice
| of experimental conditions used in the present study. -The 5\
. approach that was taken as much as pos;ib]e was to decrease
stationary 1iquid phase 1oading‘and column temperature to
improve resolutiof, to avoid column bleeding under tempera-

ture-probramming conditions and to reduce the possib]ity?of

1

degr#ation. \ ' \ . {

8.0 Quantitative Analysis by GC

' The quantitative principle of GC depends on fﬂ; faFt
" that the size of a chromatographic peak is proportibﬁal to A

thg amount of component eluted from a column. The size‘of '
a pgak can Be measured in a number of ways using ome of two
basic concepts. The first is measurement,of peak height. ?
The. second iss measurement of peak area with a wide variety
of methods available (46,50,65). The more readily repro-
ducible peak area method was chosen in this project. Of
diffe;ent techniques avaitable for peak area measurement,
tmat of (peak area measurem;nt by height x width at half
height)was chosen (Fig. 12). Normal gaussian peaks can be
. approximated well in this way.- This technique is fast and

, .

s1mp1e. and the results are good Q?th symmetrical peaks of

reasonable width. Ball et al. (72,73,74,75) have reported

’
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that this measurement technique can give peak area data with,

4

relative standard deviaijns of about- 2.58% for peaks of

2, and 0.5% for peaks of areas of

1500 mm2.

areas of aboup 160 mm

9.0 High Performance Liquid Chromatography (HPLC)

Ip liquid chromatograbhy as in all other types of
chromatogréphy the separation of a mixture is }ccbmplished
by distributing its componénts between two phase&s.ﬁ One of
them is a stationary phase while the other, the mopile
liquid phase, percolates over the stationafy phase. Sep-

aration is due to differences in the distribution co-

"efficients of the individual sample components between the

f
stationary and mobile phases. The collimn can be an

adsorbent (such as silica or alumina) or a statioﬁ;ry phase
bonded polymer on a sili;a type sypport. In practice, two
modes of operatioé, depending on the relative polarity of
the two phases, are used: normal HPLC and reversed phase
HPLC. .In normal HPLC the statibnaf& phase is polar in
nature (e.g. silica), and the mobile phase is nonpolar (such
as ngane, cyclohexane, etc.). Polar samples are retained
Tonger on such a, column than nonpolar samples. In reversed

phase HPLC the stétionary phase is nonpolar in nature.(a

hydrocarbon), while the mobile phase is a polar liquid,

such as water or an alcohol. Here the more nonpolar ¥he

-~ ['
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®

sample components, the longer they will be retained on the

column. .-

!

9.1.0 Instrumentation of HPLC , ..

A block di;gram of a typical HPLC apparatus is
shgwn;ip Fig. 13. The‘baéjc tomponehts'of such a system
are: a\Bumﬁ’to.prop¢1 the mobile phase; a device for
sample introduction; a dolumn containing the §tationéry
c phase; a detector to determine when sample components are
eluted- and provide data permitting the qualitative and
quantitative evaluation of the resu]f% and a recording
system to display the response of the-detector in the férm

of a chromatogranm.

9.2.0 Separation Modes in HPLC
. ' There are four principal separation modes that
can Qe use%win liquid chromatography: 11quid-spltd og
‘ adsorption chromatog}aphy} 1ﬁquid:119uid or partion
chromatography;’size-éxélus1on'chroma§pgraphy and ion
- . exchange chromatography.
; \\;}// ' In this particular research the only mode
attempted was liquid-solid chroma}ography and, therefore, -
only it will be discussed here. Other modes of‘liquid

chromatography are described in many references (76,77).
% 5 L , N !
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9.2.1 Principles of Liquid-Solid Adsorption Chromatographl“

‘ The n;%ihanism of separation ﬁ adsorption’
chromatography 1:s a subjgét of much debate. J_.R_.' Snyder
(78), however, has proposed a simple mechanism which is easy
to understand and provides for many liquid-liquid chroma-
tography separations.' The adsorption chromatography
mechanism can be visualized by considerin'g the éstablishment
of an equilibrium inside the column. The mobile phase and

solute molecules compete for the active sites on the

. adsorbent surface as is illustrated for the system shown

_in Fig. 14.

LR TIPS o

\

Adsorbent Mobile Phase Sanp1e

O .
~OH  CHyC-CHy -NHzR

N
i

Fig. 14: . Adsorption Chromatography Separation

The mobile phase (aceto(ne) chosen is one with a

A i polarity approximately equal to (or slightly weaker than) .
\ 9\ : '
I

' that of the sample. The sample molecule (amine) at'tached

«+to a hydroxyl group on the packing surface, is continuously

bombarded by the moving stream-of mobile phase'molecules.

/
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This physical flushing we;kens the sample-to-packing bond
and the sample is displaced and moved downstream to the next ‘
avai1ab1e OH group where its slightly higher polarity compared
to that of the mobile phase allows it to dislodge resident
mobile phase molecules previous1y there. The greater the
number of such :uccessive,steps or stages, the greater the

: -Dprobabiljty that sample coqpohents having s]ight1; different
polarities may spend greater or lesser amounts of time
attached to the adsorbent surface, and thereby separate one
froQJanother. This compet&tion of the mobile phase and
solute molecules for the active sites §f the_adsorbent can

A

be represented by:

A4

1

Acetone +(Adsorbent - Aminel;z:f@qgtone-Adsorbent)+ Amine

Eq - 7]

2

From equatfon [Eq-7] the following relationship can be

%ﬁained:

[Amine] [Acetone-Adsorbent]

K= . [Eq - 8]
€0 [Acetone] [Adsorbent-Amine]

This expression shows. that adsorbent-solute or mobile phgse
interaction is the most important parameter governing the

7
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separation 3n Tiquid-solid chromatography. As the relative
\\~ R * N
adsorption of the mobile phase increases, the adsorption

- of the soluté must decrease which makes the sample elute

1
from the column more quickly.

9.3.0 Co1umq Packing for Adsorption Chromatography

" The adsorbent in ltﬂuid chromatography usually
consists of silica particles {or less comm5n1y, alumina,
charcoal, Fjorisi1, calcium carbonate, etc.) packed into

suitable tubing. The particles used originally in liquid

" chromatography were fairly large (40 um ~in diameter),

and porous. Such particles have large surfaces and thereby
high sample capacity. Their drawback, however, is that it
may take digferent amounts of time for the same sample
molecules to diffuse into and out of various pores of‘the

particle, resulting in excessive band broadening (77).

This problem'is reduced by using pellicular particles which’

have a_salid, nonporous core (e.g. g]§SS'beads) coatgd with
a thin layer of a poréus phase (€.g. an adsorbent). In
this case, the saﬁpIe moTéﬁu1és only migrate through a

relatively thin layer of adsorbent reducing differences in

adsorption times for the same kinds of samh]es, whigh Teads

~ to narrower peaks.

According to the theory of chromatography (45,50,79)
smaller partictes give h1gh!eff1ciency at relatively high

R
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velocities. This has led to the use of small particles with
fair]y‘uniform diameter and regular shape. The particles
used in modern HPLC have a diameter of 10 um and, in some
cases, even as low As 2 um. They can be made fully porous
since.due to their small diameter, sample migration through

thejr pores is rapid.

9.4.0 Detector In HPLC

There is a number of detectors that are used in
HPLC. They are well documented in the literature (76,77,80).
Some of these detectors are very specific,such as variable
UY-detectors, while others are fairly universal, such as
the refractive index detector.  The selection of a
particular:- detector depends on the sample being analyzed
and the required sensitivify.

A fixed wavePéngth UV detector was used in this

study since it was the only one available.

10.0 Experimental

10.17 Preparation of Metal Diethyldithiocarbamate

Chelates

The metal diethyldithiocarbamate chelates,
M(DDC)n, were made by a modified version of the procedures
outlined by Wyttenback and Bajo (81,81A) and others (33,
33A,338,33C). ) 2,

e » o r——— < . - rr——— B e i CURRVE S
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'10.1.1 General Procedure .

To a solution containing 5.0 mmoles of the
particular divalent metal salt (Ni(NO3)3.6H20, ZnSNOa)Z-GHZO.
etc.) in 50 ml of water, a solution containing 10.5 mmoles
of NaDDC,3H,0 (certified, A.C.S. Fisher.Scientific Col),
was added di%pwiSE“with continuous stirring. The precipi-
tate formed after all the reagent has been added-was
recovered by filtration and yashed several times with
disti11e§wﬁgter and twice with 10 ml of absolute ethanol. 1
The product wasba11owed to dry at 110%C for 1 to 2 hours
and the yield recorded.

The M(DBC)n were recrystallized froﬁ benzene, or

chioroform, or ligrdin, or 1:1 ether/chloroform, or 1:1

chloroform/ethanol, with 1:1 CHC13/ethanol gi}ing the best‘

‘results.

To make complexes of trivalent ions the starting
amounts were changed to 15.5 mmoles of Na.DDC.3H20 for

5.0 mmoles of metal. ~

- 10.1.2 Recrystallization f}om 1:1 CHCla/gthano1

To recrystallize the M(DDC), chelates 5 mmoles

of the particular chelate were dissolved in the required

Al

amount of chloroform (30 m1 was usually enough) and filtered
from the solution. To the filtrate was added an equal
amount of absolute ethanol. The solution was heated at

70°C until the volume was reduced to about half of the

Y p——
P e -
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original amount. The solution was cooled down to room
temperature and recrystalliZed product was filtered and dried
at 110°C for one hour. The product was weighed and the yleld

recorded.

10.2.0 General Procedure used for Elemental Analysis

The sample of M(DDC)n was weighed accurately
(samblg size.ranged from 0.0500§ to 0.1200q) and trénsferred
to a 100 ml beaker. It was 4reated with 20 m1 of 1:1 HN03
which was added slowly, and the beaker was covered with a
watch glass, to avoid sample loss. The mixture was heated
on a hot plate for a few minutes until a cléar solution was
‘ obtained. The solution was allowed.to cool down to‘room
temperature and transferred to a 100.0 m1 volumetric flask
where it was diluted to the mark with dgionﬁzed water.
Finally, the solution was transferred to, and stored in, a
125 m1 polyethylene bottle. A1l the samples were ana]yzed
in triplicate, with blanks prepared for each analysis.

’

10.2.1 Flame’ Atomic Absorption Spectroscopy

Sample Eoncentrations were depermined by using
the calibration Tine method of flame atomic ébsorptjon
spectroscopy. Standard solutions were prepared by dilution
of concentrated stbgk solutions (1,000 ppm) of thS@
particutar-metal-baing analysed.

\ (
)
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The instrument used was a Perkin Elmer Model 505

-

Atomic Absorption Unit. . ‘ K

Al . s
[

10.3.0 Preparation of Column Packing

The method used to prepare the packing'for this study

was the batch coating (evaporation) method, outlined by e

‘ Supina (82) and Leibrand (60).

| The su?go}ts and stat:onary 1E:Gid ﬁhase§ u;eﬂ were
‘ obtained from Chromatographic Specialities Ltd. and Applied
| Sqiencg Labor:tégies. . |

N +_ The supp;rts used are listed 'in Table I below. .
{ . .
\\ ] —
| : f . TABLE I
U /,,/ ' : , - . .
R Supports Used to Prepare Column Packings -2t
support ' Mes h—"Rumber Source
Chromosorb W-HP 1 80/100 ' Chromatog. Spec. Ltd.
(CW-HP). ) ‘ .
Chremosorb G-HP 80/100 Chromatog. Spec.: Ltd:
(CG-HP) . g . , -
, - ) 5
Chromoesorb W-AW-DMCS 60/80 Chromatog. Spec. Ltd.
(CW-AW-DMCS) ' , -
gas Chrom-Q : 60/80 - Applied Science Lab.
(6C-Q) , )
10.3.1 Typical Procedure for Preparation of a Coated Support:e .
* e.g. 5% OV-101 on CW-HP , o S

.TE make 5.00 g of packing, 4.75 g of CW-HP was !gighed,”L

- N A
Ca .
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out. A so]ugjon of, 0.25 g of OV-101 in the required amount
of ch1orof6w&§}50 to 100 ﬁT)'wa; prepared. Then the CW-HP
support was slowly .poured into the solution of stationary

phase. The container was swirled Fo mix the particles with

the liquid phase solution. The solvent was evaporated by

" heating gently at about 70°C or by applying a stream of

\hitrogen'bas while swirling the mixture very carefully. When

) Sy}on cT, obtained from Supelco, was used for sily]at1bn of

"the packing became free-flowing it was weighed to confirm

that the right amount was obtained (5.00 g).A This method
jave a final weight within 0.1% of what was expected.

For m1xed ]1qu1d phases, ov-101 + QF-1, the same
procedure was used s1nce chloroform was ;} adequate solvent
for both phases. ade/the same solvent not been su1table for
both 1fquid phases, then ch would have had to be coated
tndividually onto the sdpport from different so]vents.‘

It should'also be pointed out that when low liquid
loadings are used, degéssing of thé mjxture of support and
liquid phase sd1dtion may be required. |

1]

10.3.2 Silylation of Glass Tubing .

. Nhen‘g]ass columns are used the sufface of ihe tubing
is made inert as much as possib1e, by treating:it with a 5#)
d1methy1d1chlorasi]ane in toluene sqution For example, '

RS

glass tubfag Qefore packing. It {s equivalent to a 5%’

L3
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dimethyldichlorosilane in toluene solution and provides

deactivati%n’at temperatures up to 350°C to 400°cC.

10.3.3 Procedure for Silylation of Glass Tubing <'

|
The glass tubing was washed with toluene, and then

filled completely with Sylon-CT. This solution was allowed
to stand in the tubing for at least one minute. The Sylon-CT
was tﬂtn‘dﬁained and the tubing rinséd, first with toluene
and then wilh methanol. F%na]ly,.the tubing was dried by
pdssing vz gas through it. 'This procedure was repeated when-

ever the glass tubing was to be filled with a new packing.
>

10.3.4 Procedure for Packing a Column f

-

A1l the stainless steel co]ymds were packed by insert-
ing a silanized glass woo]’ﬁ]ug in one end and attaching a
funriel to tﬁe other end. The packing was then poured in very
slowly. Jhe column was tapped or vibrated qent]y while the
packing was added. When the column was completely filled '
another plug of silanized glass wool was inserted in the other
end. 'Finally, ferules and nuts were placed on the tubing.

