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Coarp Abstract 7 ,

? -
r

. A dual-channel £lame” photometric detector (Shimadzu)

N ’

‘was adapted for~the detection of organic compounds of
,‘*wtin, selenium, tellurium andﬁgermanigm as separated .by ) .

4

gas’ chromatography. T . L vest
. - " 3
Tin Waé found to yield extremely efficient lumin- -
escence’on a quartz surface. that had” been suitably trcated

aand poé&tioned‘atove the“flamec Several experiﬁbnts wére

carried ont to coqripm that the 1uminescence was, indeed

]

Siﬁh, and a halogen&tion method based on conditioning the
# " gas chromatograph with HCl or ’; were devéloped for deri—
vatizing‘}abile tin compounds in order to exploit thesseg-

'

sitivity of the detector for environméntal trace analysis.=

Selenium photometric responsé vas found to closely

parallel that of splfur@ ‘chreasingvthe gselectivity of

i

selenlum versus suifur was accomplished using methana
:doping. The n%;ual enhancement of response among the
chalcogens led %o chemical linearization of their expon-
ential responss, ¢ A mathematical treatment of the lineari-
zation of sulfur and sele;ium response by sulfur doping |

'“was carried out, ag well as'a spectroscopic search for
broof of the existence of the molecules, SeS and’ Tes,

. " . The” photometric response of germanium compounds in

, the detector was found to closely resemble that of tin,
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with7an aﬁalcgoué, surface-indueed respoxbg and a similar
gas® phase hydride emiséion speétrum. A discuﬁsion of the

use and mi§;use of the word, selectivity, with respect to

:the so—called selective detectors is, also presented, o



1.. Introduction -

@

1.1 General troduction

. Gas ehromatogg\ohy has becono an indispensible tool
for separating complex mixtures of organic compounds, A
voriety éflg:fioESrs have been developed to providc‘quali7
tatiya and.ouantitative anal&gis of the sepurated compoundo.
They are of the general type, such as the Flame Tonization!
Detector (FID), or of the gelective type, such as the Elec
- tron Gapture Detector (ECD). Selective detectors can be
used to aid in the identification ss well as in the quanti
tation of organic compounds containing important heteroatons;

To realize the importance of selective detectors, one. need

) ) only to recall that the environmental concerns over DDT and

s
°

the Freons wefe precipitated by use of the ECD.

A good selective detector must be able to "see" the B
heteroatom of interest in a complex sample matrix and detect
it at trace levels, This'is important because /compounds
containing heteroatons, such as organometallics, are often
presant at trace (ppm) and ultratrace (ppb) levels, Even at
such lov.concentrations compounds may show biological active |
ity, sometimes both bemeficial and detrimental, Such biolo-
gical activity is known to be greatly affected by spaciation
of a particular element, i,e.,, the chemical structure assoc=
lated with it, Gas chromatography with selective detection
cah orten anaswer the qunlitativa question: What species is

present?, in addition to providing the usual quantitativn
data,
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1.2 Use of Optical Spectroscopic Methods for GC Detection
’ The various processes of absorption or emigsion of

- 1ight are the basis of optical spectroscopy. Teqhﬁ;qu¢s"
hased on these prbcesses can yield structural information
about a compound and 1dent1fy elements or molecular frag=-
ments in its breakdown prodqéts. Various d&spersivn
devices such as 1nterference filtera and monochronators
1nduce gselectivity to optical spectroscopg by alleviating

s |

the evar-present problem of 1nterrer1ng species, or by '

3
A

rosolving the spectroscopic 1hforhation 1nto recognizahle
Patterns, A great deal of effort has gone 1nt0 the- marriage
of such widely divergent techniques as infrared sppctro-
scopy (IR) and,atsmic abso£ption spectroscopy (AAS) to gas
thomatographi. This has resulted in a family of selective
detectors which are capable of péoviding reliable qualita~’
tive .and quantitative informat;}n for a broad ranéo of
applications, A gehe al review of these detectors, stres-
aing their advantagesﬂhnd disadventages, is provided here asm
a necessary background for the subject of this thesis,
1l.2,1 Atomie Absorption Spectroaeopy 8

@tomic absorption spectroscopy is a truly specifie
detection method for a large number:of elenants. Hence -
identificatian of the unknown 1s possible in hany cades
because of the very narrov linewidth specificity of atomie
resonance radiation,. Both flame (1-7) and non-flame (6-1%)
atomic absorption techniques have been applied to'Gquetec-

tion. Non=flame techniques are orders .of magnitude nore



- 1.2,2 Ihfrared and Raman Spactroscopy

‘) .
sensitive than'fTame techniques, but are much more
difficult to master, Parris et al.ﬂﬂlﬁ)‘havé undertaken . .

T a detailed-study of cliemical and physical parameters of

non-flame atomic absorption ébupled‘with Gé. Typically
AAS has' been used in conjunction with hydride genération
or néthylation tochniques“to determine.yolatile'compotnds
sepaiated by,éaé chrématqgnaphy., DT ;‘"" .

Thase maleculgr, hence complqmenta#y techniques can"
be coppled with @ gas chromatograph to provide 1mportant
qualitative inforeation (16-30). The eluted G conpouentn
can be trapped or he}d in the cell by stop-flow or cxyo-
genic ¢ochniquea, aBd the spectrun scqnnedyx For small -
samples, the low sensitivity of 1n£rared spectroﬂeters "
sometimes necessitates collecting the total eluted "ghbstance

«(batch) rather than recording only a portion of it during

the courge o£ 1ts elution (‘onqthe-fly )+ Fourier trans-

ofoxh spectrometers pormit scanning of components on=the-fly

(27~29) bacaube of their superior speed and sensitivity.

>

Since strong absorptions occur in this ‘spectral region

at v;velangthé specific for functional groups, versatile

group-specific detectors have been nade available, whose
agxgectivity can 'be easily’altered. A nunber of these:
group-apacific detectors can’ be arranged in tandem and made
to produco multichannol chronatograns identifying the func~
tionality of eluting peaks, Considerable improvement in

_ gensitivity and cell constant of R dgtqg?ors has roiently
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been made by Hausdorff (25‘,26). i v .
A further interesting development ;,n‘GC-IB has been - -
nade by Kreuzer (30), Unlike preyicus detectors, his _ ,
- deyice useq an /IR laser ”r“adiiti‘c;n source and an optoacous-
tic ‘detectcz\r. I;Ie ;eporte'd ttg}: the covxib'inatie;n results in .
a sens@itfmity athleast 1000 times ‘better than previﬁpsly’n

reported systems, - The deteéter works on ‘the basis of
gound waves genérate;l by ‘tize absorbtion -of an 1anp11tu&é-' .
modulated IR beam and measured directly by a microphone.
. The nicrophone was kept e§1 for optimm performanee. The . .
- sitivity of this detectbr coulc?%nable it to

mplement GClMS \in areas where mass spectroscopy fa.ﬂ.s to

" excellent-

between compounds, e.g. isomers.
152.3 . DiscParge Detectors. : ~ SR TN
By Various types bf d:lscl:arge 'detector,s have been ‘devel- '
oped which arembased on nonitoring the emission*speetra of
compounds eluted from a gas cthnatograph and fragmented
and exeited in a high-snergy plas{ Such plasmas"'are pro-
duced by radio- (31,32) or m:l.cm:ot"renm’t (33-53) generators or .
the more conventional DC and AC power supplies (54,5%5).
-Helium ::a most oftoxi" used as a discharge gas, followed by -.
argon, The mechanism of molecular dsgradation and exc;ta-
tion is attributed to :1oniz¢d‘ ér metastable rare gas atoms,
to alectroli_ bgnbardne’nt,eand possibly to thermal excitation
processes, i aca‘nnjfng monochromator is typically used to
Qonito\r the euiz;uon. .