For packing a glass column a plug of silanized glass .,
woo] was inserted in the outlet end of the tubing which was
connected to a vacuum source.4 The inlet end was introduced
1n§o a 50 ml beaker containing the packing and packing,sucked

into the tubing. The vacuum soyrce was controlled gentiy to



49

. . v
allow packing the column without breaking the particles.

When the column was completely filled another plug of
silanized glass wool was inserted into the inlet end of the
column. Finally, ferules and nuts were connected to the glass

q
tubing. .

[

10.3.5 Conditioning of Columns

A1l the columns were conditioned at 250%¢ with nitrggen
¥ ' -
at a flow rate of 15 ml/min. passing through for 12 hours.
During conditioning the exit end of the column was left dis-

connected from the detector to avoid contamindting At.

10.3.6 GC Instrumental Parameters

A1l the GC studies were dons with a Shimad%u Gas
Chromatograph Model GC - 6AM, equippep with a dvffeﬁéﬁtia1
flame ionization detector, Mod&1 FID - 6.

| The chromatograms were disp]a}ed using a Natayabe
Servorgcorder Model SR6200 (Chart.speed, 1 cm/min.).

Sample injections were carried.with a 10 ul Hgm11ton

& ;!
ﬁicrosyminge, Model 70IN. It has ah accuracy and reproduci-

bility of * 1%.

Taple II shows the typicalrexper1@enta1 conditions for .

4

\ ,
the GC study. It should be noted that the column temperature

w;§ varied depgnd1ng on the aha]ysis,

a

L S by
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10.4:d'fhermogravimetr1c Analysis (TGA) and Differential

Thermal Analysis (DTA) - Conditions and Instrumentation

TGA and DTA studies were done using DuPont Model 950
and 900 units respectively.

The DTA studies were ﬂcne using,iVZet of Chromel-
- Alumel thermocouples and glas

]

beads as reference material.

Sample tubes were 2mm x 3 cm (0.D. x length) in size.
The TOW studies were done using a Pyrex tube furnace

and aluminum pans to hold the samplgs.

The instrumental parameters used for both DTA and TGA

analysis are given in Table III.

TABLE III
Experimental-Conditions fo? DTA and TGA Analyses.

Parameter - DTA ‘ TGA

Starting temperature 459 45°¢

Hea%ing Rate 20%C/min. 15%C/min.

Atmosphere Air at 760° mm N, flow at .
60 ml/min.

Reference Glass beads - -

Sample size 3 mm depth of 10 to 20 mg

microtube

Calibration of the DTA instrument was dohe with the
high purity standards listed in Table IV. The readings

. . <
obtained from the instrument were plotted vs. the actual -
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transition temperatures -of the standards. Fig. 15 shows

- the ca}ibration line obtained.

TABLE IV v

CALIBRATION OF DuPONT 900 DTA UNIT
§

3

Standard Transition Temp. (83) Transition Instrument Reading

kclo, 299.9°C, Solid-solid 322.0%
Benzoic Acid 122.4% Solid-11quid 131.0°%
Adipic Acid 151,28 b _Solid-Tiquid 163.0°¢C
KNO 127.7°¢ Solid-solid 137.0°%

This calibration 1ine was later used to calculate the

transition temperatures of each metal chelate. studied.

‘ 10.4.1 Determination of Melting Points

Melting .points were determined by using a Gallenkamp

melting point apparatus.

1

10.5.0 Uy Spectra .
The yy spectra of each M(DDC)n were obtained in

spectrograde solvents (Anachemia Ltd) which included chioro-
form, methanol and ethanol. The instrument used was a Perkin-
é1mer 552 ¥V/VIS Spectrophotometer. The spectra of most
chelates was obtained only in the range 190-390 nm, except
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. for Ni(DDC),, Co(DDC)y and Fe(DDC)4, where the visible
region of the spectra was also recorded.

The concentration of each sample in the above

2

solvents was kept in the range 1.0 x 1073 to 3.0 x 1072.

$
mg/m1. In chloroform these solutions were prepaﬁed from

concentrated stock solutions (1.00 mg/m1)hsince'the M(DDC)n
are very soluble in chloroform. In the case of alcohols,
solutions of about 8 mg of M(DDC)n in 250 m1 of solvent

had to be prepared and then diluted as neces;ary, since the
M(DDC)n are not ve?y.so]ub1e in alcQ:ils.

& . ha 4

TABLE V°

, INSTRUMENT PARAMETERS FOR
PERKIN-ELMER 552 UY/VIS SPECTROPHOTOMETER

\ S1it 2.0
Scan Speed 60" nm/min. «
Mode . Abs, v
Ord max. Varied appropriately
- Ord mip. Varied appropriately

A range studied

Recorder speed

e s

350-190 nm (also 600 to 190 nm)
60 cm/min.
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«

10.6.0 Preparation of Standard M(QDC)n and Metal Salt

Test Solutions

Standard chloroform solutions of each metal chelate
were prepared by dilution of stock solutions of the metal
chelates. The solvent used was pesticide grade chloroform

(Anacheﬂlily”{Most of the stock solutions prepared were in

.the concentfation range of 0.50 to 1.000 mg/ml (e.g.

0.100bf0.0002 g/100.0 t 0.08 ml) M(DPC)n in chloroform.
Test solutions were prepared éy dilution of aqueous

stock solutions of metal salts {usually of 100 ppm or

thereabouts) to give the required concentration of metal

ion, usually in the low ppm level (1.0 to 10.0 ppm%?7
Soluble metal salts such as Ni(NO,),.6H,0,

Co(N03)2.6H20, Zn(N03)2.6H20, Cu504.5H 0, HgCl,, Pb(N03)2

2
(a11 ana]yticd] grade reagents) were used for the preparation
of metal ion sp]ﬁtions. These reagents were obtained from
J.T. Baker Chemical éa‘_(Baker Analyzed Reagents) or from
Fisher Scientific Company (Cértified).

| Also, some solutions were preparéd by using the pure
metal, particularly In agd Cu (certified reagent Fisher
chfntific Company) (90), but no significant aifferences were

found when analyses were performed.

10.7.0 Procedure for. M(DDC) Formation in Sample Solutions
(Tesg/%olutions)

% ena ik P Aaner: B . SO . JESCpUONROURUUIGSS I
4 .
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Solutions of-known low ppm concentration were

prepared for each metal ion tested, starting with

metal ion stock solutions previously preparedf(section .

L. 8

10.6.0). A _

Measured volumes {(usually SOiO to 100.0 m1) of the

ppm metal ion sdfution were transferred té a 125 m]i
separatory funnel aﬁd treated with 50 mg of citric
acid éo pfevent formation of metal hydroxides (91,92)..
The pH was USua11y kept between 2.6 to 5.0 units.

The resulting solution was treqteﬁ with 5.0 to 10.0

ml of 2% (w/v) NaDDC.3H,0 (certified A:C.S: from

]

a

Fisher Scientific Co.). The solution‘formed wag‘
shaken for about 1.0 min. and the reaction allowed to
come to equilibrium. D
The cloudy mix;ure obtained was generally extracted

with four 5.0 mi-portions of chloroform and the extract -
bt .

was diluted to volume in a 25.0 ml vo]umetrfc flask.
In some cases the solutions were extracted with three

3 ml-portions 6f chloroform and the extraft diluted to.
volume 4in a 10.0 ml volumetric flask.

A measured amount of the extract was injected into the
Jgas chromatograph and the peak area of the respective
metal chelate measured. At least two injections were

made per sample.

-t e T PR Sy
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10.8.0 HPLC Instrumentation

A11 the HPLC instrumentation used was from Waters
" Associates (Milford, MA). A Model 6000A solvent delivery -
‘ sykxem with a Model U6K universal injector and a Model 440
constant wavelength (254 nm) detector system.
- ' The column used was a stainless ste;f column 25 cm x
7 0.46 cm (leﬁgth:x 0.D.) packed with LiChrosorb-6, particle
P : size 10 um.
T;b1e VI below shows the experiment%] parameters used.
It shou]d‘be nofeﬁ in Table VI that two mobile phases were
0 uséd; 2% ch]orofqrm in cyclohexane and 2% ethylacetate in

cyclohexane.
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11.0.0 Discussion of Results

‘11.1.1 Prepération of M(DDC)q and Their Identification

The modified version of procedures outlined in
the literature (33,33A,33B,33C,74,81 & 81A) used in this
study gave very satisfactory results for NiL Cu, In, Cd, Hg,
"Co and Fe. FO{ manganese, however, it was found that Mn(DDC)2
oxidised rapidly to Mn(DDC)3, then to Mn(DDC)4, and finally
to MnO2 which precipitated out of chloroform solution. This
problem has.bee; reported previously (29).

The results obtained in'the synthesis of each M(DDC)n
a;g shown in Table VII. The yields obtained were excellent
even after recrystallization, being over 90%, an indication
that the reaction was quantitative.

Identity of these chelates was confirmed by mé1ting
point determination, DTA, TGA, UY spectroscopy and atomic
absorption spectroscopy elemental analysis. )

The melting points obtained with a melting point )
apparatus, and as established from DTA results, and the
corresponding values reported in the 1itérature are given

¢ .1in Table VIII. There is some disagreement between the
literature values of melting points and those obtained in

this stud§ using the melting point apparatus. In'many

;ases, however, values reported in the literature differ from '

source to source, as for example for Pb(DDC),, Zn(DDC), and

C;?DDC)3. The reason for these differences in melting points
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mﬁy be variable ded?ees of decomposition of the same sample
at higyftemperature . )
ﬂiﬁd In order to more re1iab1y characterize the samples
‘predared element}z anaIysﬁs_yas performed to confirm that
the chelates cogffined‘the metal_ianuestion in the expected
.amoent. The analyses were done by atomic absorption’ “j
spectroscopy. Atomic absorption spectroscopy was also
expected to provg that t“e mz_el in question was present in
each chelate. - -- ) - ' -l
‘/ The results Bbtained by using the ca]ibration 11ne r '
%ethe% are shown 1n Table IX. The absorption line used
(H.C.L.) and the calibration ppm range 1é‘also given in

Table IX. | .

© It should be noted that for Fe(DDC)y the same percent
| .
Fe was found regardlesshof whether Fe(DDC)3 was prepared from
Fe(IT) or Fe(III) salts. This is con:?ﬁtent with observations

maﬂe by others (21) that Fe(DDC)2 oxi&izes quickly to Fe(DDC)3.

The percent deviations reported in Table IX are in the ) }
same range as those found by D' Ascenzo and Wendlandt (19) ) o
wsing mainly titration ﬁ%thods for determination of metal | (’ '
(content B
) ‘ E]ementa] anal;sis/gave good evidence to indicate that .2
the desired compounde/had been prepared " Further cohfirmatory ' g

evidence was obtejned from’ the studw of the thermal properties
of each. M(DDG) /by DTA and TGA
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11.1.2 Thermogravimetric Analysis (TGA) and

Differential Thermal Analysis (DTA)

DTA and TGA were carried out on each sample.

The TGA curves for eaph metal chelate are shoﬁh in ﬁigs.
16 to 19. The fOTA transition peaks are reported in\fable
VIII. In most case; DTA showed a major peak due to fusion
(melting). This major peak has been identified by D'Ascenzo
and Hendlanht (19,20). The minor peaks obtainea after the
fusion point were attributed by these authors (19) to partfal
vo1;t11ization of the sa;pIe. In the case of Fe(DDC)3 more
than one minoF peak was observed (fig: 198). This was
reported by D'Ascenzo and wendlandt,(zo), as be?ng_due to
decoﬁposition of the sample, and to sampleﬂ]oss‘by,splatterx
ing. In most cases, the thermograms obtained were consistent
wigh what was reported by D'Ascenzo and Wendlandt. Howevern
in the case of Hg(DDC)2 it was foqnd that there was a minor

. peak before the fusion point. This additional peak is

believed to be due to a crystal transition lf the Hg comp]ex."

This would be consistent with the observation by Iwasaky (85)
that Hg(DDC)2 crystal]i}es in both an a-form and a B-form,
-based o& X-ray |studies. For all the chelates studied, the
TGA curves CFigs. 16 to'19)jshowed one step‘weight losses
with 1ncomp1Lte\Volat11izat10n. In general, tﬁe"complexés
§hdwed anwinitial inflection point of 220° to 300°C. The

fact that the TGA curves 'did not return to zero percent.
- N “ N
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FIGURE 16
N THERMAL ANALYSIS QF Cu AND Ni
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THERMAL ANALYSIS OF Pb AND Zn .
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FIGURE 18
THERMAL ANALYSIS OF Cd AND Hg
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FIGURE 19 ' . .
THERMAL ANALYSIS OF Co AND Fe .
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fndicated that Q)ere was some thermal decomposition which

occurred above 220°C for most samples. Consideration of the\\

-~

literature showed that gceney et al. (86) have studied the S
decompos{tion of Cu(DDC)2 by DTA, TGA and GC/MS techniques.

Itlwas shown in their work that pu(DDp)2 decomposes to

Cu,S, CSZ’ Et,NH and (EtZN)ZCS in a nitrogent atmostphere
when heated to 350°C. This might be the case for other

M(DDC) = as well and could be the explanation for our
findings.
These results are important considerations to be
taken into account when selecting chromatographic conditions
for analysis of these compounds since decomposition of the
sampie will reduce its detéctability, reductions in . i
' |

detector response for the chelates occurring because of |

_sample losses.
It could be also concluded from the TGA curves that . . g
N1(DDC)2 and Co(DDc)3 should take longer times to elute from
a GC column than any other M(DDC)n since 'they appear to be
the least vo1at11e: A1l other samples of M(DDC)n studied
appeared‘to.have§s1m11ar volatilities to one another.

. !
f

’

11.1.3 UV_Spectra 4. "
Atomic absorption spectroscopy (sectipbn 11.1.1)

cpnf{rmed the ﬁfesence of the gxpgcted metal‘atom in each

. i X o
chelate. In the same-way, UV spectra were expected to confirm
/’ ' ' ‘ - ” ' -
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the presence of the DDC ligand. A few literature references

are available. UV spectra have been used by some investiga-

" tors (24,338,37,88,89) to characterize M(DDC)n chelates.

The UV spectra of Ni(DDC)z, Cu(DDC)z, Co(DDC)3 and Zn(DDC)2
‘have been published by Radecki -et a1.‘(3]) and Uden et al.
(89).

Figs. 20A to 20G show the spectra for the M(DDC)n
chelates prepared in this study. The spectra obtained for
Ni, Cu, Co and Zn chelates wére in good agreement with
those reported in t?{ 1iterature (37,89).

The UV spectra of Fe(DDC)3, Cd(DDC)Z, Hg(DDC)2 and
Pb(DDC)2 have not been previously reported as such.
waever, some of their absorption wavelengths along with a
few values for molar extinction coefficients are available
(24,338,87,98). N

R comparison of absorption bands recorded in different

solvents for the M(DDC)n, with those reported in the

1iterature, is given in Table X. Consideration of the data
clearly indicated that the expected metal chelates had been
successfully prepared.

It. is interesting to note that R. Dingle (88) pointed
but that salts of the DDC ligand dissolved in polar solvents
such as water, ethanol, etc.,giving a UV spectrum Fhat shows

three strong bands (290 nm, 258 nm and 206 nm), as well as

" y ’ ~——
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FIGURE 20(C)

p IN DIFFERENT SOLVENTS

UV_SPECTRA OF Cu(DDC)
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as weak}fso1vent 'sensitive band at about]357 nm. It was
sugges ed by Ding]e that these bands are due to intraligand
transitions (probably n&,—;]T M= 0", T and g—-0%). |
Nikakov et al. (87) empirically ass'gned'%ands IT and III
1isted in Table X to the transition 77-JT and n——7T ;
respectively, for Zn(DDC)Z, Cd(DDC)2 and Hg(DDC)2

Trans?tion metal chelates (Co, Ni and Fe) have additional
<,
bands in the visible range. They are believed to be due to

'

trans;tions involving d-orbitals, but have not been

¢
l

assigned to & particular d-d transition.

e e e e b . [




\

022°s
00L‘0€
00L°EE

- J

Sen|ep S4NJed83Ll]

¥82°LL  0°882 [€09°SL 8982 00€*LL 2°t82
02692 \Nmm.mw 0°692 | 082°0¢  9°89z2 0z€‘2e 892
. . | oz9's s'siz 0°£22
. | 0SP*LE  0°202
. 88¢ | 022°S 8°88¢ | O0ve'S 0°28¢ " oois  s-gse
‘9-z2etlze | 00L'0E  2-sze 08¥°2€ 8'02¢ | 00L‘2E . 0°zz¢
6°9v2 | 00L°€E  9°vvZ |¥8v°82 S bz 008‘82  0°vb2
. LL0°022) 0EL°Se 97612
0L9°LZ 27002
(E19H9) mmm< E ﬂmm<. J - .mmm& E .m%w&

8 0Om HO®W HO33

JUSA [0S .

~ "M[500)W 40 NOILJu0Sav A
X 37189vyL

Al
11 -

I Nﬁuoavzu

A
Al

111

1

1 (o00)n




-

|
‘ . |
| : -
; *
000° 1 ore 08L'S 0°S¢EE m .
gLLectoos (e .52 §90°te  0°5£2|1000°92 B°0L2 95e°2¢ o072
£81°EL eve |oszvz oevz| 0 qorowz) | (0°0¥2)
00§'6Z 9°112 00L°'SY L7902
- ! -~
, (sic)
002°12 11:F4 60L'0Z2 0-182 : (0°522) (8c2)
. 000" 21 (#033) 092 269°28 0°S92 | 9£0"91 0°-6S2Z (S¥*81  2°092
, 008°‘t 9'cl2 (sv'e2 9°102
N (0°sec) ) {see)
L0E°22 0°vBe JOOL ¥l B°6L2 09§°S §°@g82
000°Sy _— $92 005°2¢ 0°t9Z2 J009'¢2 L°@s2 0£5°‘6  ¥°952
- = 00g‘zt ¥ 022 ’ (022)
- ] SEE°Sl 97002 00021 8°002
) [ {'] "y [ 11}
. w . »n_u__uv xemy w xewy . .w xemy ] xewy
SON(FPA 9anjeand|] .. LT ITR) O THEE]
. juaa{os

“{3G0TW 30 NDI1d50SaY AR

{panui3ued) x 376V1

LY

Al

111

1

1 %(200)6n

Al
I'e

184

It

1 %(a00)uz

Al

111
11
1 %(200)p)

- panodwo)




-
©

70006 6€ 000°0L 0°58¢ (06¢€) / (06E)
. . L

00021 09¢ 000°GL  0°&S¢€ (09¢) ) \ (09¢)
00E*€2 £2e 00€“¥Z  B°61E [000°SE 0 GLE ocm.w 8°22¢
0LS*'b¥ 2°2L2 | 00L°SS 0°892 000°82 6°692
) ) - T 005°9€ ~ £°9v2 [00L°6Y 0" ¥¥2 00€°‘8  L°Lb2
00E°‘8 §°S02
0oL 1L 262 26°LL  0°662 |0£20L 0°862 £99‘L  (862)
8620V 0°092 |002°bE £°652 000“zz §G°86¢2
.S . . (oez) | o082°lez v-822
. 000‘vZz 8°€02 090°62 €°102

W € wu ,.Elc ) wuu ﬂm
: (S19H)) xew M c xae< ! xs__< w Xeuwy/.

SBNnjeA d4anjeadl )1, Ry -\ HO9NW LD EE]
) : JU3A[ OGS

ﬂ “1500)% 30 NoTLd¥0SavY AN

(ponu{3u05) X| 378VL -

IA

AT .

111

1 €(2aa)o3

Al
111
Il
1 ¢(200)494d

punodwon




ﬂAoncvt 30 NOI1l1dd0S8V AfN

(Panujjuea) ¥ 37gvL

.

Ce

. \ R . . 4. > . .
. *S|sayjuaded U} dde SAIPLNOYS -
f . Liofel  (80g) A -
000°, ~ (68¢) . v26‘9  (68¢)- , AT
000*6 9ve $9s°6  (e¥e) | o0€s°8 (z°LvE) 1
) 26506 0°€92 | 928°L€  2°192 | ¥L0‘OL  L°6SZ 11
T - / N.Wou v0S°9€  €°502- 1 €(2aa)?4
...w. | {3y < S = - e iy | punodwo) |
Xeuw - xeuw - xew xew .
Sen|ep oJnjedait] X 3 S E) X E) HO®NW X 3 HO213 X - punodwo)
.. JUBA [0S -

[ OvaReY

[ YU S




LY

n.2. 0 Gas Chromatography of M(DDCl,_

ll 2.1 Pre}iminary Experiments '

Preliminary work was carried out with the three

, N
columns described in Table XI. -
. \
. ) . \\
f TABLE ‘XI Y
_ ) Initial Columns Tested ‘
Packing Voo e Dimensionré_ Tubing Material
‘ x O.
5% 0V-101 on cwntw DMCS cm x /g" Sta$n'l’ess Steel
3% SE-30 on GC-HP 50 cm x 1/g" " sti¥nless Steel

5 OV-101 + 5% QF-1 on 6C-Q 60 cm x 1/g"  Stainless Steel

These columns were used in order to:
(a) . Find ‘t‘he conditions under which each M(Drnc)n could be
~ -chrdmatographed most successfully.
(b) Establish the degree of linearity of plo'ts of résponse
) (pelak area) vs amount of M(DDC)n injected (nﬁ 'o.;g).
‘,"(c) Develop conditions for the separation of a mixture of
! a few M(DDC) . ,

; The columns 1isted were the; f‘irst selected because their
/ use has been reported previously (i5,17.18,32,34,35,37).
The’y had been used successfully in the separation of 2 smaﬂ‘
/" number of some of the metal chelates of interest in this

project (mainly, Ni, Cu and_1Zn chelates).

%
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11.2.1 bt OV-101 on_ CH-AW-DMCS (50 ;em x 1/g"

A\

Stain}eks'Stee1, $.S.)
The results obtained using this column

are inen in Table XII for chelates 1njeEted indiVidyal1y.

This data was used to select potentially useful temberatures

for separation of mixtures,

Figs.21A to ?IB show that #esoluqion was poor wheﬁ
séparation was attempted.oﬂ'a mﬁgture of Ni, Cu, Cd, Pb and -
In and was inadequate for a mixture of only Zn, Cu and Ni.

Fig, G-I .and Fig. G-II (Apendix i) illustrate the
detector response for tnjection of different amounts of
sanple. At the temperatures used good linearity was obseryed.
In fact, on all thé/co1umnsf¥hat &ere found.tb be useful for
GC separation of M(DDC)n, linearity of‘response was satisfac-
tory. _Linear correlation)coefficients were usually fourd
to be better than 0.99.

LTIt was Tound that metal chelates like Hg(DDC),,
Pb(DDC), and Cd(DDC), interacted with the column and

decomposed. The first injection of the sample gave a dis-

torted peak. As more injections were made peak shapes improved. '

This is shown in Fig. 22.

Attempts were made to analyze Fe(DDC)3 and Mn(DDC)q4
but these compounds decomposed on the column. In fact, they
were later found to decompose on all the columns that were

studied. Fe(DDC), probably reacted with the support or the

-
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/ ‘ /
metal surface of the tubing used. Mn(DDC)3 decomposed even

W

4
] % 89
P

%

o
before GC-was attempted since in most clses a prqcipitate

was obtained when thé sample in chloroform solution was
‘ N L} .
stored at lTow temperatures,OOC to -5°.

~

o It is not surprising that at the column temperatures

used, between 230°C and 250°C, and the injection port-detector

temperature of 260°C to 30000; decomposition occurred in some

cases. It was tobeexpected based on the TGA results\ and
Sceney et al.'s work (86). The fact that only one chromato-

g?aphic peak is_observed for most M(DDC)n chelates suggests

that the decomposition products ﬁredicted by ‘Sceney et al.

(86) must be eluted with the solvent peak, or, are not
volatile enough to be eluted from the column, or are not

detected by FID. According to Sceney et al.,

A -
ZCu(DDC)z-————:i 3CS2 + 2Et2NH + (EtZN)ZS + CUZS

CS,, Et,NH and (EﬁzN)ZS are all very volatile and would be

expected to elute with tLe solvent peak. It is clear that

‘such decomposition will not preant a problem as far &s

separation is concerned but it will 1imit the minimum concen-

tration of M(DDC)

n that can be measured.

17.2.1.2 3% SE-30_on CG-HP (50 cm x /5"

. Stainless Steel)

The results were similar to thos; obtained

N
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* /with 5% OV-101. This was reasonahle_since these liquid

. phases have similar polarities. .Any differences would have

' been due to the ﬁature,of the support and chrbmatographic
conditions, 1ike column temperature, flow rate, etc. .
Results are summarized in Table XILI. Some decompbsitio;
occurred for Pb(DDC)2 ang Iig(DDC).2 as is ilTustrateq for
Pb(DDC)2 in Fig. 23.

Plots of response vs. amount injected gavg linear \

relationships as shown on Figs.G-III to G-V\(Appendix I).
> An aftempt\at separation of synthetic mixtures of

these chelates at 240°C failed because of poor resolution.

At lower temperatures peaks were flat and exhibitep tailing.

11.2.1.3 5% 0V-101 + 5% QF-1 on Gas Chrom. Q

«

(60 Eg-x 1/8" Stainless Steel)

Tﬁe results shown in Table XIV were
obtained. On this column Cd(DDC)Z, Pb(DDC)2 and Hg;(DDC)2
showed decomposition as shown in Fig. 24 for Hg and Pb. In
the case of Cd(DDC)2 and Hg(DDC)2 the decohposition problem
was not too serijous. After a few repeated injections only
one peak was obtained on a_regular basis for eacﬁ compoﬁnd:
Pb(DDC)z, however, continued to give two peaks. This effect
might have been due to the support or tubing or both.

Plots of peak area versus amount of sample injected

"were linear as shown in Figs.G-VI to G-VII (Appendix I).
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Correlation coefficients were better than 0.990.

It was ;ossible to separate a mixture of Ni(DDC)é,
Cu(DDC)2 and Zq([iDC)2 with good resolution on this column
at 530°C (Fig. 23). If Co(DDC)3 was added to the mixture
a separation would still be possible using temperature pro-
gramming. Attempts were made to separate a ﬁixture of Ni,
Hg and Pb chelates at 235°C but distortion of the Hg(DDd)2

peak impaired the resolution,as shown in Fig. 26. The

]
resolution on this column was superior to anything reported
in the literature. Although it was previously reported by
Radecki et al. (37) that this mixture of liquid phases

' worked well it must be mentioned that in the present study
modif%cations were made to their method of preparing the
coluhn packing. Radecki used a 1:1 mixture of 5% 0V-101 on
Gas Chrom Q and 5% QF-1 on Gas Chrom Q which were mixed
together after preparation. This meant that if decomposition

.\6ccurredowith either of the packings alone under a particular
set of chromatographic cqndftions, it would also occur when
the 1:1 mixture of both packing§ was used. In this study
a chloroform solution of 0V-101 and QF-1 together was used
to coat a support to give a 5% loading of each liquid phase.
In this way it was anticipated that any active sites not
eliminated by one liquid phase would be eliminated by the

\. other. This appears to have in fact happened. Also.a 10%

‘loading on the support was used in this work compared to

\on]y 5% by Radecki.

(AN



. FIRURE 25

MIXTURE OF N1, Cu AND Zn ON 5% OV-101 + 5% QF-1 ON .

GC-Q (60 cm x 1/8") AT 230°C
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FIGURE 26

"SEPARATION OF Ni; Hg AND Zn ON 5% OV-101 + 5% QF-1

ON 6C-Q (60 ém x 1/8" S.5.) AT 235°C
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11:2.1.4 Conclusions on the Basis of Tests with

Above Coﬁumhs.
It was concluded that:

A1l three columns studied were su{table for individual

detection of Zn(DDC)Z, Ni(DDC)Z, Cu(DDC)2 and Co(DDC)S.