¢ Ay
!
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MacCormack, Tong and Cooke (33) first reported the

ﬁ;gg of a nicrowavh-stinulated plasma emission detector
T organic donpoéhds contain$§{wphosphorous, sulrur and o
halogens as well as for permanent gasés. * The. detector

b

showed a linear dynamic range of 2 x 10* and selectivity

from two to four orders or nagnitudeaversus hydrocarbons,
Oonsiderablo vwork has been dones to optimize this type of
ﬂetector with regard to plasma. stability, reduced back-
ground emission and increased emission intensity., Dagnall
et al. (42) extended its use to volatile metal chelates g;
alumf%um, ehromium,szzzggé, iron, scandium, gallium and
vanadium, It is possible that, in the future, these dis-
) charge detectors will be 1nprovcd and used on a widervrange
" of other'gx ganic and heteroorganic coqgodhds. )
1.2,% Vliravielet AbsorptiOn and Ultraviolet Fluoreseenco
" Detectors .
The detection of ceiqrn effluents bg:ultravioiet s
spectroscopy has been largely confined to liquid chroma=
. tography where it has been }ndigppnsib_lé. For gas chroma-
tography one can’ trap samples, dilute them with solvent and
measure ?hsn.in 4 conventional UV spectrometer, Houkp and
Baalhuié (56) combined a second derivative ultraviolet
spectrometer and a gas chromstograph for on-the-fly analysis,’
Obviously, only compounds with largo oxtinction coefficients
'can bo usefully analysed by GC-UV.
‘ Ihe techniquss of UV-fluorescence hawrboon applied

gore ' successrully to gas chromatography (57-61), It has
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proven sensitive (nanogram range) and select;va to poly-
nuclear arematic systems. ' The detection sjstems range

from fasi-scanning fluorescence spectrometers (éé),
pﬁ%t&multiplicr tubes with wide-band ﬁa;s filters (61), to-
SIT image Vidicdon tubes (59) that can provide background
correction, n ) '

1.2,5 Gool Flame ch:niluminescenee \ '

The phenonnnon of chemiluninescence has been Eknown for
a long time; the burming of white phospherous in air and
the 1ow of marsh gas are two prime examples, Only rec-
ently, though, has itrhoen used as an analytical technique°
for the most part finding application in gas analysis and °
air pollution ndhitori;g (62,63)s The reactions.of ozone .
with organic species such.as olefins and'suifur comﬁguﬁdg‘
have beéen used as a detector for gas chromatography (65,65),-
Olefinic and sulfur-containing conpounds-give high responses
which can be optimized by adjustnent of detector temperatura
and ozone flow rate,

A Vﬁry sensitive method for thé determination of °
oxygen bagsed on Py-oa ehemiluminescence has been developa&
by Aue et al, (66), . The cold flame of phosphorous has beon
further developed as a selective detector for<GC effludnts,
based on the Qact that organic no;eculos conpote in the
complex reaétiog mechanism of this f}amé vith widely difre'r-at
ent efficiencies and t?ere?y quench its %uninescance (67).
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1.3 The Use of Flames as Emisgsion Sources for 2‘3' -
Chromgtography v
Grant (68) suggested the use of flame emission for

‘the detection of organic compounds separatad by gas chroma-
tography. His detector wvas based on the increase in the
total emisiion of & nydrocarban/air flame without wave-
leng’ch discrimination caused by the combustion of calumn
effluents. The high background emigsion of such flanes
restrictec‘l the 'sensitivity of the detector conpidepably. |

Zado and Juvet (69) used an oxy~hydrogen flame with a -

B}ckmaqn atomizer~burher to deteef:‘ metal chelates, metal
hélides and organic compounds. A monochromator system

_with narrow slits ‘enabled the, dstector to moniter atomic
a high degree of solectivity. The detector

compoundg), and qlenents giving no ‘distinet onission \ﬁaes,
by proyiding an alternmate, direet light path between t
burner ahd the photonultipl:ler tube with a° simple filter

" chosen to eliminate rgdiatign from the hydroxyl bands of
the flame, The non-selective mde proved superior in pro-
ovldiz';gl sensitivity for species vith broad emission bands.
Juvet and Durbin ~(70)' éave a more detailed charactez_}{z\ation
’or the operat:l:;m and performance of thig &etecéor in the .
selactive nodo. ,' L

1
Braisan (71) énployed the cooler pr-hydi'ogen fame

using interference filters for selectivity for the GC C*

detection of organic qonpounds. . Bpactra Were racorded for

operated in a non-seloctive mode for orsanic .

v



all speclies of interest e.g. aliphaties, aromatics, .
amines, sulfur and phoéphorous~containing compounds , Jnh
order to determine vhich interrerence filter could be
used. The sensitivity was 1n the microgram range for
organles and in the nanogram range for heteroorganies.
Brax;aii also studied the effect of structure on spectral:
regponse of organiec compounds for qualitative 1nformation.
Recently Belcher»et al, (72) evaluated the use of
" Molecular Emission Cavity Analysis (MECA) as a gas chroma-
togra@hie detector, MECA i3 bagsed on molecular emissions .
produced in a eavity, K suiltably placed in an air-hydrogen .
flame and has been applied to the determination of sevaral
types of heteroorganic and inorganic compounds (73, 74).
The authors feel that the MECA detector is more versatile
~than a conventional flame photometric detector and indicate
that, ;lthough iés sensitivity is not as good, considerable
improvement in this area could be ;ade by a thorough /optim-
, ization of detector parameters, :
Lok History of the Flame Photometric Detector
Lkl The Salet Phenonbnon T e °
cpamiluninescence phenonmena produced by the gool air~
hydrogen flaée“operating in a hydrogen~rich atmosphere Aed -
* to tha development of what is widoly known as the flame .
] photonetric detecto (FPD). Over 100 years ago, Salet (75)
discoverad that if j)cold object is placed near “the core ‘of
8 low-temperature, ruel-rich hydrogen flama, an intense o

blue or green emission is observed near tge surfacs of the
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object deﬁending on whether a sﬁlfgr 6r a phosphoroﬁs
compound is introduceds These eémissions arise from the n
Sp and HPO molecules formed in the flame gases chillgd b&“
the relafively cool surface of the object. Nearly 100
years later, Brody and Chaney (76) developed th&%first
GC detector based on this phenomenon. T ¢ '
14,2 The Brody-Ghaney (Mslpar, Mikrotek Tracor) FFD
Essentially, the Tracor FFD is a combination ofa °
flame jonization detector and an optical system consisting -
of a filter and a sqnsitive, Yow-noise photouﬁitiplier
tube:\\?hs colum effluent is premixed with air (sonetines
" with oxygen) and fed into the ‘burner, which is surrounded
by four openings supplying hydrogen., Tha fuel-rich flame
.. burns inside_a metal cup or flame shield on top of the
burner nBzzlel This. effectively prevents the emigsion of
the luninoﬁs primary zone from reaching the phbtonuitiplier
tube. A quartg window separates the filter ‘and PM tube
from the flame gases, Tle optical parts ‘are thermally in-
&sulated by an adaptor made fgpm modiried teflon, In B
addition, the adaptor. is provided with dluminiy fins for
", extraneous cooling. Early nodels did not have the teflon,
adaptor, . They did, however; include a mirror opposite the
‘optical systen~to increase the light throughput for single
channel operati;n. This turned out to be wishful thinking
and the mirror vas later discarded. "
The detactor was gensitive to aub-nanogran amounts of |

phosphorous compounds and could detect as littls as a-nano=-

f
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gram of sulféz‘compounds. The selectivity of the detector'
Was concaniragi?h dependent, .but ranged from 3 to ly orders
of nagnitude versus hydrocarbons, - Sulfur: resyonse vas
quadratic, with only two orders of magnitude linearity

on a log~log plot;‘ phosphorous response, however, wag @
linear for about Y% decades. X .
1l.%,3 Melpar Detector Limitations v

The Mslpar FFD was not without its “prelglens. The
flame was extinguished when one microliter or more of
organic solvent eluted from the column. Hydrocarbons
eluting from the column at .the same time as a sulfur come
pound depressed its respomse, The original detector had
an upper detector temperature limit of 165°C to prevent - -
d;mage to the optics., Since patent protection assured a
captive market, the conpanies taking over the Melpar )
patent, Mik#fotek and then Tracor, did not mprove to any
significant extent the original Brody and Chaney dasign,
‘but re.'l.:led on FPD dsers for further progress. 6 -

Proper 4insulation or the optics was onsured‘ by/ means

of water-cooled copper ‘eoils placed between the flame
‘ region and the PM tube, This allowed tlie detector to be
operated in excess of 250°C, = \

The flame-out problem was attacked by a variety of -
means, including simple mdifications of the detector and
its flow, syston (77-79) as voll as new detectcmdesigns
(80-82), ‘'simplegt approach vas to vent most of the '

solvent, leating enough to give a /solﬁggz}t peak but not “ o
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enough to extinguish the flame, Burgett and Green (79) %

simply .reversed the hydrogen and air iylets and found:

-improved détector performance.