Pb(DDC)z, Cd(DDC)é and Hg(DDC)2 presented problems
due to‘depomposition on the column, probably by
interaction with the support and/or metal tubing.
These problems may perhaps be overcome.

Mn(DDC)3 and Fe(DDC)3'decomposed and could not be
handled by GC. \é;

Separation of more n three components was not
possible updg;~?§3{::i;%ﬁ’conditions on any of the
columns..”/

>
'

Only one column gave a separation with good resolution,

i.e. 5% OV-101 + 5% QF-1'on GC-Q. It was more
selective fof mixtures than either one containing a
single 11quih phasé.

The problem of decomposition has been noted by Krupcik
et al. (34) in andlyses of Cd(DDC), and Co(DDC), .
which they incorrectly reported to be Co(DDC)z. The
fact that decomposition of Cd(DDC)zi Hg(DDC)2 and
Pb(DbC)z was observed may explain why these three

éo1u%ps have been used by other workers only for

N1(DDC),, Cu(DDC), and Zn(DDC), analyses. These

. - N . ks s v e b
U QUE-URE <~ TN .

RS

NI ey
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appearto be: chromatographically, the best behaved
metal chelates (32,35,37). | |

To further illustrate how resolution can be improved
by the use of mixed ﬁiquid pheses, a'synthetic mixture of
Ni(DOC),, Cu(DDC)2 and Zn(DpC)2 was analysed on ;hree columns
containing 5% OV-101, 5% QF-1 and 5% QF-1 + 5% 0V-101,
respectively, at three different temperatures. The results
are shown. in Figs. 27 to 29. On 5% OV-101 the Ni(DDC)2 and
Cu(DD€32 peaks overlapped, but there was good resolution
between'Zn(DDC)z and CU(DDC)Z. On 5% QF-1 the reverse was
true. When a mixture of both phases,was uséd all three
chelates were well resolved. There was reason to believe
that this technique of mixed stationary 1iquidpﬁases might
be useful in achieving a separation of a more complex chelate
mi;ture involving Cd, Pb, Hg,and Co as well as Ni, Cu and
Zn, if decomposition problems could bg overcome.

It should also be noted that the lengths of the three
co1ﬁmns studied up to this point were considerably shorter
than what has been usgd by other wbrkersvanﬁ reported in the
Jiterature. For example, a column containing the mixed OV-lol
+ QF-1 packing as used by Radecki et al. (37) was 150 cm
long and a separation of Ni, Cu and In chelates required 16

minutes at 240°c compared to 8 minutes for oﬁr 60 cm column.

The choice of column length, usually 60 cm or less, was
‘ ) -

"made to enable ‘the use of Tower column temp?raturés to

/
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FIGURE 27 ,

! . . .
SEPARATION OF Ni, Cu AND Zn ON 5% 0V-101
"~ ON_CW-AM-DMCS- (50 cm x 1/8") AT 220°C
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FIRURE 28

»
5

SEPARATION OF Ni, Cu AND Zn ON 5% QF-1 ON

5% QF-1 ON CW-AW-DMCS (60 cm x 1/8" S.S._)’ AT 240%C
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 COMPARATIVE ANALY@IS OF Ni, Cu AND Zn
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reduce retention times and thereby eliminate experimental
Eonditions that could be conducive to sample decomposition.
It is known that some M(DDC)n can decompose at high temp-
eratures catalyzed by"the metal surface of the tubing and/or

the supportx

11.212:0 Further GC Studies v
The apprqgch followed in the ngxt part of thisuétudy
to attempt improvement in M(DDC)n separations was the
following: |
‘(i) A number of: columns were maqpywith several types of
supports (mainly Chromosorb W's and Gas Chrom-Q;s)
coated with differeqt amounts o% liquid phases such as
ov-101, QF-1, SE-30 and 0QV-17.
(i1) Whenever a column was found to be satisfactpry for
the separation of a few M(DDC)n’ia a mixture, analyses
o} aqueous sotutions of the metal ions in question
were performed at the ppm level to establish.whether
the chelation was quantitative and to determine lower
1imits of detection. ‘
(1{i) The effect of tubing on resolution was studied,
comparisons being made between stainless steel (s.s.)

ahd glass.

The fB]]owing co§ted supports, all packed in stainless

" steel tubing,/were studied before undertaking tests with

glass tubing. Also, uncoated polymer packings were studied.

p\
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11.2.2.1;Chromosorbs 104, 106 and 107 (60 cm x ]/Bil

These columns contained porous polymers as packing.
Their temperature limit is 250% to 275°C. Such:-polymers
are predicted to He especially good for separation of S and
.N c&ntaining organic compounds (57) an@, therefore, their
application to M(DDC)n separations seemed promising. It was
found, however, that in the temperature range of 150°¢ Fo
245°C no peaks for M(DDC)n could be eluted on any of these
columns, perhqps due tq their ﬁermanent adsorption on these

supports. This being the case, polymer columns werelnot

- studied any further.

r

o .
11.2.2.2 3% SE-30 on Chromosorb W-HP (60 cm x 1/0" s.s.)

Figs. 30(A) to 30(C) show the separation obtained
of some mixtures using this»column. It differed from the
_SE-30 paéking previously inves%igated in that CW-HP support
was used in this case. The retention times of each sample
studied at the different températures investigated are given
in Table XV. Poor resolution was obtained for mixtures of
Hg, Ni, Cd and Zn, of Ni, Cu and In, and of Zn, Pb, Cd and
Hg chelates. Calibration curves were obtained
on this column (Fig. 6-VII and Fig. G-IX Appendix I).

¢ Hg(DDC)2 and Pb(DDC)2 showed some decomposition:

Their respective chromatograms are shown in Fig. 31.




105

bu

0st

U7

bu o081

3,002 1V
(uw8/1 X wd 09)

¥

||

.

bu

00¢€
ad +U7
dA-Md NO

0€-3S %€ NO “(200)W 40 NOILVYVd3S

DE 3¥NDIA

(®)

”

st e g b o

[P U

e e



¥ ) oo | y .
- ‘ |
.
(=3
]
)
|
X i
| : : |
i
. \ M
- !
3,580 1V -
T1°5°S +8/1 X W3 09) dH-RJ NO 0&-35 %€ NO ~(J0G)W 40 NOILVHVd3S
. - 7 (2)oe 3¥n9id . L

|
|



&
. . L
. . !
™
o
~ \ !
‘ 0,042 seM danjeaadwal ;ouuwuwv\;ouumncu,
. . . *
9°¢ - - - - - -
- v:2 . 901 - - 2y - -
- I L€ . S°€E §°§ - 6°8 -
- - 2’z G'¢ by €6 8:8 -
E - - 571 2°2 972 L€ 1°§
M - - - - 5'¢ - €' -
: - - . - 2y v's . L9 L°0L
3,06¢ 9,522 2002 3,012 2,502 95002 3,061
("uiLw) Qwi] uoLjualay
! (*s's =m\P X w5 09) LdH-M2 NO .0€-3S %€ NO *{300)W 404 SIWIL NOIINILIY
i AX 378vV1
; < : -
» X
m .
{

€(200)02
¢(200)a4d
¢(30a)6H
¢(2aa)Pd
¢(2aa)uz
¢(aaa)ny

2(20a) +N

- punodwo)

o ...5

T S o ol MWL W £ B

D e e P

e e e ke

e s

.

€ e it v h o X -

e



|

3,082 v

(v8/1 X W (9) dH-MI NQ 0€-3S %€ NO Nﬁucaam anv Nﬁuaew: 40 SISATVNY

L€ 3¥nyId

s s ot i R

Sam e



o : 109
.} L “
11.2.2.3 5% 0V-101_on CH-HP_(60 em x '/g" s.s.)

' Most of the chelates'studied (Cd, Ni, Cu and In)

showed [tailing on this column which was similar to the QV-
101 column tested before excépt for the nature of the

supporti Results were définitely poorer than on 5% 0V-101

.on CW-AJXDMCS (Fig. 32). The tailing made impossible the..

effective separation of more than two compounds at a time,

and the retention times given in Table XVI are misleading

since they do not take tailing into account.
Calibration Tines were obtained for some chelates

. ¢
on this column. Responses were linear (Figs. G-X to G-XII,

. Appendix I) in the low microgram range. Table G-X in

Appendix I shows linear regression parameters of calibration
plots obtained for somi M(DDC)n under the conditions used.

11.2.3.0 Quantitative Determinations of High ppm

Concentrations of M(DD(:l,1

During the synthesis of the metal chelates it was
found that yields above 90% were obtained with all metals.
[t was necessary-to confirm that this would still be the
case starting with aqueous solutions containing metal ions
in trace amounts only. Accordingly, a series of low - P
concentration level metal ion solutions were brepared, the !
metal extracted as M(DDC) ~as described in section 10.7.0,

and the extracts analyzed on an OV-101 on CW-HP column.

L "N
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The concentrations 9f metals in thelprepared
solutions were experihenta]Iy determined by comparison with
calibration curves that were ;repared and results were
compared to theoretical values. The data obtained for
chelates analyzed individually are shown 1n fable XVII for
Ni, Cu and Zn solutions, and Table XVII(A) for Cd, Hg, Pb
and Co analyzed on a 3% Sé-BO on CW-HP column.

Examination of the data in these tables was very

encouraging. Quantitatively acceptable results were obtained

in all cases, the determined values never differing from
theoretical values by more than 6% of what is genera11y
acceptable in the ppm concentration range. |
Figs. G-XII to G-XIV in Appendix I show the
calibration curves on the two columns-in questidn, plotted

as response in mme

vs ppm of metal. In all cases

plots were Tfnear; which conf&rmed that reactions of metal
dons with DDC were quantitative at the ppm level studied
(7.0 to 100 ppm) as well as at h1gn\concenérations.

‘ Note that at tﬂe high ppm concentrations studied,
the metaj chelates precipitate from aqueous solutions and
ektraction with chloroform.is fairly easy. It was found . '
in subsequent .tests that at low ppm levels (1.0 to 10.0 ppm)
no precipitation occurs as a rule, but the solution doeg
become cloudy. The fact that at high concentrations the

‘metal ché1ates precipitate. from aqueous solutions may be

used as a criteria for’determining whether the sample needs

oo Ty S Npra o dgd | pems st swme  on ~ R PRy
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4

dilution before GC analysis to ensure that resufts fall

within calibration curve Timits. - .

¢

11.2.3.1 Quantitative Determination of Low ppim Concentrations
. Q

of Metal Ions

tad _Given the promising results obtained above, it was

decided to study a series of synthetic aqueous solutions
containing even lower ppm 1eve1s 5f,ﬁeta1s, ﬁgto loappm.
This‘;oncentration range, as well -as the ppb 1évef, représent;
what wdu1d be most‘common1y encountered in real environ-
meﬁta] and bip]ogica1 samples. f; was ngcessary-to establish
Qhether mixtures of metals at these low levels jn aqueBu;

" 'solutions could be determined quantitatively and simultan-
eously. Hence, the next series of-tests, using the 5%,OVT1O]
+ 5% QF-1 On Gas Chrom Q col&mn.was\undertakenldsﬁng a'ﬁest ;
solytion containing Ni, Cu and ZIn, each at fhe 2 pém'Canenwl
tration 1eve1.' Six 100 ml portion§ of -this test solution
were'subjected to the ana1y§{ca1 procedure descyibed in
Section 10.7.0. | a L

The calculafibn of concentration of metal in ppm

 'amounts in test soTutions was simplified by using the

foT]owin} warking equa@ion which was devé]opedf

. o e

—/// ( ) (Av:. Area - YInt)Vo X M
. Conc, in ppm (ng/ml) = ’,
(Eq-9) o , (sTope X V) V. X 100

S
where:  Av. Area = average peak area for the M(DDC), °




{

e U, & S / g e e e et e ¢

& the resu?ts in Table XIX wefe obtained

*\
» . L
' < o RS A T
~ where: - Yint = Y=infercept®f regression line from a
v ' _plot of peak areas (in mm2) vs ng7of
M(DDC)n of standard solutions. |
Slope = slope”of thé above regression iﬁne.
V1Q = wyolume of chloroform extract 1njected
- ) Ain ul (usua]]y 1 to 5 ul). ’ “
. . Vo = vo]ume of chloroform extract analyzed, ®
in m1 (from 5.0 to 25.0 m1).
. ‘ ) Vsj =:volume of aqueous sample so]ution
~ " :ana1yzed in m1 (50 to 100 m1)
™ oL percent of metal in the M(DDC).'n being
; . analyzed. ¥ .7, (
- (m; | . . bepending onAthe4colnmn usei, the volume of extract
zz injected for GC ;nalysjs-wastvaried from 1.0 to 5.0 ul to
t { - _ensure. that no column was overloaded. The volume of chloro-
] \\\ form extra;t wns varied dependjng on the detector sensitivi%y‘
; ~~ _required, or on the concentration level at which the'ana1ysis
%as to be pe?fprmed. The percent of metal ion (%M) was
¢ , ,nbtained from a knowledge of!tne molecular structure of the —
L\‘che]rate.',%M\data is listed in Table - XVIII for the chelates
- . Cstudted. )
- S . . e
P ) ’ Calibration curves were prepared with solutxons
containing known amounts of N1(DDC)2, Cu(DDC)2 and Zn(U,BC)2
oot (Fig. G- xy and Table G- XV, Appendix I). Using these lines

[
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A sample calculation to 1llustrate the'app]icatioﬁ?‘
.°f equatton (Eg-9) is given below for the cﬁse:of determin-
ation of ppm of Ni in sample 1 {Table XIX).:

Yi = 5.0 ul CHC13 extract injected

’ I §
Vo = 100.0 m1 aqueous sample solution
. V. - 25.0° ml CHC14 extract
tM = 16.53% Ni

Average area of Ni(DDC)Z = 888 mm?

2 ,
‘Yint -92.7 mm gTable G-XV)
Slope = 4.48‘mm2/ng (Table G-XV) ~ 4

It

Usiﬁg this data the following result was obtained:

[}

(888 mm% + 92.7 mm?) L 25.0ml  16.53
ppm Ni = >

| (4.48 mm?/ng x 5.0 ul) 100.0 m1 100
ppm Ni = 1.8 ppm.”/

A11 other ppm values were calculated in the same
manner. Fbr this method to work, the peak area af the sample
analyzed must fall within the calibration cufve range, as
was the case in this study.

From Tasae XIX it can be seen that the standard

deviations rangeg from 4.4% to 5.6%, and the percent error

, ranged from 5.0% to 14,3%, These values were in the same

range as those reported by Radecki et al. (37) in determina-

tion of the same metals but at higher ppm levels (10 to
: “ .

*+
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40 ppm). It could, therefore, be concluded thét Nf, Cu and
Zn could be determined with adequate accuracy an& precision
at very low ppm levels on the 60 cm x ]/8“ 5% 0V-101 + 5%
QF-1 on GC-Q column. Further testing was carried out to
establish whether other environmentally interesting metals
could be determiﬁed at these same low levels.

Tests were undertaken with aqueous solutions
containing Hg at the 5.1 ppm qeve]. The calibration line
on Fig. G-XVI (Appendix I) was obtained using standard
solutions of Hg(DDC)2 of known concentration. Five 100.0 ml
portions of the aqueous test solution were treated according
to the procedure in Section 10.7.0, and the concentration of
Hg(II) in each portion was determined with the 5% QV-101 +
5% QF-1 on GC-Q (60 cm x '/g") column at 235°C. The results
obtained are shown in Table XX. It should be noted that two
portions of sample solutions were extracted with 10.0 ml1 of
CHC]3 and three with 25.0 m1. This had no significant effect
on the accuracy of the resuits. It was found advantageous
to inject 2 ul of extract rather than 4 ul to reduce interfer-
ence of the solvent peak in calculation of Hg(DDC)2 peak areas.
Notice that the relative standard deviation was greater than
for Cu% Ni and Zn. This was due to the fact that the peak
shape of Hg(DDC)2 was distorted Qs showg in Fig. 24, and its
area, therefore, was tore diff¥cult to calculate by the peak

height times peak width at one-half height method used,

R P L wew e _x i . R
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Aqueous solutioﬁs of Tow ppm levels of Co were also
invéstigated. This was oﬁ interest since on the 5% 0V-101 +
5% QF-%,én GC-Q column at 260°C a retention time of 6.9vmjns. é
n ' was recorded and thereby Co could be separated from Ni, Zn and
Cu or Hg when 'in a mixture. The results obtained with
2.0 ppm Co test solutions are given in Table XXI. Fig. G-XVII

shows the calibration line used to calculate the results. The

percent error of 1.0%, and relative standard deviation of 4.29%,

is excellent for the low concentration of Co tested.

11.2.4.0 Further Testing of Other Column Packings for the

Analysis of Mixtures Having Low ppm Concentrations

of Metal Ions

While the results with low concentrations of
metals were very encouraging up to this point, the major
problem remained that with the 5% 0V-101 + 5% QF-1 on Gas
~Chrom-Q column (60 cm x ]/8") the only mixtures that could
be separated successfully were those of Ni, Cu, Zn and Co,
;ﬁd Hg if Cu was not present. The only improvement here “‘

7 ;

over the results reported by Radecki et al. (37) was that Co

and in some cases Hg could be separated togethe; with Ni, Cu

and Zn, and that separation was achieved in a shorter time.

The aim of this project, however, was to obtain separation of |
much more complex metal mixtures. Hence the searcH for more ) i

. suitable column packings was resumed.
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11.2.4.17 5% BV-101 + 5% QF-1 on CW-HP (30 cm x 1/8" S.Stl

With tﬂ}s column a separation of Ni(DDC),, Cu(DDC),
and Zn(DDC)2 was achfeved in 7.0 minutes with good resolhtion
at 22506 which'was 20%C less thén the temperature‘used with
the 5% OV-101 + 5% QF-1 on Gas Chrom-Q (60 cm x 1/8") column,
(Fig. 33). Co(DDC), was eluted in 4.2 minutes at 255°C which
meant that it could be analyzed simultaneously with Ni, Cu
and Zn using colqu temperature programming conditions..
However, the problem of decomposition of Cd, Pb and Hg

chelates and their interference with Cu and Zn peaks remained

. with this column. Because of the advantagg of“shorter//////

retention times it was though worthwhile to determine the
suitability of this column for the quantitative analysis of

a synthetic aqueous solution containing Ni, Cu and Zn.

- Accordingly, six portions of sample solution were prepéred

containing 2.1 ppm of Ni, 2.0 ppm of Cu and 2.0 ppm-of Zn.

These sample portions were analyzed using the procedure in

" Section 10.7.0. The results are shown in Table XXII. The.

calibration curves prepared are shown in Fig. XVIII and Table

G-XVIII (Appendix I). The percent error varied from 5.8% to

9.2%. The relative standard deviations ranged from 2.3% to

5.6%, I
Cobalt by itself in aqueous solutions was analyzéd at

the 2.0 ppmﬂ1eve1. The results obtained are shown in

Table XXIII, with the calibration curve given in Fig. G-XIX:

(Appendix II). It can be seen that the average % error was
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‘higher (16%) than that obtained for |Co with longer columns
“(1.'0%).

. quired. As is shown‘in Fig. 34, separation of Ni, Cu and Zn,

128

\
.
|

£,
11.2.4.2 2% SE-30 + 2% QF-1 on Gas &hromlq (30 cm x 1/8" s.s.)

Tests were carried out with this coldmn to obfain

: z .
an indication of the effect of lowering the amount of 1tquid
loading, and shortening the length ok the column on the

\ ‘ .
retention times and thereby on the column temperature re-

was possible at 200°C but ghe Ni and Cu peaks were not
completely resolved. At lower column temperatures attempted
the Ni peak was very broad.

-

Analyses of a;\umber of other M(DDC) individually

were attempted. Peak shapes obtained for Cd, Co, Ni and Cu

*

chelates are shown in Fig. 35, at 220°c} 230°C and 240°C. -

All were eluted within 5.0 minutes. Th% metal chelate which -

|

gave the greatest problem was*Pb(DDC),. | It tailed appreciably
2 h ﬂ

at 195°C as is spown in Fig. 36, and the’results were not
: S
reproducible.

1 chelate under a

ed in Table XXIV.

The data obtained~f9r each met
particular set of conditions i¢ summari}

Consideration of the retention times‘su#gested that
| ‘ i
simultaneous analysis of most of these metals in an aqueous
mixture should be possible on this column.

It should be pointed out that for Co(DbC)3 two

! ! k3
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‘ f FIGURE 36
b , et
. ANALYSIS OF Pb(DDC), ON 2% SE-30 + 2% QF-1 ON GC-Q
i ‘ ﬁ '
30 1/8" §.5.)
“ . ( cm x /€ ’ )
* . ‘N%%“F»” |
2 :

PH(DDC
o5°C

.

1%

11 | BT T

131

R T+ R
R TIME (min).

.

A

Frpadi A

[ SO SRR



“ - - -
. ....v " " -
) C h .
u El * - - . w.
o~ ) .
o & {
r— . - - N
. - *
t . * . $ -
i -
' : + .
*sARp IUINISEP U0 vou-nmmm|mu)usu uojesqirer o co
) -
, _ 000" 1 st ode - 019-4+2 51 oz ¢(2aa)6m
/ - sLq4onposdas 36N 009-00¢ 672 B (¥ 1 %(3aa)ad
1 < \
000° 9¢°€ 6¥1- 2Lz-89 A e orz . L E(200)02
. 0001 00°¢ oti- 212-89 ve orz JF(2aa)0d
) 666" e __ ° o0'se- 8oL-2z¢ Lz 02z © &(s0a)im
: ’ 000" 1 1£°e “sE1- BT T VAN CEe - sz ¢(a0a)m
. 666" . -8L°€ £82- o 96£-66 671 502 2(50a)uz
) - aoo-t €2 zZye- oot 9°1 siz ' Z(300)p2’
. *380) ‘4403 (bu/>we) adogs (,ww) "quj-a2 Seu uojjeJgg|e) v - T
: . Si379weatq Sujy u0}SSSSboy . A0y 3Buwy -ouey \(UIW) WU TIY I -0E3] TU07 () (VoW

e

.ﬂn\_ X W3 Q0g) _NWN10D D-35

4
NO L-4b X2 + 0¢-35 %2 NO GINIVIE0 ViVvd

AIXX 374V1 ‘

-




133

]

calibration lines were made on different days;~buf under the
same conditions. Different results were obtained; This
clearly demonstrated the requirement that analyses anﬁ
calibration; ﬁ;d to be carried out at the same time for
meaningfu]qresults to be obtained. Otherwise, an internal
sjgpdarq should be incorporated into the sample and standard
solutions to eliminate variations in the'system.

The results obtaihed upon analysis of ppm Tevel

concentrations of each of these metals indjviduafly are

Q ]

shown inTables XXV and XXV(A). It can be seen in these .

Tables that the percent error in determinations ranged from
}.O%to 7.0% anﬂ the relative standard deviation (AV/STD x
100) ranged from 2.3%’£o ]3.6%? These values are acceptable
at these low ppm leve13. The relatjve séandard deviation
may reflect non-repgﬁducibi1ity in the: (i) extraction,

(ii) injection or (iii) peak area measurement techniques,
and is most likely a combination of these effects. These

valuds are in the range of those reported by Radecki et al.

(323 in determination of Nif Cu and Zn.
J

-

w

11.2.4.3 3.5% 0V-17 on CW-HP (40 cm x gt s.s.)
q Poor resolution of mixtures of Ni, Cu and Zn was
obtained with this column at 240°C and 230°C. A long time

was required for separafﬁon at 240%c (12.0 mins.)f‘ This

packing was not studied ady further because reduction of

\2‘"‘:
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retention times would require raising of temperature to
values above 240°C where decomposition may occur.

p ‘ L

11.2.4.4 2% 0V-17.+ 2% SE-30 on CW-HP (40 cm x ]/811

This column did nét show any advantage in terms of
resolution as far as the separation of more than two compo-
nents was concerned. Fig. 37 shows the resylts obtained
when' attempts were made to separate mixtures of three
chelates using temperature programming. Results were ngt as
good as what hadla1ready been achieved with 0V-101 + QF-1

pack*ings.

11.2.5.0 Tests Using GTass Tubing Packed Columns

The next step of this project was to determine the
effect of column tubing on the sepangtion of M(DDC)n. Little
effect of tubing was expected siﬁce Cardwell and Desarro (32)
reported that glass and stainless steel tubing gave the same
results for different M(DDC)n chelates.

) Figs. 38 and 39 compare the resolution of a mixture
of Ni(DDC),, Cu(DDC), and.Zn(DDC), obtained using three
columns: one, a stainless steel column (30 cm x ]/8"), the
second a glass column (60 cm x 2 mm); and thé third a glass
column (60 cm x 5 mm). A1l were/packed with the same
naterial, 2% SE-30° + 24 QF-1 on Gas Chrom-Q.

The resb\ution was better with both glass columns, -

\
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;ompared to the stainless |steel column, but tailing of éhe
solvent peak was greater with dﬁass columns./ Although it
may be argued that the glass column was longer than the
metal column and hence this accounted for the improvement

in resolution, it must be pointed out that the use of longer
metal columns, 60 cm, usually inc;eased the retention time;

drastically, leading to flat peaks that impaired resolution.

; s

An important advantage of using glass_tubing‘%o]umns'

was that no degradation of Pb, Cd and Hg was observed. Their
peaks did, however, show some tailing (Fig.. 40). These
results were promising enough -to justify analysis .of these °
metals, individually, present in ppm amounts in aqueous test
.solutions by the procedure in Section 10.7.0. The reXults
are shown in Table G-XXVI, The calibration 1ines used-to
obtain these results are shown&)n Fig. G-XX and Table GXX
(Appendix I). Very satisfactory quantitation. was achieved
for these metals, |

Excellent resolution of Ni, Cu and Zn was obtained
using glass columns packed with 5% QF-1 + 5% 0V-101 on
‘CW-HP (60 cm x § mm or 2 mm). Results are shown in Figs. 41
and 42. -

-Table XXVII contajns a comparison of resolution
and retention times obtained on glass and stainless steel
tubing columns containing the same packing and at the same

temperature.- Resolutions-of1.8 énd 2.7 én the 2 mm i.d.

-/
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v ,
glass column are very significant: It can be shown'that for
two' gaussian peaks of the same width, a Resolution of/ 1.5
represents 99.98% effective separation (50,69,71). -L.S. Ettre
(69) has pointed dut that for resolution vq}ues greater than
R=2.0, (R-1) additional peaks can be placed between the two
beaks in question and a separation - will still bewobtained.
This being the case, .it should be possible to analyze for a
metal whos® retention time is between that oftCu and IZn at
the same gime as Zn, Cu_and Ni are determined. To verify
this hypothesis, separation was aétempted of mixtures
co;taining Ni, Cu,.Zn and Cd, and of Hg, Cu, In and Cd. Tﬁm-
results are shown in Fig. 43. The resolution was acceptable.
Also, Co(DDC)3 could be. added to either of the above mixtures
and a separation obtained by using column té%perature pro-
gramming. The best resylts were oﬁtaiqed when the column
was maintained 1n§t1a11y at 210°q for 10 minutes, followed
by temperature programmin§ at410°C/min.‘up to 250°C, or by
having the column indtially at 210°C for 9 minutes and then
programming at 20°C/m1n.,to 2507C (Figs. 44 and 45). The
limitation of this 5% .0v¥-101 + 5% QF-1 packing is that as a
temperature of 250°Q.1s reached, QF-1 starts bleeding and
the recorder base line riseﬁ-apﬂrec{abl¥ under temperature
programming conQTtions. It was thought that this problem

could be e11minated by decreasing the amount of l1iquid phase

. on the support which would also reduce the time required for
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analysis below22 minutes. However, another problem that
existed with this column was that of decomposition of Pb(DDC)2
?hich gave two peaks that overlapped the peak for Cu.