" . Moye (8111::f1t a non-extinguishing FFD,-using a.
modified acety}ere torch tip as a burner. The colum
effluent passed through the centre tube while the hydrogen
and, air were premixed and flowed through the outer tube,
Moye explained the “non-extinguishing®, property by the'

modes of gas mixing in the detector, The solvent gan't ~

» £lash back throughﬂbhe torch because there 1is no'iuygen

to support combustion,
Gibbons and Gopde“(82) describe another permutation
of detéctor-design, where’the columm of fluent vas nixed

with the fuel gas rorning a hydrogen@hxpervantilated flama,

A gimilar modification can be sd%g in thg\?himadzu FPD which

will -be déscribed later in the experimental section, )
The problem of hydrocarbons quenchirg detecter -
émission has been dealt with by :gseparating the-pgocesse;}
of compeund degradation and chemiluminescent emission, '
Rupprecht and Phillips (83) first developed a dual~flame
phbtonetiic detector, The purpose of ;he first flame was

to combust the compounds eluting from the colum to CO, and
80,, and ths purpose orNWhg seeond, to produco the desired
emission, The quenching effect on qmission by coa is nege
ligible when compared to that oxertod by the hydrocarbons

, themselves, This made prior saparation of sulfur co-pounds

i

-and' hydrocarbons unnecessary for ‘the analysis of sulfur
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compounds in gas, fuel and petroleum samples, Varlan

has recently developsd a comgggpial model of i dual-rlame "

photometric detector (8%); 1t has shovn great :promise in

the area of reliable guantitation of sulfur conpounds (85).

The only drawbgck of the dual-flame detector 1s its 3ome-
what lower sensitivity, possibly because of the dilutilon |

: o{_ﬁ&p sample with considerable quantities of flane gases, !

1,44 Other FFD Designs ' Coe

LY

A lot of wofk was done by various invasiigaéorsqto
°1mprova the Brody-Chaney des%gn and to increase the floxi- ¢
bility and reliability of flém photometric analysis,

Hasinski (80) dasigned a detector which used a thermal
insulation plate to separate the luminescence and Eurqe?
r{iii?s. The insulatihg plate could easily be. eplicodjwfqh‘
others of different steato‘change the geometry the detec-
tor itself, It allowed thermal control of both parts of the
detegtdr, that 1s, the burner ‘could be maintained atahigﬁ

: !
temperature while the luminescence block ‘could be kept as‘ﬂ

low as 100°C (nepessary to prevent the condensation of .

water).‘ The\;hparation of the detector parts influenced |
garamotars,auch as background emission (hence noise) and‘ \
detector gensitivity to carbon. If stoichiometric condi~
tions were met, then up t; 30;11 of solvent céuld be’ injec=
ted without extinguiahing the flame ovef a wide range of
flow rates. » . '
Joonaon and Loog (86): doveloPed a detector with

spociric combustion and emission ehanbors,.which 1nprovbd

\
|
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' z0ne| of the flame, Was investigated by Veillon and.Park (89,

. 13
/thé selectivity ‘of ‘phoq"phoréus a:ld sulfur versus hydrocar-
bgns. "Air or oxygen vas introduced through a series of
orifices in ‘x%‘c%mbustion chambgr’y ‘each of which' i:roduced
a flame burning in a hydrogen-rich atmosphere. Lompounds
from the columh wore mixed with the hydrogen stream and
{lecommged Jdn the combustion cpamber. The flow of flame
gases, supplemented by an inert’ gas, swept the reacting
substances into the sscond chamber for S, and’ HPO emission,.

bj‘o “£Yame-guts® resulted fof up to 50°L1 of injected
Sample’, ' ' ,

]

" The ‘Pye FI—D ‘was, introdwted in 197% and has boen
characterized by Greenhalgh dnd Wilson (87). B,ydrogen
and the column effluent were premixed and encountered the
air only ‘3‘/ the burner tip. Unlike in most FFD designs,
the ent‘.il.:zl flhme was viewed by t;he PM tube, -,

A number of photometric detectors, although not com~

° lbinedj withfa’ °g“ps°chrouatograph, provided some insight into
N

\detoctor design, Aldous et al, (88) studied a reducing

air-h%i-ogeﬁ diffusion flame that used a large, open-tube
yrex burner in place of a standard circular emission
urner head, It could be u;ed with équeoul or organic
trices, A nebuljzer capable of producing a very fine,
mifor \nist could be matisfactorily used; on ths other
hand, a n\ara-burning stage ;1- organlie liquids of low-sulrur
content was needed to oxidize the sulfur to 302.

The effect of‘ a shiold,oukich surrounded the emission

i
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They uaéd shields‘éf different dinehsions Jand iﬁteriais -
e.s. borosilicate glass, fused silica, copper and :i}in—
less “Steel, Basically they found that the shield
necessary to produce chemiluminescence but that 1ts
dimenaions and conpositionfwera not inportant. Syty and °
‘ (90) found different optimum shield dimonsions for
sulfur versus phosphbrous emission, ‘

Von Haub\ﬂi al. (91) designed a burnmer.wvhich had &
split flame, The emission zone of the flame had a quartz
shield which was cooled by running water, to prevent
radigxion-less’decomposition of excited HPO species. Naﬁa’
| use for detection purposes was made of the second flame
burning on top of the quartz shield, =~ ..

1,5 'FPD: Characterization and Applications
1,5.1 General Characteristics
(a) The Flame 4
The h;aft of the fiama photometric detector is the
' fuel-rich air-hydrogen flame. The energetics of: the flame
are such that little tharma} emission can occur, the flame
temperature being low compared to buch flames as air- .
acetylene, As a result the flame has a low level of back=-
angrOund emission, Even tpg well«known OH band at 301;6 nm
ig very weak, As one approaches a stoichiometric flame,.
the backéroun& emission increases and t§e detector noise
increases as well, The probabilipy 9ﬂ?th9rual omiséion
increases as the flame becomes more energetic, The primary

@
zone of the flame is the main source of background emission
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and 1t is usually blocked from view of the PM tube, The
primary zone serves to decompose the column effluent into
small molecular ffagments whi}e the secondary‘zone and
the relatively cool region above it provide the emission,
(b) Chemiluminescence . ° , v
Emission from species such as 8y and HPO oacurs by
chemiluminescence, not hy thermal omission. Basically
chemiluminescence is light emitted due to a chemlcal

1 reaction, and can be of the following typeés: ’

A+ B — a5 @
A+Brc —> as'+C |, (@)
. , ‘.‘A+B+C—>‘AB+G*‘ - (3) -
Two=-body association\g; recombination reactions
prodnciﬁg electronicallyrexgited states are chafactorizqd
by the "recombination™ continuum emitted in the radiative
stabilization'of the aésociation complex, Three body/re-
actions, on the other hand, give rise to discrete spectral
featuros. The third body remove's gome of the excess vibra~
" tional, energy from the newly tormed, electronically excited
mplecule, leaving it .in one of its diserete vibrational
states, Reactions in the gas phase involving ekcIted
electronic stat;s have been reviewed, by Laidler and Shirler
v, |
(e? Optimization gg Detector Parameters
The detector must be optimized for sensitivity (best

AN

13

signal-to-noise ratic) and selectivity (versus known
interfergnts), Such optimization involves the choice of

\
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flow rates, detector geometry, filter, FM tubo,.ntc.: One
normally uses an interference filter fofﬁselectivity Pure
poses, but the choice of a filter ‘also affects gensitivity, -
It relates to spectral characteristica, LI - sharpness of
bands, nunber of prominent peaks, presence of continuum
emission, wavalength range, etc. The selectivity of the
detector using an 1nterference.f11ter depends on the par-
ticulars o;r the transmission profile (pe’rcen'bt maximm ]
transmission, band width at half height), its ability to .
cutpoff spectral regions above and below the chosen maxi-
mum wavelength, and the degree of spectral overlap with
the bands of 1nterf;r1ng species, If there is little inter-
ference and sénsitivity is the major concern, the detector
can be operated without a filter (93), It is interesting
to note that the FPD's seloctivity for P and S versus
hydrocarbons is only slightly lowered by running it in
such an “open-modo“ (93). ' ! AV
“1.5.2 Characteristics of Sulfur Emission |

(a) Spectrum

Bulfur emits the well-known 82 gpectrum as seen.in -
Figure\l. It consistg of a large nnmber of closely-spaced,
sharp bands from about 300 :m to 600 {yu The most intense
of the bands iia close to the strongest one at 39% ‘mm,
" Because of its very broad S, spectrum, sulfur can inter-
fere in the analysis of other species by flame photoJ"
metric detoc&ion. The most notable exauple 1s the “cross-

talk" of sulfur compounds during an analysis-for phosphor-
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Fig'ure' 1l
Sulfur “Spectrum" -~ 320 nm to 50% nm

~
k.

2 nm ba(hdpass



2006 ' OSt oor . 0SE

. < ‘SJd9l3wioupuy - HLONF 19avm

.

SsSpdpupg Ecm\.‘ B ,‘
NNYID3ds 25 |-

3ISNCJS3y

stiun Auoutiqup ¢




.18
. . : C )

" ous compounds using a 526 nm interference-filter, This'
problem can be alleviated by dual-channel operation of o
the detector and has been dealt with alectronically by
-Joonson and Loog (86)s It has bsen coumon practice to

" use an interference filter vith: max:mm transmission at v
39% mm although the 3911- nm band has no particular advane
tage over any of the other nearby bands.