Linearity of peak area vs. ng plots using the 60 cm x 2 mm
glass tubing packed with 5% QF-1 + 5% OV-101 on CW-HP are

shown in Figs. G-XXI and G-XXI(A) and Table G-XXI (Appendix I).

These plots were obtained by simultaneous analysis of the

7
five metal chelates in a chloroform solution.

Using the above calibration lines, portions of a
synthetic aqueous mixture containing Ni, Cu, Zn, Cd and.Co in
ppm amounts were analyzed as described in Section 10.7.0.

/The results obtained are given in Table XXVIII. It is
interesting to note ‘that the relative standard zeviations
and the percent errors ranged from 4.4% to 7.7% and 3.2%
to 11.0%, respectively, which is reasonable. What was not
acceptab1e'was that 20 minutes was required for an analysis
of a mixture including Co which eluted only after 18.7 'mins.
This places a major limitation on the calibration line
method, since 3 to 4 hours i@ required tq prepare the
calibration Tines. The solution to this problem would be
to reduce retention times or to use the internal standard
method and thereby e11m12ate the need for daily preparation
of calibration lines. Tﬁe latter method has its advantages
and disadvantages. The approach followed in this project
was to attempt reduction of retention times (and thereby

analysis time).

PSRRI, - - o —_—
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11.2.5.1 Other Packings in Glass Tubing (60 cm x 2 mm)

In order to attempt to decrease analysis time,
decrease 11qﬁid phase b]eeding,‘;nd at the same time, to
improve resolution, a number of packings were prepared
wherée the amount of liquid phase was reduced from 5% QF-1 +
5% 0V-101 to the following values: 2.5% 1.5%, and 1.0%
‘each of 0V-101 and QF-1.

Separations are shown for mithres of: In, Cd,
Cu, Ni and Co chelateson: 2.5% QF-1 + 2.5% OV-101 on CW-HP
(Fig. 46); In, Cd, Pb, Hg and Co on 1.5% 0V-101 + 1.5%

QF-1 on CW-HP (Fig. 47); and Zn, Cd, Ni, Cu and Co on 1%
OV-101 + 1% QF-1 on Gas Chrom-Q (Fig.”48). Analysis time
with these columns was reduced to about 15 minutes.

The second mixture, that of Zn, Cd, Co, Hg and Pb,
was of much interest becéhse its separation ha® not been
accompl shed before in this study. Therefore, quantitation
was attZMptéd even though_resolution was only fair (Fig. 47).
Aqueous solutions having these metals in ppm amounts were
analyzed with the results obtained shown in Table XXIX. The
calibration’ 1ines for each of these metal chelates are given
on Fig. G-XXII and Table G-XXII (Appendix I). The highest
percent error was obtained for Cd, 12%, a1oﬁg with a reIAtive
standard deg}@tion of 8.3%. This high error for Cd is due
to its peak béing overlapped on both sides, the front by

Zn(DDC), and the ‘tail by Pb(DDC),. This poor resolution made
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difffgultwthé determination of peak area for Cd(DDC)z. ATl

other met§ls were determined with an acéuracy 69 worse than

4.0%. Relative standard deviations were in the same range

as those obtained with the previous go1umn§.

Aqueous mixtures containing known ppm amounts of . 2

. Ni, Cu, Zn, Cd and Co were analyzed using the 1% OV-101 + f

1% QF-1 on GC-Q packing (60 cm x 2 mm) to determine the

degre; to which accuracy and precision are improved when a

mixture is we]llresolved and bleeding from the column is

reduced-(Fig. 48). The results of these ana]yses‘aré shown .

in Table XXX. 'The calibration Tines used to calculate ‘these

results are shown in ?ig. G-XXIII and Table G-XXIII (Append%x *

I). The percent error for each metal was less than 8% and

the ré]ative standard deviatiopns were less than 4;5%. This

indicated that gdod resolution improved accuracy and

reproducibility of results but hot by all that much.

11.2.5.2 Some Coﬁc]usions Regardimg GC Results

It has been established that synthetig aqueous
mixtures coﬁta1ning up to five metals can be separatgg
quantitatively. In fact, glass tubing (Goﬁzh X 2 mm) .
packed with 1.5% QF-1 + 1.5% 0V-101 on CW-HP (or 2.5% QF-1 %

a4 b 2

2.5% 0V-101 on CW-HP) can be used to analyze mixtures of the
following compositions: ‘ K

(1) Ni, Cu, Cd, Co and Zn (Fig. 49) . a
& ’ " V.
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A K4l
(11) Hg, Pb, Cd, Zn and Co (Fig.50 )
(#11) 1In, Cd, Cu, Hg and Co (Fig.51)
(iv) Ni, Pb, Cd, Co and In
’ Y A mdjor unresolved problem is that resolution of

mixtures appears to be‘%oor whenever Pb 1is preseq} Mixture

(fv) tisted above was not actually analyzed in this study,
but the separation predicted should be possible since

Hg(#DC), and Ni(DDC),, and Pb(9DC), and Cu(DDC),, have very .
2 and N1{DDC),. 2 and Clas very .

®

similar retention times under the same GC conditions.
\ . .
‘ The order of elution of the metﬁﬁ chelates and the |
possible decomposition of sogg of them may be re]ated to

their fonic radii and met&l -sulphur bonding characteristics e

M '

A hyppthesis 1s given in Appendix Il  to explain these effects.

L3

11.2.6.0 Lower Limits of Detection

’ m‘t . —~ "
In order to establish the lim‘ tions of the

a |
:ifi:ztays by FID-/- -,

gas chromatography,vthe minimum amounts pf metals that could

B e

*methodology developed here/f/; analysis
be . detected 'had to be determined. Typfca] detecfion limits
for each metal chelate studied were eva]uated for/bbth glass
‘and_stainless stee]l co]umps and are listed in Table XXXI.

It should be noted that Jower limits of detection: ’
were obtained wdth the glass tubing Tgﬁs suggests some' 18ss®

of the metal che]ates on the surface of stainless steel be-

T
- causecyfadsorpgion and/or degradation. Also, detection Timfts. S

q‘r . 7 7_.
. ) "

N
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depended on the amountaof metal present in each chelate. For
example, smaller amounts-of Co and Ni chelates cquld be
detected than of Pb and Hg chelates. This was observed with
both glass and metal tubing columns, and was dependent on
the fact that FID-detector does not respond to the metal part
of the chelate, but only to the organic f}action.

In practical terms, the meaning of these detection
Timits is as follows. For example, for the case of N1(DDC)2,
if 20 ng is the detection 1imit, then a solution containing
5 ng/ml of N{i(ODC), (or 0.8 ng/ml Ni) can be detected if
4.0 vl gf sample is injected fo; Gclanalysis. (Injecttion

of more than 4 ul 1s unlikely to be feasible since the

‘solvent peak would most likely overlap the Ni(DDC)2 peak.)

If the.aqueous sample solution containing ‘Ni is of a volumeof
50.0 ml, and is extracted wiqh a 1.0 ml volume of chloroform,
then {t should be possible t& detect as little as 17 ppb of
Ni in the aqueous sample. Similarly, Pb amounts as little

as 0.3 ppm could be dctermineq with the FID. It can be
predicted that using the ECD even lower concentrations should
be detectable For example, Tavlar1d1s and Neeb (33B)
reported detection of amounts as small as 20 pg of Ni(DDC)Z
(3.3 pg of Ni). By using non-electron affinitive eftract19n.
solvents to isdlgte the M(DDC)n it should be possigle to
inject samples considerably grea{er than 4 ﬁ1Aw1th0ut

affecting the operation of the ECD, and without solvent peak

t

. 1

e Al < = Y [ . wn
y . .
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overlapping of the sample peak, hence en5b11ng lower levels

of detection.
7

11.2.7.0 HPLC of Mixtures of M(DDC)n

There have be;n reports in the literature describing
the use of HPLC for separation of mixtures of M(DDC)n
chelates. Separation of about seven metal chelates has been
claimed, but in fact, resolution was poor uging efther HPLC
or reversed phase HPLC (41,4é,42A).

The possibility of using HPLC for seﬁaration of
mixtures of M(DDC)n prepared in this study was of finterest
since if was hoped that by avoiding the use o{/g]evated
temperatures, as is required in GC, degradation problems
observed with, for examp]g. Hg and Pb, could be eliminated.
Accordingly, to compare the effectiveness of 1iquid
chromatography relative to the GC method developed in this
project, HPLC was used to attempt separatfon of a number of
mixtures.g - : ; ,

A stainless steel column, 20 cm long and 0.46 cm
1ns1é€ diameter, packed with asilica type adsorhent LiChro-
sorb-C, of particle sfze 10 um was used. LiChrosorb-C is a
porous type material with a surface area of about 300 mZ/d.

“This particular packing has beéq claimed to be select1vewfor
compouﬁds close to one another {; pola}ity.‘ A numbe( of
 trials were carr1e& out. Two different }oivent systems were

L3
used as mobile phases, 2% ethylacetate\dn cyclohexane, and

s ) ' ¢

- s . 4 gt -
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2% lh]oroform in cyclohexane. Both of these solvent systems
have been reported to be useful in the separatio;\bf\diethyl-
dithiocarbamates (41). -

The best results were obtained using 2% ethyl-
acetate in cyclohexane (v/v). The maximum number of compounds
that could be separated was on1§ four; Co(DDC)3, Ni(DDC)z.
Cu(DDC)z and Hg(DDC), (Figs 52 and 53). The retention
times and detection limits of the chelates tested individually
are shown in Table XXXII under the conditions reported in
Table VI, Section 10.8.0.

It should be noted that the retention times were
shorter—when ethylacetate was used as mobile phase rather
than chlioroform. This indicated that eth}]acetate has more

affinity for the adsorbent than does chloroform. This may

be attributed to the abglity of ethylacetate to form hydrogen

bonds with the hydroxyl groups on the surface of the
adsorbent. Another pdint that should [be noted is that
Fe(DDC)3 could not be analyzed by HPL:;::}t gave three peaks'
evenﬁynder room temperature conditions used. ‘The retention
times of N1(DDC),. Zn(DDC),. Pb(DOC), and Cd(DDC), were
very similar. This fendered un%easib]e attempted separation
of mixtures 1nc1uding more than any one of these compounds.
The detection 11m1ts were in the same range as,

those for GC- FID, xcept for N1(DDC.)2 where 4.2 ng could be

detecteﬂ, compared to 20 ng by GC FID.

8
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The order of elution, Hg, Cu, Ni and Co (Fig. 53),

may be related to the softness or hardness of the respective

o

acids (metal chelates) from the point of view of the Hard-
So?t-Acid-Base theory. The firgst metal che]ate eluted is
Hg(DDC)é,a soft acid, and the last metal chelate eluted 1is
Co(DDC)3,a hard acid. The adsorbent being a hard base (due
to -Si-0H on the surface) should have more affinity for
hard acids than fbr soft acids Shd this indeed appears to

have been the case. This hypothesis has been elabérateq \

i

upon in Appendix II.
Moriyasu and Hashimoto (41) reported being able to

separate seven metals, including Hg(DDC)Z, Cu(DDC)z, Pb(DDC)Z,

‘ Ni(DDC)Z, Co(DDC)3 and Bi(DDC)a,but with very poor resolution.

In actual fact, only the metal chelates of Cu, Ni, Hg and
Co are well separated in chromatograms. This was in line
with our findings. The order of elution that they reported
is consistent with the.Hard-Soft-Acid-BaseQ(HSAB) theory.
12.0.0 Conclusions
A general method was developed for the synthesis of , \
M(DOC), in good yields. Elemental analysis, DTA, TGA and
UV-spectrascopy confirmed that the procedure gave compounds
pure enoygh to be used as standards fo; analwses of metals

at the ppm 1e9e1.
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. ) New-LUIspectroscopic data was dbtained‘forfmany of the

l-cﬁeTates studied. Molar-extinction coefficients‘uere deter-
mined in solvents such as methanol, ethanol and.chloroform.

' Mdst of the data ?n gjcohb]s has not been reported before, ,
"Also pu ;pectfa were recordedé7br all the compounds Studied.

S It was foudd possible to separate with good nesoTut{ou
mixtures of up td five mecafc present in ppm amounts by gas@®
chromatography. Mixtures of metals such as Ni(DDC)Z,‘Cu(DDC)é,
Co(DDC) 3, €d(DDC), and Zn(DDC),, or Zn(DUC)z,Aéd(DDC)z,
Pb(DDC)Z, Hg{ugc)2 and Co(DUC)3 cgu]d be separated using
glass tub1ng (60 ¢cm x 2 mm) packed with mixed phase OV—LQL +
"QF-1 cqpted on CH-HP. Separatio#&of the second Qflchese

b m1xtures was possib]e also if" Cu(DDC)2 was present instead of
Pb(DDC)2 and if N1(DDC)2 was present instead of Hg(DDC)2 A1
five‘component mixtures require Epe use of columg temperature
programming GC to ieduce time of analysis since'Co(DDC)3 is
~eluted only sf%w]y under 1sotherma1 cond1t1ons su1tab1e for
separat1on of other metal chelates in the mixtures (
Accuracy and p?ecision of ana]yses were good. ‘uft w;s

-y
found thate the relat{ve standard . devwat1ons were genera11y

)
-

we11 below 10% and averaged 5% thCh ‘s comparab]e with values
. ) 3

‘reported by others in the literatuye. i

LN

FID,detection Timits ‘were in the order of 20 to 150 ng -

‘\ . ’ -
for the M(DDC)n. Detectability in the picogram rdange should
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be feéasib'le using ECD. =
¢ : -

Componds such as Mn(DDC), and Fe(DDC)3 ould not be

ana1yzed by GC due to decomposition during their preparation

“-or on the column. Fe(DDC)a-appears to decompose even under

AN

HPLC conditions wh1ch 1nvo]ved room temperature "

. wh11e this study was restr1cted to synthetic samp]es

’\_on]y it shou1d’9e app11cab1e to the analysis of marine

-samples in general after adequate clean -up of the samp]es

¥

" .13.0.0 Suggestions for Fﬁ?%her Research

-

In fhi@»research‘it was found that the order of
elution #p the periodic group Zn(DDC)z, Cd(DDC)2 and
H§(DDC)2‘seemed po dépend*on‘the ionic radii of the metal

ion. Also, in the periodic series Co(DDC)s, Ni(DDC)Z,

Cu(DDC)2 and Zn(DDC)2 it was found that the order of elution
appeared to depend on the effect of the metal on the T
electron c1oud of t?e lidand. It would be 1nterest1ng to
estab11sh whether’ these properties would account for the
order of e1ution of other M(DDC)n as well. If thisxis the

case, then it should be possible to predict potentialv

separation of any mixture of metals. As a start, the /.

mixture, Ni(DDC)Z, Pb(DDC)2 and Pt(DDC)z, would be an

“interesting one to study.