R (b) Mechanism of Emission

R Ty
Fron the spectrum, it is clear that S, is the emit-
ting spacies for sulfur response. The mechanism leading

. to this onission nust produca onougb onergy to satisfy the
chemiluninescence .requirement, Sugiyaxﬁe et al, (94) pro-

posed the following mechanism. L ®
‘ Compound” -————> HgS &) =
MEStE ——> B+ H, (5 . °
¢ L HSe + He = =———> . +}12*,,,'(6.7)"4’
. ‘s.+s.+u————>s;+n,‘/(7)
: é@* L > g thv - "8
e %+m+m———ész+%“w)'

Reaction (7) seens to be clearly, favoured because its
kinétlca rcquire that the responsc be proportional to the

square of the concentration of sulrur atoms, 6.8

R prop. [8,] " n=2 (10)
R = FP response, peak height
'8 = sulfyr in analyte injected
' :nd, in actual prettice, sulfur compounds do show quad- . .

‘
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ratic response, Equation (9) iscalso thermodynamically

¢
feasible ~ (as are po;sibly other reaction schemes),
There has been ; great deal of éontroversy ove; )

vhether or not sulfur response and the slope of the éa%;;. '
bration curve is dependent on the structure and oxidation
state of the sulfur atoms in the‘chroﬁatographed“egnpoﬁnd.
Several authors (95~97) havs’concludéd that sullur response
is stroﬁély dependent on compound tipe with the éxponont
“n® ranging from 1.5 tolz.o. ,Kakemofbyand Maruyama (98§
however, countered that response dopend;ddohly on the
mumber of sulfur atoms in a molecule and,noégoh its ‘chem- ..
1ea1 structure, provided all experimantal conditions were
kept constant for the comparison (1nc1ud1ng retention. time,
“i.e, chromatographic peak,width).

+ (e) Coping with Quadratic Respoﬂéé“ . "

" Por the analyst & linear responge is an ideal, a non-
linear one a headache, It generally ﬁoano that lorger
errors can.be expected and that more care must be taken
to keep all con&itions constant, |

. Coping with non;linear sulfur respohso has involved
many different approaches, . The simplest and most todious
is to~plot/frequsnt log-log calibration curves, This is
'time-consuming ‘and not very popular, The calibration curve
can be oloctronically lineariged if the rosponﬁe exponent
is preeisply ‘known uaing a variahla-axponent 11nearizer/
module (99)., Some- conmorcial 11nearizers (100,101) assume
the e§ponén§ to be pgeeigely 2. As,was previously men-
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‘tioned, there has been a lot of controversy over whether
~ or not the _response exponert 'is really 2. for all sulfur
' conpounds. With this in mind, - the potentigi eror using
such commercial 11nearizers could be 1arge and has been’
studied by Burne&t et al; (102). ERRT ~ .

' »  If sulfur response is not’ pruly guadratic, then the
approach of ‘Attar g% al, (103) using the equation

o

| T
R= ——— (11) :
o E . (n:l} fonn
TN . n,
g.\' . [ m" SN
'A = peak area’ . Ry, = peak height,
/ 4 # [y s
}/ R = linearized response ° . n = response expon%nt

can be used. Ho%evef, if sulfur response is quadratic, -
then elither the standard addition method ag shown by

Marcelin (10&//c§n be used, or the rélationship’

" Re VR oWr . Q2)
‘ W = peak width at halr height
can be plotted as outlined by themoto (98) for a linear -

calibration curve, . gr o’

4 i i
(d) Sulfur in the\Detector Background: Wented and

PR > o 7 .
Unwanted QE;Q ¢ - oo

() I

tinuous amount of a volat
addod to the detector in ordéer to emhance the response of
any sulfur Eomﬂ?und injcted on top ‘of this background,’

‘sulfur cqmgoundwcould be

This feature of a‘squa e lav detector was pointed out 'by
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_Crider and-Blater (105).. ' ' “ 5
In fact one -very annoying problem in the analysis of
Sulfur compotinds by flame phothetﬂc detection has been
the frequent but lrreproducible "linearization™ of the
. lower end of the calibration ¢urve, This has been used
by Maitlen et al. (106) for insecticide residue analysis,
Moss (107) commented that the effect "may be used for ¢
d'etecting small unwanted backgrounds...due to detector °
contamination or column bleed™, The effect could easily
., be produced.by a"“\‘rolatile, sulfur-containing impurity in .
one of the s&pply gasés. »
' It 1s obvious that improvements in detection limits
can be obtained by providing a snitable sulfur baekground
(105',107 108), One can also envisage th} linearization of
sulfur calibration .curves by chemical means, that is, by -
ereating a pseudo~first order reaction by providing a
suitably large sulfur ba’.ck‘ground. The idea seems promisin
as i‘i: should eliminate "the problem of irreproducible data
. from the low end of the calibration curve, and produce an
sxtended range of linear regponse, The practicality of
the’ method would depend on how easy'a constant sulfu‘r back
ground could be.introduced, and how much the expected in-
crease in detector noise would raise the minimum detectabl
iimit. Such an investigation was undertaken and proved tc
have a mich wider scope than anticipated. The results are
presented in Chapter Five,
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(e) The Hydrocarbon Quenching ﬁroblgu !

One of the problems associated with the Brody and
Chaney FM and others of similar design has been the
depressidn of sulfur response by co-sluting hydrocarbons.
Dual Tlame methods (83,84) as previously discussed, reduce .
this effect considerably. One can a}so monitor the GC
.efriuent simtiltaneously with a flame ionization detector
either as a built-in part.of the FFD or used’in parallel
vith it in an effluent splitter arrangement (107). This
would warn the analyst of any large anount or 1ntarrering
hydrocarbon, but would not solve the problem. Sugiyama et
al, (109) stated that the'effect can be explained by de-
activation of the excited 82 specios b; its conbination with
an organic compound and/or its degradation ‘products, Thare
are other possible explanations such as the absorption of
some sulfur emission by hydrocarbon degradation products,
ﬁpe feavanéﬁng of sulfur atoms or other species in the flame
that take part in the reaction scheme (such as hydrogen.
atoms), or a resultant change j; flame temperature,
1.5.3 Gharactl

(a) 8;ncﬂrun

ristics of Phosphorous Emission

Phosphorous eompounds produee a characteristic green
luminescence cotsistiﬁg of three main bands on a broad
continuum locatxd for the most part between 500 and 600 nm
(8ee Figure 2).) Most of the emission is due to the three:
strong bands of}KPO as deseribed by .Gilbert (110), A !2§

" nm 1ntorference/tilton, 1solating the strongest of these




Figure 2
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“ assunption of the one-phosphofous-species HPO as the

2y
bands, 1s, normally employed for selectivity purposes,
(b) \uaehanism of Emission ,
The mechanism of phosphorous response is not known
as well as that of sulfur response in the FPD, Linear

calibration curves are obtained, in agreement with the

mainlemitter.anAgain, because the emission is chemi-

' luminescent and observed in cool flame regions, any pro-

posed mechanism must acc&pnt for the energy of emission
by react®on only. Syty and Dean (90) favour the reaction

of . ’ .
¢ He + PO + M ———> HPO* '+ M  (13)

whereas Gilbert (110) argues'sn favour of °

o
" PO + Hy + OHe HPO' + Hy0  (14)
¢

actioq'has Juat the riéht»

' energy to proéuce'ginitod HPO, that~H2 is a major componﬁ

ent, and that the hydrogen flame gases are -abnormally ‘
high in OHe, No doubt other pogsible reactions exist, but
7the trus reaction schame may by difficult 6 establish’

" (e) General Chargct;rislics S

The Tlame photometric detection of phosphorous come
pounds usually requires flow conditions differentafrom ‘
those used for sulfur., Because the FFD is more sensifive
to phosphorous than to sulfur, the flow conditions for
“gual thannel operation are chosen close to the optimum
forfgulfur. Two detectors which have the same oétimun

flovw rate -for sulfur and phosphdrous are the dual-flame
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detector of Patterson (84) and the FPD designed ﬁy Jﬁ;nson
and Loog (86), Coincidence of optimum flow ratos are par-
ticularly advantageous for single-channel detectors where °
one can change a P to an S-channe£&by changing filters
only., The detector shows linear response to phosphorous-
containing compound§ over four or&ers of magnitude and its
selectivityvversus hydrocarbons is in exceés of 1ok.
1,54 Applications o ©e
(a) Pesticide Residue Analysis
p:)?he ugse of the flame photometric detector in vayious
1¢ations has mushroomed because of its good sensitive

1ty and selectivity, Since Brody and Chaney first applied ®
their detector to the analysis of pesticides containing
sulfur and/or phosphorous (76, 111-127), the FFD has stead-

ily grown in popularity. Dual~-channel operation: has

invaluable for qualitative purposes as well, One car
culate the P/S ratio for thiophosphates by dividing the
phosphorous response by the squaép root of the sulfur re-
sponse (128), This can help to indicate the actual P/
,ratio in the molecule and, when used in conjunction with .
ret%ntion times, can aid in peak identification.

(b) Sulfur in C;nplox Hydrocarbon Mixtures

The FFD has been used as a qualitativq and quanti-
tative detector in the analysis of oils and oil products
- such as gasoline (83,.129-132), as well ag hydrocarbon
gases such as natural gas and cooking gas (133,134), Its

sensitive and sgTective response to aulfup enables it to.
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be used in “fingerprinting® of oils and oil spills (130).
The distribution of sulfur compounds can be found using
veryalittle sample, Total sulfur can bs determined by
combustion of the sulfur compounds to SOz (83,129) and
determination bjfggb. Dual-flame .photometric detectors

are very valudble for obtaining quantitative data 19 appli-

‘ cations where the sulfur compounds elute on a complex back=

ground of hydrocarbons,

(¢) Air Pollution

The FFD has found & plaé; in air polluéionumonitoxing
(97,135-1%5)s Sulfur-containing gases such as HyS, COS,
C8, 50p and various mercaptans are common air pollutants,
generﬁted by combustion and éertqin chemical processes e.g.
those used in Kraft mills. Aside from high local concen-
trations, for instance around a coal-firéd power plant or
a pulp and paper manufacturing facility, they are usually
pregent as trace quantities in air and hence require a del

tector with high sensitivity. Most of the problems related

< to the analy§13~or these gases by élame photometric detec-

t}&n, are due %o tpzif poor chromatographic properties and
high chemisorptive activity. Because of this reactivity,
the chromatographic system qpst be made as inert as possi ;
and the coluzm muat be properly deactivated,

A- second problem is making accurate calibration stan-
dards of these gq;gs. The mogt accepted method makes use

of permeation tubes, The desired level of the ealibratibn

* gas 1s controlled by the nitrogen flow rate over the perm-
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selective polyn;r. Preconcentration of analyte gases on
solid adsorb;nts like gold-coated glass’beads is some-
times used to gain increased sensitivity (135,136). The
determination of phosphine (e.g. from the fumigation of
grain) can also be performed by GC-flame photometric
detection (146), o Y

(@) Miscellanecus Applications

ThavFPD has been used to determine élemental phos-
phorous (147) and elemental sulfur (148 conjunétion
with gas éhromatography.‘ The volatility of these elements
makes them amenable to GC, Darlage et al, (149) used an
FPD for the analysis of coal sulfur where the sulfur vas
converted to S0 before analysis. The analysis ofvthe
pesticide manganese ethylenebis (dithiocarbsmate) has been
carried out by a conventional CS, evolution method (150)

Sulfur-containing flavour components of foods such al
coffee and tea have been analysed by head-space sampligii
prior to gas chronatography and flane photometric detec-
tion (151,152). Robison and Hilton (153) indirectly doter-
mnined zine phosphide py converting it to phosphine, follow-
ed by GC-FFD analysis, -

The FPD has p&tential nediéal applications as well,
The combinatipn of breath sampling techniques and flame
photometric detection (15h:156) can allow doctors to
determine whether or not a ‘patient has certdin diseases.
For example, éhedconcentration of methyl mercaptan was re-

ported to be significantly elevated in the breath of
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patienﬁ? with hepatic cirrhosis. The teéhniqué appears
to hold great piomise for the, future,

1,55 Flame Photometric Detection of Elemants'Other Than
‘P and & ) ’ :

(a) Air-Hydrogen Flames: Cheﬁilumingscenqe

The cool alr~hydrogen flame has been found to give
chemiluminescent emission from compounds containing other
heteroatoms, Crider (157) used.a large air/Hp flame and
monitored chemiluminescent emission from organic halideés
at various detector*operating conditions, This jtechnique
provad reasonably sensitive to compounds- containing iodine
and bromine but not fiuorina or chlorine,

Dagnall and co~wdrkers studied chemilbminescence pro-
duced by a large air-hydrogen diffusion flame, Besides
phosphorus énd’sulfur conpounds,\they recorded emission
spectra of compounds containing nitrogen, ¢hlorine and
carbon (158), At a later date, they separated the inor-
ganic fluorides of arsenic, germanium, molybdenum, phos-
phorous, sulfur, antimony,/gélenium, gsilicon and tungsten
by gas chromatography and detected their ;mission in an
air/Hy diffusion flame (159), They identified most of the
emitters as fluorides, oxi@oé‘and°sons homonuclear dia=- °
tomiec speQios.‘ Fluor;des wvere obt‘ined by.fagction of
samples vith CLF3, ﬂ |

> (b) Oxyhydrogen Flames: Thermal Emission
(1) Organoboron compounds o
Sowinski and Suffet (160) applied a Melpar FFD to the
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determination of boron hydrides. Good response was

b,
obtained only with a hot flame of near stoichicmetric
proportions of hydrogen and oxygen. The detector“emits
the “rluctuation bands of boric acid™ (161), which are
attributed to B0y, The detection 1imit for decaborane
was/qpoted ag 'less than one nanogram, Sowinski and Suffet
al'so used their boron detector for the analysis of boron
hydrides in rocket propellants (162).

(2) Chromium Cholates '
Ross and Shafik (163) found that the early model of
the Melpar FPD could be made to raspond to chromium, and
monitored the emission using.a haﬁ.h nm filter. They sug- ‘
gested application of the detector to physiological flziigi—i
such as urine, Burgett and Groen (79) used an improved
model of the Melpar detector and monitored theremission
at 520 nm, Their hoo Oa/uir/HQ flame gave a detection
limit of about 15 picograms for chromium (probably as the
trifluoracetylacetonate) and four orders of magnitude of
gelectivity versus hydrocaobons. Tho'emitting gspecies in
chromium analysis has not been umequivocally established -
- Burgett and Green attributed it to atomic Cr but gave no
supporting data. -
(o) Senﬁftizod Flames
' (1) Tae Beilstein Detector

«.  The well-known Beilstein effet has been used to
produce a copper-sensitized FPD (164<166), Hydrogen andv
the column offlonnt pass through a copperascreon and burn ’
in oxygen admitted above it, The detector resﬁbéﬁ? expon-



entially to organochlorine, bromine ahd lodine compounds
and linearly to ail other compounds. The emission is
mostly CuCH bands with somé emission froﬁ the'copper‘
halides, The “reason for exponential responsg'has not
been established, ¢
(2) Indiun-Sensitized Flames .

Gilbert (167) used a modified Van der Smissen burner
.to obtain indium chloride emission from GG effluents con-
tainiﬁé chlorine, The‘burner produces a separated flame: '
the first flame decomposes the chromatographic eluates,
which then _can react with an indium-coated copper tube_
placed above the burner tip. The second flame, burn}ng
abovéathis tube, produces the ‘desired emission. The de-?
tector ‘also works well for bromine and iodin% but not .
fluorine~-containing compounds. Because oﬁ its senditivity,|
selectivity, and ample linearity, a 1ot qf work' has been
done with indiumpsensitized Tlafies (168-L76). Moseman, and
Aue (169), doped a normal FID with indium %ndaobtained
good results for both ionization and photbmetric measure-
ments, Versino and-Rossi (170) used a dual-flame detector
‘in which they monitored sulfur/gnd phobphorous compounds
(as 82 and HPO) in the first flame and organochlorine cofi=
pounds (as,InCl) in the second ones '

(3) * Sodium-sensitized Flames

‘ Na\n@and Malmstadt. (177) modified a sodium thermi-
onlce detector to respond to halogen-coptaining compounds