&
‘Another suggestion f¢5 further researoQ would be to do
analysis, of the. compounds successﬁm]]y separated 1q this.

study, qy using ECD. In this case, non- e1ectron aff1n1t#ve
- >

&
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>y

. R F 7!
A ' L

liquid phases shauld be tried to e]iﬁ?%hte ?ffects of any
bleeding of §tat1onary phase on the'§ens1t1v1ty of the ECD.

It was seen 1n ‘this study that when a stainless
steel column was used chelates that contained‘voft ac1d; were
more sensitive to dé&omposition than those that'containeq
hard acids. ft would be worthwhile ﬁ%‘detefmineAwhet%er by
using non-silanized glass tub%nﬁ (hard base surfacé) )
decomposition occurs for hard or antermed1ate acids (co(II1), -
Ni(II), etc. to a greater extent than for soft acids
Cd(II), Hg({II)).

Further studies should be carrigd out to find GC or HPLC

conditions for resolution of a more complex mixture of met;bs

of marine 1nteres%.\ Reversed phage HPLg.and capillary GC '
are worth investigating. If such efforts a}e not\entirely )
succeggfu1 work should~be inftiated on developing a

e

chromatographic.method including pre11m1wfry chemici] or
ion-excﬁange separation procedures to §g1éct1vely remove ‘
interféring metals from samples before GC analysis.

F%nal]y, comparative‘studigs of.acpuracy and precision
of chromatographic And spectroscopic methods for M(DDC)n '

hixtuce\analyses are required.

LY

M :

\

(-

e



10.

1.

2.

- J.E.

«. 175

REFERENCES ' i S

M. Lederer, Nature, London, 176 (1955) 462.
P.C. Uden and D.E. Henderson, Analyst (London), ]oé@g

" (1977) 889. L .
J.A. Rodriguez-Vasquez; Anal. Chim. Acta, 73 (1974) 1. -
p. Jacquehot and q; Thomas, Bull. Soc. Chim. Fr., . ¢
. > L

(1971) 7 ' 4
R.E+ Sieker, B.W. Ponder, M.L.'Mgrnjs; R.W. Moshier,
Inorg. §hem. 2 (1963) ,693. | -

thwarberg, R.W. Moshier and J.G.
71 (1967) 1213.
R. Belcher; R.J.

R
Walsh, Talanta,

-

Martin, W.I. Stephen, D.E.
45 (1973) 1197.

!
Soc. (1963)

Henderspn,
Chem.
Chem.

A. Kamalizad and P.C. Uden, Anal.
R.D. Gillard and G. Wilkinson, J.
885.

H. Venning,'w.E. Bachmann and D.M. Wilkinson, J. Gas

Chromatogr., 5 (1967) 248.
W.D. Ross, R.E. Sievers and G. Wheeler, Anal. Chem.,
73 (1974) 1. { ' 7

-
R.E. /ﬁievers, J.W. Connolly and W.D. Ross, Advances -in

. Gas Chromatography, A. Z1atkis, edit , Preston
) Technical Abstracts Co., Evanston, INlinois (1967) 104

R. Belcher, W.I. Stephen, I.J. Thomson and 'P.C. Uden,
«J. Inorg. Nucl. Chem., 33 (1971) 1851. '
v v

e a1 @ Din A aaniaib e )




14,
15.
16.

17.

21.

22.

T.J. Cardwell, P.J. Marriot and P.S, McDonough, J.
~Chromatogr., 193 (1980) 53.

\\ . ] 76

’

>

R.S. Barratt, R. Belcher, Wjl. Stephen and P.C. Uden,

AN

“knal. Chim. Acta, 59 (1972) 59.

P.C. Uden, D.E. Henderson and A. Kamalizad, J.
Chromatogr. Sci., 12 (1974) 591. '

e

E.H. Daughtrey, A.W. Fitchett and P. Mushak, Anal.
Chim. Acta, 79 (1975) 199. ]

J. Masaryk;'J..Krﬁpcik, J. Garaj'and'M. Kosik, dJ.
Chromatogr., 115 (1975) 256. | D
J. Krupcik,‘d.:Garaj, S. Holotik, D. Oktavec and

M. Kosik, J. Chromatogr., 112 (1975) 189.

G. D'Ascenzo and W.W. Wendlandt, J. Thermal Anal.,

1. (1969) 423.

G. D'Ascenzo and W.W. “Wendlandt, J.‘Inorgf Nucl.
Chem., 32 (1970) 243%.

G.S. Zhdanov, Z.V. Zvonkova and N.V. Rannen,
Krista110graf1ua; 1 (1956) 514; Chen. Abstr.,‘Sl,'
4793e (1957). '

J.p. Fackler &nd D.G. Holah, Inorg. Nucl. Chem. .
Leétters, 2 (1966) 251.

4

" B.H. O'Connors and E.N. Masten, Act. Cryst., 21

(1966) 828.

'D. Coucouvanis, "Progress in Inorg. Chem.", Vol& 11,

S. Lippard edit., Interscience Publishers, John
Wiley, New York, (1970), p. 324. ' -



77

338B.

Ibid., 293 (1978) 211.

¢

248, Ibid.; Vol. 26 (1979), p. 302. : 5
. 25. M. Bonamico, G. Dessy, C. Mariani, A. Vaciago and '
. L. Zambonelly, Acta Cryst., 19 (1965) 619. |
254,  Ibid., 19 (1965) 886. | ,
258.  Ibid., 19 (1965) 899. |
25¢. M. Bonamico, G. Dessy, C. Mari&ni, A. Vaciago and
, L. Zahbone]ly, J. them. Soc. (A), (1968) 1351. / 3
26. Norio Kubayashi and Tamatsu Fujisawe, Bull Chem. - )
Soc., Japan, 49 (1976) 2780 .
27. K. Gleu and R. Schwab, Angew. Chem., 62 (1950) 320. _
28.  D.G. Holah and C.N. Murphy, J. Thermal Anal., 3
qemy 3. O i | )
29, Y. I, Usatenko and N.P. Fedash, Tr. Komis. Po., Analit.
Kh1m:,'Aka&.mNauk $.5.S5.R., "quﬁ'gGgggbjm‘fIi_ﬁpalit. o
Khim., 14, 183 (1963); Chen. Abstr., 59, 13397g
(1963). o
30. L. Ma1ate;}a, Gazz. Chim. Ital., 70 (1940) 553. .
‘31. J.F.»Villa, D.A. Chetterfield, M.M. Bursey and W.E.
J. Hartfield, Inorg. Chim. Acta, 11 (1972) 332,
32.  T.J. Cardwell and D.J. Desé}fo,‘Anal.'Chim. Acta,
85 (1976) 415. ’
. 33. A. Ta§1ar1dis and R. Neeb, Frezenjus Z. Anal. Chem. ,
292 (1978) 199, ‘
33A. Ibid., 282 (1976) 17. -




P IR 178
33, Ibid., 293 (1978) 290. — |
34, J. Krupeik, P.A. Lederco, J. Garaj and J. Masarik,
J. Chromatogr., 171 .(1979) 285.
35, M. Ahmad and A. Aziz, J. Chromatogr., 152 (1978) 542.
36. " A. Raddtki, J. Halkiewicz, J. Grzybonski and H.
Lamparczyk, J Chromatogr., 151 (1978) 259
37.  A. Radecki’ and J. Halkiewicz, J. Chironatogr., 167

A 4

(1980) 36 | N |
38.°  P. Hetzmann.and K. Ballschmitter, J. Chromatogr.,
1137 (1977) 829. . T ,
39.  P.C. Uden and I.E. Bigley, Anal. Chim. Acta, 94
L. (1977) 29. : . "

40. J.W. 0'Laughlin and T.P. B'Brien, Anal. Letters, N

AT (10) (1078) 829, \k .

'91 . M. Moriyasu and Y, Hashimoto, Anal. Letters, Al11,

(7) (1978) 593.
42.' * G. Schweds, Chromatographia, 11 (19?8) 145.
42A. Ibid., 11 (1979) 289. ’

v
-

43. T. Tande, J.E. Pattersen and 7. Torgrimsen, Chromato- |

' graphie, 13 (1980) 607. -

44.  A.M. Bond and G.G. Naﬂam1> Chem., 53 (1981)
1209. )

45. J.Q.\ Walker, M.‘{. Jackson, J.B. Maynard, "Chromato-

graphic Syster'ns"‘, 2nd Ed. , Academic Press Inc., New

York, (1977) p. 95.

w



46.

47.

51.°
- 52.

53.
54.
55,

"'56.

#57.

58.

179
/

H.M. MacNair and £.J. Bonelli, "Basic Gas Chromato-
gf'_aph_y". Varian Aerogr"a\ph. Berkeley, C;Hfornifa‘,r
(1968), p.1.

© D.M. Ottenste'in,‘m '\?\Advaﬁce's'1n,Chromatography.", s
©J.C. Giddings and R.A. Keller, Edits., Vol. II,

(1966 ), Marcel Dekker, New York, p. 137.

D.M. Ottenstein, J. of Gas Chromatogr., 6 (1868) 129.
W.A. Supina, “The Packed Column in Gas Chromatography",

Supelco Inc., Bellefonte, Pennsylvania £1974) p. 21.

nD.E. Schupp IIl, "Techniques of Organi¢ Chemistry”,

Vol. XILII, E.S. Perry and A. Welssberger, Edits., .
Interscience, New York, {1968), p. 6. |

M.B. Evans, Chromatographia, 15 (1982) 355.

L. Roh‘rschneidelr. J. Chrgmatogr., 17 (1965) 1.
Ibid., 22 (1966) 6., )

W.0. McReynolds, J. Chr;qmatogr. ?ci.,'a (1970) 685.
N. Supina and L. Rose; J. Chromatogr. Sci., 8 (1970)
214,

G.P. Hildebrand and C.N. Reilley, Anal. Chem., 36

*(1964) 47.

"Supelco Chromatograprjy Supplies, GC-HPLC-;TLC",
Chromatograbphy Catalog 20 (Bellefonte, P'ennsy‘1van1a
16823), p. 78. '
A.M. Kour)" and J.F. Parcher, J. of Chem. Eduyc., 56
(1979) 623. . g




~J

“—"”‘7(;, T “’* —

60.

6ﬂ.

62, °
63..
e

65
66.

67.
- 68.

' 69.

~

. 74.

" R.J. ‘Leibrand and L.L.

" R.L. Grob,

D.L. Ball, W.E.
Science, 2(1) (1967) 81.

[M]

180

‘G. Horrath 15 "The Practfce of Gas Chromatography",

L.S.gEttre and A. i]atkis;"Edits;. Interscience, New’
York, (19§7) p. 200. , ‘

Dunham: Research and Devefop-
ment, Sept. (1973), p. 32.

I.6. McH1111aT J//Chromatogr,, 51 (1248) 391

E. D Pel?izzari, J. Chromatogr., 98 (1974) 323.

Chem. 43 (1971) 113A.

R.J: Laub aqd R.L. Pecsok, "PhysiEa] AppHc“ations.of~

C.H. Hartmann, Anal.

Gas throhatogrhphy". John Wiley, New York“réi978) p. 14,
h "Modern Practice of Gas Chromatography",
John Wiley, New York (1977) p. 152.

3.C. Giddings, 9. Chem. Educ.. 35'(1958) 588.

J.C. Giddings, .J. Chem. Educ., 44 (1967) 705%

- B.L. Farger, ﬁAdvancesﬁin Gas Chromatography",
‘ A ) .
A. Zﬂatkis, Edit.; Preston Technical Abstracts Co.,

~

Evanston, I11inois, (1967),-p. 1.

H.W. Moody, J. Chem. Educ., 59 (1982) 291.

L.S. Ettre, Chromatographia, 8 (1975) ?91.

T.F. Bidleman, J. Chem. Educ., 56 (1979) 293.
Harris and H.W. Habgood, Separation
D.L. Ball, W.E. Harris and H.W. Habgood, Anal
40 (1968) 129. “

Ibid., 40 (1968) 1113.

.- Chem.,



R e Lt e P SN .

£

75,

76.

17.

78.
79.

80.
81.

81A.

82.

83,

- 84.

85.
86.

87.

. Ch(omatogr y'5 (1967) 613.

s
_ ' 181"
'D.L. Ball, N.E._ﬁarris and H.W. Habgood, J. Gas °

C.F. Simpson, "Practica] High Performance L1qu1d
erromatognaphy", Heyden and Son.Ltd., (1978) p. 89.
R.W. Yost, L S Ettre and R.D. Conlon, "Practical
Liquid Chromatography", Perkin-Elmer, Norwalk,
Connecticut {1980), p. 56. .

L.Q; Spyder,'Ana]. Chem. , 46 é1974) 1384.

J.C. Giddings, "Dynamics of Chromatography, Part I |
Principles and Theory", Marcel Dekker:Inc., New York,
(1965), p. 1. -

R.D. Conlon, Anal. Chem., 41 (1969) T07A.

A. Wyttenbach and S. Bajo, Anal. Chem., 47 (1975) 813.

Ibid., 47 (1975) 2. , v

W.R. Supina, "The Packed Column in Gas Chromatography",

Supelco Inc.,Bellefonte, Pennsylvania, (1974), p. 21.
M.I. Pope and M.D. Judd, "Differential Thermal
Analysis",. Heyden and Son Ltd., Bellmawr, New Jersey,
(1977), p. '38. i
N. Kabayashi and T. Fujisawa, Bul] Chem. Soc; of |
.Japan, 49 (1976) 2780 7
H. Iwasaky, Acta Crxst., B29 (1973) 2115.
C.G. Sceney, J.F. Smith, J.0. Hi11 and R.J. Magee,
J. Thermal Anal., 9 (1976) 415
G. Nikolov, N. Jordanov and I. Havezov, J. Inbrg.