+

in the\sub-nanograr,n'range. In this de:tector,' the 589 n'n?
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sodium ‘“p* 1ine is enhanced by the presence of halogens
in a linear menner, An electrically heated, NaySO~coated
. platinum spiral is used as a sodium source.
Aue and Moseman (178) looked at the photometrie out-
. put of a normal alkali-flame 1onization detector, ?he}
found both positive and negative responses for compounds
_ containing chlorine, bromine, iodine and phosphorous .
(depending on detector conditions), and concluded that it
had potential for qualitative analysis.
1;6 dabice of Species to Investigete
1.6.1 General Discussion L
For many years mankind has used (to some extent had
to use) the natural environment as a eonvenient dispbsal
ground for unwanted chemicals, Furthermore, man has used
chemical warfare against that part of nature which ctel-
lenged his right to mold the enviromment to suit his needs,
e.g. some types of insects, plaﬁts, etc.‘ (The use of’ - ‘
chemistry to fight conpetition is of coyrse\hot limited to -
the environmental arena - thiophosphate pesticides, for ‘
1nstance; were first developsd for use on humans,) Only
‘ recently has mankind been made aware of‘pome of" the after
effecte of its carelees treatment of Mother Nature- 1t is
necessary for instance orly to think of the disastrous after~’
effect on wildlife, especially birgs, of the indiseriminate
end widesgpread use of the insecticide DDT, . _
A 1ot of attention has recently been‘roeuésed on the

egfects of various matals and their organic:derivatives on -

.
-
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the environmenf. Tha°toxicity'of organic derivatives hes
been found to be often ‘much. higher than that of the metals
thenselves. Organic derivatives can sometimes -pass thréugh
nembranes in living systems with ease ﬁnd, because of their
organic na?ure,e(Iipophilicity), can accumulate in fatty

tissues, Biosynthesis of organometallics from metals (e.g.

nethylmercury from mercury) is a well-established process,

The study of the metabolic pathways of these metals and ’

.their derivativies ir the anvfronment is of great concern: -

L\3

§

aand.sqlectiva detectors can give qualitativé and quantita- -

to séiéntistg, medical authorities and political bodies
alike; a ‘ ' ;

~~ Hence one comeé to‘reaiize that it is important to i
lcﬁerﬁine not only what metals or heteroatoms are itivolved ,
but also in which form they are pﬁeéent in a.sample, i.e,
their, speciation, Chromatography, as a Eeﬁération ‘teche=

nique, can provide answers to the question of speciation,

tive iyfornation on the type and amount of species involved, —

Our interest in the cool alr-~hydrogen flame as’a gsensi-

"tive and selective detector led us to investigate its poten-

' tial for the analysis of a few selected compounds containing

heteroatoms, Our primary interest was the determination of

organotin and organo-selenium compounds. Both of these are

‘ important in today 8 society because of their many uses

and their potentially harmful effects, : To & lesser exxent,
organié conpounds of germanium and tellurium were to be 1n-

vestigated as a corollary to the studies on tin and selen-
ium, -

t
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Ths response of a number of heteroorganic compounds
1n a Hblpar rlame photometric detector, operating without
a filter, III :hortly,investigated by Aue and Hastings
(93), - They u;éd a pure survey approach, and no attemptiﬂu

_vas made to 'Optimize the detector for ;n@iViaual elements
or:to es;ablish the emitting species, Organotin coﬁpound%°
weé? shown to elicit thg largest responses in this detec-”
tor\ the MDA (hfnimum detactable amount) of tetraethyitin
being 30 picograms. Selenium showed a square-law ré=
qsponﬁg, but an MDA of only 10 ng“for piazselenole. Based

| on thesge facﬁ? and the author 's convic%iogKof the potential
‘userulnass of the FFD for organotin and organoselenium
analysis, an investigation of the matter was uqdertaken in
a %horough‘and systoﬁatic'fashion{ It was the good fortune
of the author(s) to obtain a Schimadzu dual-channel FFD on
(permanent) loan and all experiments vere carried out with
the instrument. ‘ \ i

'1.6.2 Tin Compounds .

\
v
: \

(a) Uses and Envifonmental Concerns ) }
The annual world production .of tin metal 1s of the
order of 200,000 tons (179). It finds ‘uses in tinplate,
solders, bearing metals, copper-tin alloys and in the pro-
duction of inorganic and organic tin compounds. Organotin
compounds have been prqduced in large gmounts -'estimate
for 1975: 25,000 tons (180) - for a wide variety of uses,
Organoting are used 16 plastics and polymers, partice

ularly to stabilize vinyl resins and to pravent the degra-
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dation of oiygen-containing polymers and’' polyamides dué
‘to heat and/or U.V. light, The compounds used 'sre ‘of the
. type RpSnkp,e.g. gioctyltin diiaurate. ?1n cgmpougds are
8lso used as antioxidants and anticracking dgents in rub-
"ber products and paints, as activators and catalysts for

polymer;zation of olefins, and scavengers of HEl for cor-

"

rosion resistance in transformer, capacitor and cable

parts, .
Compounds of the type R3Snx possess marked bioeidal

properties, TIributyltin compounds such as tributyltin
oxide (TBTO) are particularly useful as timber preserva-
tives an&l;s active agents in antiQIouling paints. TIriar-
yltin compounds are generally less toxic than trialkyl
types, alghough they do possess strong fungicidal: proper-
' ties, making theﬁ.suitable for agricultural-use., Triphene
yltin compounds are used to combat fungal-attack on erops
such as potatoes, sugar beets, coffee and bananag, Tricyc-
lohexyltin hydroxide (Plictran) is used as a mitiéide én
‘fruit trees and glass-house crops.

The toxicity of tin is almost entirely due to its or-’
ganic compounds (179,181) and most particularly to its
alkyl derivatives., Compared to other organometallics, e.g;
some of the mercurials and arsenicals , they are replacing, -
tin compounds are relatively 1nnocﬁous. The ?9ct that the
metal will eventually end up in a harmless form (Sn0s) ~ in

contrast to residues eontaining mercury or arsenic - has

done much to promote the use: of organotins,
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Aecumulated #mowledge of the toxicity of some K

of

organotin comNounds and the uncertainty about the fate
of these compiunds in the environment " has led to 8 more
congeientious attitude in their use. Better analytical
methods for organotin-compounds have been the ‘concern of
WHO and IUPAC oommittees for some. time, An $800,000.
Batelle/EPA study 1ncluded organotins in & list of 10
toxic substances, whose effect on human physiology and
the environment were to be scrutinized (fi%‘. Oréanotins

are on a "black list‘ (as opposed to a “grey list® ) of

<

substances to be eliminated from the Mediterranean (183).
Direct ineidents of poisoning by organotin compounds

are few, An exception was the "Stalinon" affair of 1954
‘ when about 100 people died in France., Occasional poisdﬁ-

ings still decur from carelass use of, for example, marine
Lpaints containing TBTO. The lower alkyl derivatives, ; X
especially triethytin, have been found topgave a upecific
affect on the central nervous system, producing cerebral
edema, A good deal of research into the toxitity of organ-
otins has been carried oa% on rat\\and dogs (184), 1In.

Ce |
’general, they have hoon found toaproduce lesions on differ-

ent parts of the body, aﬁrophy or‘testicular tisaue, and )
&«1nterference in soms of the 1mport t biochemical pathways,

Another important consideration is the poss@ple biosynthesis

of methylated tin in th;‘énv%ronmgnt 185), Model reac~
“tions wrth various types bacteriﬁ\;ave shawn tin to bo

hathylated. By rixing methyX groups {ronm compounds 11ke
r3
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methyl cobalamin (vigamin Byo) on metals, bacteria render:
them less polaf~and thus hore‘soluble in the cell‘s orgﬁhic
phase. Furthe::more, conéern ‘has been; expressed about the
leaking of tin-containing polyh@r\stabilizers into food or /1)
medical infusions (186). On the surface it appears t£3t~ :
there is no need to worry about organotins in the envife "
onnent other than taking a few precautions with the use of
?he ﬁigﬁi}’toxic ones, However, mew evi&gnce has shown ,

% +that tin may be aecumﬁlaying in the organfie food chgﬁﬁj.l
\ beconaga~possihle health hazard (18%),” * - J

<=

iy

(b) Analytical Methodology oo

-~

Inorganic tin can, be doterﬁined-by the common analy- .
tical methods: colorimetry,hcomplexiometric titrations,
spegtrophotometry, gravimetri;:pethods (Snoz), polarography,
fluorimetry, X-ray fluorescence and atomic spectroscopy.
.Organic tin, coppounds can be determined as total\tin by the
methods listed ahpve and this area has baen well revieved

(X4

(187,188), . S - g T
“A number of colorimetric and ﬂluorimgtric methods are

popular because of" thsir good sensiti#ity.(‘nithiol forma~
‘ tion leads to a sensitivity of 0,01 ppm tin (), The ro-
action of tin (IVQ'with pyrocatechol, violet, sensitized by
\\ ,cety}trinethyl ammonium bromide, is faqtpr and more selec-

tive than the dithiol methods, A mumber of fluorimetric

reagents are available for tin, the most sensitivombeing >

. 3,¥~7~trihydroxyflavone (189)s The most sensitive of the
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atoﬁic spectroscopy methods is atomic fluorescence 1?~Bo§ﬁ
flame and, non-flame modes (190). An interqstiﬁg method - .

reported by Dagnall et al. (191) used ‘the- Mg band

emission at 609,5 nm emitted in an hir-hydrogen‘diffusiun
flameé, . - L
Organotins have been separated by p;per and thin- .-
' layer chromatography and determined by colorimstry ér“by'
extraction of the separated comﬁounds followed by the ‘
‘usual analytical techniques (187). Elsctron-spin reson-
ance haaibeen used %o determine di-'and triogganotin co~-
pounds by reaction with o~aminophenols to form stable
paramagnetic coﬁ%léxas (192). ' ‘
1.6.3 Selenium C&hyoungs . ‘. T “,‘
(a) Uses and Environmental Concerns
The &wéﬁ vorld refinery production of selenium from
1964 through 1973 averaged 2.\eillion pounds anmually,
Its industrial uses are -in the el&etxoniqs 1n&ustry ’
(amorphous selenium forms the basis or vidicon tubes), ]
metallurgy (as a degassifier in stainloss steels), the glass
and ceramic industry (e.g. vhen' added to glass melts, selen=-
ium produces a ruby-red g;ags useqvin traffic and signal
lights), in pigments and the pharmaceutical industry (e.g.
dandruff ‘control on human scalp) (193), Selenium has been
used in agficulture to ensure the h;alth of livestock by
preventing certain -diseases rosﬁlting from splenium defic-
iency. This can involve thn:feoding of forage crops and

feed that naturally contain protective (but non-toxic)

- :
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levels o}>this°élem§nt. Othegyisélseleniu; is’ introduced
to livestock in several ways:ﬂ&) by-direct injection; ’
2) as a feed addit&ve% 3) 'as an.additive to soil, and °
%) as a foliar spray to forage crops. ‘Thg lgtter two
"methods are aimed at producing plants With sufficiently
hiép ;égels gf‘seleniﬁmbtoibe fed to animals (193),

The in;réductioﬁ of selenium iﬂfé the envlronnentiis
due to bpth man and nature and but few quantitativé data

ra}e available on 1ts cycles or sinks (193), Selenium

‘ perhsps best oxemylifias.a not uncommon ambivaleﬁcez it is
toxie and essent?ql, it both causes and prevents certain
diseases. Thefliteéature on,selegium énd its various
effbots 1s extensive (for some rgﬁiews,.seJ*réferencesl93
to 196). The nutritional and toxic levels for selenium
are low.and not too far aparty (0,1-0,3 and 2-10 mg/kg,
respect%yely). This ﬁeane that analysis of selenium must
be’ both precise and accurate. . -

Selenium can'be metabolized by the body and interferes
in sulfur metabolism, In certain plants it is heavily
ace lated but in others it can be injurious to seed :
germination and grewth, Biosynthetic reactions involving
selenium have been sho;n to produce seleno-amino acids
(produced by microorggnisms) and methylated selenium, i.,e. .
dimethylselenium (produced by molds). 46.1nteresting
effect 1is the lessening of the toxicity of mercury énd
cadmium in the presence of selenium,



(b) Analytical Methodology
‘ L]
Inorganic selenium can be determined by the usual

‘analytical téchniquas. Analysis of selenium compounds
has been almost exclusively restricted ts thaé of total
selenium (see reference 197 for a re%iew and referenceg
%, 5, 7, 8, 15, 53, and 198-203 for some newer papers,
several involving hydride formation) as opposed to an
analysis for various selenium species (9),
- Selenium can be determined spectrophotomotricglly,
or by EC &otection- after reaction with o-phenylenediamine
or some of its analogues (198, 199, 202-20%), Atomic
absorption using low temperature flames and electrodeless
disbharé; lamps is.combined with hydride generation to
gain sensitivity, Catalytic techniqres forming highly
_ absorptive ai;-ﬁy;s°hro more sensitive than the usual
spectroﬁhctonatric techniques (800), Proton-induced X~ray
emission has been used in the determination of Se(IV) in
blood serum (201),. )
1,60+ Germamium Compounds

(a) Uses and Eavironmental Goneerns

Germanium has a variety of uses (295), by far the
most important of which is in the'electronics industry
vhere ‘1t is used as a’transiséor element in thousands of
applications. _Germanium and gegmanium oxide are tranQ-
parent‘to the intrared and are used in infrared spectro=~

meters and other optical equipment including highly sensi-
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" tive mf:l;ured detectors, The high index of refraction
and dispersion of germanium oxide has .made it useful as a
component of glasses used In wide angle lenses and micro=-
scope objectives, o _—
At present, germsnium is not thought to be of great
environmental concern, Some or'ganogermgnium compounds
have low mammalien toxicity but displey marked activity
agalnst certain bacteria, The toxicities of organoger=
manium_compounfis sre generally similar to those of tin
(206), hence the cheaper tin compounds dominate the -
market, Greater use of germanium compounds in the future
would n;ean that a closer look at their effect on the )
. environment would be needed, \
(b) Analytical Methodology
Analytical methods for determining |e£'manium are few,
Atomic ,emission‘ spectroscopy, X-ray fluorescence and gravie
metric determination of germanium oxide have been used,
Atomic absorption ¢an 'also be used but it lacks sensitivity,
Germanium hydride bas been determined in the picogram rangeé
by mass spectroscopy (207)., Sutton et al. (208) found a
detection 11m1t5 of 0.1‘pp15 G;a}n,. using “*Metastable Transfer
Emission Spectrometry”® (MIES) o
1,6,5 Tellurium Compounds
(a) Uses and Environmental G’oncerns
Tellurium 1s used in mdtistry to improve the‘ machine
ability of copper and stainless steel; It also finds use

* 1in electronics as a p-type semiconductor, Bismuth tellure
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~4de is used in‘thermoelectric devices (209)

|

Tellurium and its compbunds are toxic and should be \

handled with care, 4Animals and humans exposed to tellur- \ ,
lum gevelop “tellurium breath™ due to exhalation of di~- {
methyltellurium, Biosynthesis of the ﬁethyl\derivhtives
of tellurium has been documented (181), Or%ﬁﬁgtelluriuﬁ

compounds are less stable towards oxygen than their aelen-y\

\
i

ium or sulfur analogues, snd degrade easily to tellurium \
metal, Because of its inherent toxicity, tﬁough,_tellur- '\
Sium may become-an environmental problem following an in~ .
crease in its usage,
(b) Analytieal Methodologyf
The general analytical chemistry of tellurium has
been reviewed by Masson (210), There -are several sensie
tive spectrophotometric mﬁfhods based on tﬁe reactioﬂ'of
tellurium with thiourea, rhodamine dyes and others, Tellur-
ium ° has also been determined by neutron activation,
- atomic absorptiod, emission spgctromatry and gravimetry,
the latter after reduction to the olgmant.
1.7 Gas Chromatography of Compounds ef Tin, Seleqium,
Germenium and Tellurium, ° )

- 1e7.1 Tin

A number of factors must be taken into account when

Y

discussing the gas chromatography of or}aﬁotin compounds :
1) the stability of the,coniound with respect to temper-
ature, oxygen level in the carrier gas, surface activity
of the chromatograph%c support, etc., and 2) the sensi-~ '

w
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tivity of the detector used, Many of the environmentally
important organotin compounds do not chromatograph well,

A detector such\as the FID, which is of moderate sensitivity,
mqy'indica%e gooq éhromatography without decomposition at
relatively high,amognts of compound injected, vhile the same
compounds may chromatoéraph poorly if at all at true trace
levels, It 1s°9vident that derivatization is necessary to
convert these- compounds into more volatile and more stable
analytes,

A detéiled pregentation concerning the chromatography
of organotin compounds is given by Crompton (187) and Guiochon and
Pommier (211), Basically, tetraorganostanqanes chromatg:
graph well, although some of the early work was hampered by
an on-column decomposition., Improved column performance
due to bgttér.technicallknow-hgw has rectified the situa-
tion, .The retention indices on non-polar phases such as
Aplezon L shov linear variation with boiling point. In
contrast, on polar phases Quch as Carbowax 1500, the unsat-
urated compounds differ clearly from the saturated ones: at
equal boiling points their retention indices are mucﬁ ;
higher, )

Organotin hgdrides have been found to chromatograph
well at high concentration; on Apiezon L, silicone SE-30land
dinonyl Dhthalate,. A% Dalhousie, problems associated with
the chr;natography of these compounds have been found only
at trace lev&ls. Organotin hydrides are re;ctiye and have

been extensively used to synthesize other organotin come
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pOunés (212,213), or to reduce a variety of oxygenated
% compounds; hence the difficulty of chromatographing then, °

A lot of vork has éLne into the chromatography of '
organotin chlorides ?pd bromides (21%-216). Decomposition ‘
problems occur because the tin-halogen bonds are weak,
Disproportionation }s & major pro?}em. Reasonabie hroma-