Nucl. Chem., 33 (1971) 1059.




182{~
88..  R. Dingle, Inorg. Chem., 10 (1971)\ 1]41.
89. J. UJ;n and I.E..Bigley, Anal. Chim. Acta, 94
(1977) 29. | ‘
90. H.Z. Golterman, R.S. C1ymo~and‘M.A.'0hnstad, "IBP
" Handbook No. 8 - Methods for Physical anQ) Chemical
Analysis ;f Fresh Waters”. Blackwell Scientific
Publications, London, (1978), p. 128. |
91.  R.A. Chalmer and D.M. Dick, Anal. Chim. Acta, 31
_ (1964) 520. ’
§1A. Ibid., 32 (1965) 117.
92.  R.E. Sievers and J.E. Sadlowski, Scieice, 201 (1978)
217.

93. E. Patsalides, g.‘Dillﬁs and B.J. Stevensbn, J.
. " \

s

Chromatogr., 17§ (1979) 321. |

94, R; Ding1e, Iﬁorgénic Chem., 10 (1971)l1141.

§5. - D. Otavec, E- -Beinrohr, B. Siles, J. Stefanic and
Jr Garaj, Collection Czechoslov. Chem. Commun., as
(1980) 1495, o . -

96, M: Akbar and S.E. Livingstone, Coord. Chem. Rev.,
13 (1974) 101. -

97.  J.E. Huheey, "Inorganic fhem1stry Principles of
St}ucfnre and Reactivity", Harper and Row, #ublishér,
New York, (1978), p. 2}6.

98.  R.G. Pearson, Science; 151 (1966) 172.°

99.  0.J. Barclay, J. Electroanal. Chem., 19 (1968) 318.
\ Vo

P -
’//



- ‘
) .
K
!
g
'
Al ’
.
AR
,e .
’
¥ .
'
'
~
v
e
\
V
‘ | /
.

]
APPENDIX I
A
' A4 %
s .
N
- ' ~
~
v

Y

p——

B
v
. .
-
-
\
v
i




oo}

FIGURE G-1. : o

RESPONSE ON 5% 0v-101 ON /
- CW-AW-DMCS (50 cm.x 1/8" s.5.)/"

amount(ug). " -

| NI 240°C
2Cu 230°C
- 3Zn230C |
4Cd 235°C-|

55 58

A

&7 e . 1%

(
|

v p————ATE T S———— g

e b e e e ATE




' A 7
!\
’ N =y
’ H)
:
, ‘~.:'
o
.
- \
. ‘o
- -+

=t e e 1 g AP it S !t
. r
. ®

200

>
' 185
¥1Guge 6-11
/ .
* RESAONSE ON 5% OV-101 ON .
r" y [ ! o
CH-AW-DMCS (50 cm x 1/8" S.S.)

.

ElCo 250°C
VPb 230°C
oMY 230°C
: *

amount(ug) .

02 - 204 306 408 510 -

.
- L4 ~
'l
~
. ) . . .
v, . -
’ ‘
° . hd ' - '
‘ .
A . N ~, N N ~

L]
&
N
*
A
N\
1
"
i
[




e

| | \OOF- ,

L4

. FIGURE 6-11I '\'

RESPONSE ON 3% SE-30 ON -
. *CG-HP (50 cm x 1/8".5,5.) .
‘Jr-" AT 245°C - :

area . mm2

—

amount { ug-)

186

-

O x 7 8. & B

[ o A s et ke

A PR



3 T v S
;s 4
o ‘ .
W y \ B
. : \ —_— |
9‘ - ) | \ 187
A 4 A \ ) .
BN FIBURE. G-IV
1200} © RESPONSE ON 3% SE-30 ON
CG4HP (50 cm x 1/8" 5.S.)
1000} .

| .
/ o0 Pb{DDC
1. aoec G

800}
X ~ 700}
‘-',, I
. 600t &
&
\ . i m
§ 500} @
0 -
‘ - : ~
Y - 400}
300 A
- ~.amount(ug’) o
- Or = 202 303 404 505 606 ° 707
- <L ) " s
'- N :
l v’




' “ 4 | ' ' \ \
- N
N . O T 1es
’ | . ,
. FIGURE 6-V *
RESPONSE ON 3% SE-30 ON
CG-HP_(50 cm x 1/8" §.S.)
‘\ ®
\ \
\
L
1400
1200f - !
1000
Je .
£ 3 .
800} £ o Co 260°C
© vCd 245°C
o - oHg 245°C
600} 3 Hg 2
400F
\ '
200}k
L, amount(ug)
@6 22 104 . 156 208 o 32

4 v S ——— e ——

T ey Ay e




800

-

700}
600}
500}

400

189

‘FIGURE G-VI

RESPONSE ON 5% OV-101 +

QF-1 ON 6C-0 (60 cm x 1/8" S.S.) v
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FIGURE G-1IX
~ RESPONSE ON 3% SE-30 ON CW-HP
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FIGURE G-X
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FIGURE G=-XIII.
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FIGURE G-XVI
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FIGURE G-XVII
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FIGURE G-XIX-
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FIGURE G-XXI A

RESPONSE ON 5% 0V-101 + 5% QF-1 ON_CW-HP
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FIGURE G:%XIII
[ . & - ) : .
RESPQNSE ON' 1% QF-1 + 1% 0V-101 ON GC-Q
(60 em x 2 mm, GLASS) .
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(iii) The explanation for thevimprovement in resolution -
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APPENDIX 1I ' ’ g

Q

In this study there were several findings that require

theqretica?r%ﬂterpretation. They include:

(i) Thelreason for the observed order of elution of each

hetal chelate on co]umns where separation was obtained:

(;"I) The, c#:]se of decompositwn of soh1e chelates on Q

stainless steel columns using GC. ' !

. ~ .
obtained when glass columns were used as opposed to

il

metal columns. »
-~

| (iv) The reason for the order of elution of compounds

observed in HPLC using silica type adsorbents (LC-6,

10um, silica 106-310).

In gas chromatography the order of elution of
compounds in’ a mixture depends most]y on the volatility of
the components and on their affinity for .the stationary
l1quid phase. 0f these two factors, volatility seems to be.

the more dominant one fora M(DDC) mixture. The order of

elution did not change in going from nonpolaz,liquid phases L

, such as 0V-101 or SE-30, to a relatively polar Tiquid phase

such as QF-1. The volatility of a compound depehds’on a

number of compfex factors, some of ‘which are considered below.

In this study of M(DDC)n,for the series Zn(DDC)z,
Cd(DDC)2 and Hg(DDC),, the order of elution was: ) .

'Zn(DDC)z, Cd(ﬂDC)z and then Hg(DDC)Z. B

N oy N - . ' B e N
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’

~ Cardwell and Desarro (32) found, for the series
Ni(pDC)z, Pb(DDC,)2 and Pt(DDC)Z,that the elution order was:
Ni(DDC)Z, Pd(DDC)2 and then Pt(DDC)z.'
This order can-:be eXplaiﬁed on the following basis.
Chafged or highly poiar species iﬁ.whfth ?ntermp1ecu1ar
forces are high are génera\]y nonvolatile, but as has been

pointed out by Sievers and Sadlowski (92), in a metal

* chelate the 1igand shields the metal ion from the inter-

molecular forces that would normally render it nonvolatile
by surﬁounding it with an organic shell. This accounts for

whatever volatility the M(DDC)n chelates exhibit. Clearly,

‘one should expect the 1igand to shield the smaller metal

jon from intermolecular forces mgré effectively than larger

metal ions. Hence, Zn(I1) chelates should be eluted before

Cd(II) chelates and Hg(II) chelates, since the atomic radii
increases from 74 .pm to 110 pm in this series.

When transition metal chelates in general are

‘considered, however, other factors must be involved besides

1on{c size since the fonic radii of transition metal 10hs do
not dh;nge very much in going from Co(III) to.Zn(II).

It has been proposed by Patsalides and C°W°rker§ (93)
fhat for thglseries Zn(;I), Cd(II) and Hg(II), the metal
becomes softer (or more polarizab1e)‘from'1eft to right so
that the respective metal-chelates wfi1l also be more polar-

izable. Therefore, volatility will decrease going from In
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to Hg in this series. This is also consistent with the
Yegults reported by Cardwell and Desarro (32).

The following order of elution was found in this
study: ZnDDC)Z, Cu(DDC)z, Ni(DDC)2 and then Co(DDC)a. In
order to explain this order, the bonding of the metals to ‘E;
the sulphur of the 1igand fust be considered carefu11y} In
fact, the particular metal fon in its particular oxidation
state must be considered.

It has been well documented that in the case of
Ni(DDC)Z,dn - dm bonding 1is 1nvq1ved (21,94). This being the
case, donation of electroas from the meta]ftq the ligand will
increase the electron density on ¢he J{~cloud of tﬁe chelate
rings. This will fncrease the polarizability of the chelate
molecule and lowem the volatility of the'N‘i(DDC)2 chelate
compared to the bu(DDC)2 and Zn(DDC), chelates. Back-JT
donation has also been observed to a lesser extent in the case
of Cu (21). Further evidence of drn-dm bonding has been \‘
given 6} Otavec et al. (95). They  found that the average
1nte§atom18‘gistance of the M-S bonds increased from 220.1 pﬁ’
for'Ni-S to 24§:5 pm for Zn-S. Th%s is consistent with
results found in thisgstudy. . _

No existence of Tl'-gonding has been reported for
Co(DDC); so that other fagtors must be contribﬁting to its .

' N

low volatility and tonsequent1y long retention time, The most

*1@portant factor seemg to be that CtoII)-is a haéd acid due
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to its large charge and small size. This means that although

-

ﬁhe Co(IIl) bonding electrons are not readily available, it
ti11 has high polarizing power because of its highly
oncentrated charge and wili make the electrons of the 1igand
ore evai]ab]e foe bonding. This will increase the electron
ensity in the J[-cloud becaqse of e1ectron donagﬁon from the

1ftngen atom,and structure (c) below will become important.

’
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This fact alone would not account for the Tqwer

volatility of Co(DDC);, compared to othgr metal chelates.

What does is that there is a third 1igand surrounding the ;////

metal -ion. This makes the Co(DDC)3 1nto a highly polaf?EEble

" molecule and therefore reduces its volatility.//The same

explanation applies to Cr(DDC)3 whicw 15/éven less volat11e
than CO(DDC)g. ‘ - |

~
-

It appeErs from the results of this study that e1ee$
tronic effects due to bond1eg are ‘more important thah ionic
radii 1n establishing elutton arder of M(ppC), in GC. For
exgmp]é, Cu(DDC), is eluted after Cd(DDC), and Zn(DDC), even

ey
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tﬁough ijts ionic radius is smaller than that of Cd or in.

Hg (DDC)Z,though etuted after Cu(DDC)2 as predicted fromaJonic

- radii data, has about the same volatility as Ni(DDC)Z, a

smaller ionic radius metal 1on. This can be e;p1a1ned if one

considers that Hg(II) is a very soft acid and soft acids are

usually involved in dn-dr bonding (93,96).

It was found in this study that Pb(DDC)Z, Cd(DDC)2

_and Hg(DDC)2 frequently décomposed when chromatographed

using stain]ess.stge1 tubing columns. Considering the size
of £hese metal jons, it can be séen that Fhey are soft metals
(10Q charge, large size) (97). When soft acids react with a
soft base such as DDC™, the-effect should be to render the
soft acid even softer (98). Soft acids and soft bases are
known to interact with metal surfaces (whereNthe metal is
usually in the zerovalent state) and are absorbed. This is
especially t}ue for gaseous phase processes (992. The: - .
above argument {s at least part of the exp1anation.for the
poor behaviour of Pb, Cd and Hg chelates on stainless steel
tubing. In addition, S is a good nucleophile and may initiate
gyrolytic decompos1tioﬁ {n these soft qcid compounds. Also,
sulphur forms extraordinarily stable sulphides with soft
acids (metals) which may be formed when the chelates are
heated to high tempériture (93).

The fact that soft acids are more read11y adsorbed on

a meta1 surface may explain the poor résolution observed on
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stainless steel columns for mixtures conta1n1n§ such soft acid
metal chelates. Incfact, the best separatipnqwith stainlegs )
steel columns was for Co(DDC)3, Ni(DDC)Z, Cu(DDC«)2 and

‘ ;n(DDCYZ, which are either borderline or Hard acid metals,
according to the hard-soft-acid-base criteria (97).

In HPLC the following order of elution was found:

Hg(DDC),, Cu(DDC),, Ni(DDC), and then Co(DDC)é.

This meant that Cu(DDC)z, Ni(DDC)2 and Co(DDC)3 were
eluted in the same order as by GC. ﬂg(DDC)z, however, was
eluted more quickly than had been the case in GC. In order
to explain the latter discrepancy it is necessary to examine

the column used in HPLC. A silica type adsorbent which has

a hard base on its surface was used:

OHOH OH :

SN

' Since hard bases form more stable éomp1exes with ha;d‘
acids and les; stable complexes with soft acids, it 1s to be
expected that Hg(DDC)2 would form the ‘1east stable cOMblex on
the support surface and, therefore, it would elute most
quickly. On this same basis,1Co(DnC)3, being the hardest acid
in the group, shou1q bé elutéd Tast and this in fact was what

accurred. ; : ,
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More evidence to support this hypothesis is provided

“ o n e e b

in reports by G.SEhwéd§L42,42A) in reversed phase HPLC : f
studies Gﬁé}e the order of elution obtainedﬂfor'a mixture of

these samé metal chelates was reversed. This is to be’ -

expected since thg mob{]é phase was a hard Base (ethano]/

water) and the stationary phase, LiChrosorb RP-8, coﬁtained

octylsilyl groups on the surface (a soft base).
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