) tography' &t the nanogram level can be obtained éy irst
saturating tgg GC system with the compound or by- using a
silylating féagent, 8ege dimethylchlorosilane, to cover
the active sites of the support or the column wall (216):
Good chromatography at trace Gubsnanogram) lsvels has not
been achieved, Organotin oxides, hydroxides and acids do
not éass through GC columns and ?ust be derivatized,

In order to test the chromatography of tin compounds
at trace levels, sensitive‘deéectors are needed, Mass
spectrometry, sometimes with.selective ion monitoring, has
found considerable use (217). A poteﬁtially hglpful de~
tector for tin is the hydrogen-atmosphere flame ionization ‘
detector (218), which has a minimum detectable limit of 20
picograms of tet‘aethyltin. The author was anourgged to
undertake the jinvestigation of the Shimadzu FID as a sen=
sitive and selective detector for tin because of the
promise ghown by the work of Aue and Hastings with a
Melpar FFD (93)a . "

There are several possible &erivatisltion procedures
that can be usod.( The mogt obvious would be to ;;place

1 the problematic functional group by an alkyl group in a
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Grignard reaction. Figge et al, (719) used ethyl magnesium_

bromide to convert n-octyltintri- , di-n-octyltindi- and
tri-n—octyltinmono-’2-eth§ihaxyi thioglycolate to their
respective ‘tetraalkyltins, Organotin chlorides have ;:;;\\\>\
found to réact ;ith sgdi;m borohydride in ethylene (or

24

* dlethylene) glycol diméthylether to produce the corpgsponding
hydriées quantitatively for most coppouﬁds (220), Organotin t
oxldes, alkoxides and acyloxidés have been reduced to the
corresponding organotin hydrides by reaction‘with greano-
siliéon hydrides (221), o Itoi (222) reported a reaction of
organotin alkoxides with a polymethylhydrosiloxane givingla
high yleld of organotin hydrides. Lithium aluminum hydride

_has'been used to reduce bis(tributyltin) oxide to tributyl-
tin hydride in 88%-yield (223), Gauer et al, (216) convérted
rtricyclohexyltin hydroxide énd its degradation products with
48% hydrobromic acid to the ;or?esponding bromides, After GC
separation these were determined with a Coulson electrolytic
conductivity detector. ' ° e ,

. Inorganic or total tin can be determined by hydride = .
formatfbns, The chromatog;;phic separation and detection
of metal hydrides (e.Z. by\KAS, mass spectroﬁetry, ete,)
has attragted a great deal of attention (%3, 207,°22k and
225)s In a similar fashion, volatile methylated species
have been separated by gas Ehromatbgraphy and detected by

o

atomic, absorption (15). Q ' e



1. 7.2 Selenium

Evans and Johnson (226) have studied/the gas chroma- '
tography of a range of organoselenium eompounds 1nc1uding )
dialkylselenides and ethyl sslenocyanate, Separation of )
" these compounds was performed easily on Carbowax 20M,
silicone 0il 550 and polymathylphenylether. Chromato~
graphy of plazselenole derivatives has been adequata on .

SE-30 and 0V-225; ,

<

:

Derivatization of 1norganic seleniun ror chromato-
graphyacan be done by formation of the hydride (8,53),
alkylation (15), ar reaction with _compounds® such as 1, 2~

s

diaminobenzene and its derivatives (198,202,203),. Elec~
tron capture is used wiﬁy those piazselénole Qe;ivatives&
that have halogens or nitro groups attached to t@a mole~ '
cule for this purposé.
1.7.3 . Germanium . ,
The chromatography of germanium hydrides aﬂd organo-
germanes is jysually studied along with that of analogous

compounds of silicon as well as with compounds of mixed

o

composition, Guiochon and Pommier (227) have put together
a summary of these studles. The liquid’phases used mosat,.
frequently for chromatographic analysis‘are the silicone
.oils. The silane and germane retentions follow the same |
.laws as those of the alkanes.' The chromatography of or-- /\:
ganogermanes (227) exhibits behaviour entirely analogous

to that of the mixed hydrides of silicon and germgnium, .

with the same relations between retentlion and structure,
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The chromatography of thé\chloro derivatives is very
difficult as expected from their reactivi%y. A study

of the sepafation'of alk&lchlorogermaneé and the analogous
silanes has been done by a team of Russlan investigators.
(228), )

¥

1.7.4% Tellurium \ T

At‘%ﬁ?ﬁent, there has been\QG'study°of3the chromato-
graphy of tellurium compounds cited in the chemical lit-
erature bacause of the instability of such compounds,. The
" author!s experience has been limited to dibutyltelluride
which is air-gensitive, Its chromat&Kraphy on the 5%
PEGA on Chromosorb W column, 100}120 \\sh, indicated
litéle or no décomposit}on on the colZig. It is expected
that the chromatography Sf organotelluriun compounds wyéld"

be similar to (if somewhat more difficult than) the chroma-
tography of their selenium and sulfur ahaloégas.

\
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2,1 Sh
This detector (which is not available in North

dzt, FPD: Construction and Operstion

America on a commercial basis) has been used, with
appropriate\modifications, for all of the author's work.
Figure 3 shows a detailed diasgram of th%&detgptor. The
<burner consists of two concentric stainless steel tubes,

Air or oxygeﬂ (sometimes both) flow througa the inner

tube while hydrogen, mixed with the column efflu;n;, flows
through the outer tube, The flamé is normally hydrogen~- °

‘ rich as opposed to that of a flame ionization detector,
which is air=-rich, A stainless steel flame shield screws
on top of the burner head; permitting, simp¥e adjustment

of its shield height. Its purpose is £o proteet the
photomultiplier tubeg from the light of the luminous
primary zone of the flame; A eylindrical quartz or pyrex
tube surrounds the burner and serves to define the emission
region of the detector, 'Modifications of the geometry of

" this enclosure-are discussed later in éhaptcr 2, On eilther
side of the cylindrical enclosure is a quartz window. Be-
tween the quartz window and the photomultiplier tuﬁé, file
ters and masks can be placed for optical and geometric selec-
tivity if desired, A variety of interference géd\cut-off
filterd/were used,. The phptougltiplier tubes were of the
low-noise, high~gain type necessary to make optimum use of
the low light levels of the detector, The most commonly
used PM tube was the Hamamatsu R-268, S-11 response end-on
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Figure 3
Schematic of the Shimadzu FFD

l. = Burner nozzle
j 2o = Adjustable flame shield

3., = Quartz or pyrex flame enclosure

k, = FID electrode ‘ - "

5, = Quartz windows

6, = Copper cooling coils

7. = Filters (interference, cut-off, etc,)

8, = Photomultiplier tubes L

9. =To pmr:iilpply : ’ T
10, =To olec_;;onetar '
11, = To cold water
12, = Air and/or oxygen- .
{3. = Hydrogen at;d colum effluent °
14, = To exhaust :
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type., Its spectral response reaches frdn about 300«nm to
650 nm with a maximum at 420 nm, A Hamamatsu R-110k4 high
anode-sensitivity tube With a Epectral reépouse from 185
nn to 850 nm (maximum at 420 nm) was a S0 used to ‘give

good spectral response for emissions db 600 nm (e.g.

SnH and' GeRH). The electronic slgnal fro‘ each PM tube wes

‘amplified by an electrometer and displaye \on a dual-pen oo
recorder (Linear tru!ents). v X
3

Water-cooled co per colls allow the detector to be

operated dn excess of 50°G while maintaining

at a safe temperature (1me. below 50°C). An lectrode fon .

burner nozzle ﬂhich is on\ground. Thie ionizetion‘detector

8

is, of course, fnfeiior t0.08 normal FID because of improper )

Y

flame conditionef It is useful only as a monitor of 1arge

° amounts of organic effluents. ’
A sefety svitch is provided which eutomatically turns

off the voltage to the PH tube if-the speciany—designaa ‘
cover of tﬂe detector 1is removed. Voltage is supplieé to
the PM tube at two levell: a setting of 300 volts is used

as a cheek voltage high enough to detect 1ight leqks but

. low enough to prevent damage .to the PM tubes, The oper- ’

eting veltage of 700 volts cannot be applied without first
applying the check voltage. . . \

Separate mase-flow controllers are uged for' hydrogen,

oxygen and air to ensure a emooth, stable ov of gases to

4
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the detector. The detector and.aslsocigted\transfer block

are heated sépérately ‘from the i’pjection‘port to ensure ) b

the arbsence of condensation. ° " N k
~2,2 Reagents and Gases "

All standard compounds used vere of 95% or better
pwﬁy. Most of the compounds\ tested were obtained’ frum '
the "miniw-stockroom" of Chem-Service,-West Chester, Pa.;
from the\g,egular stock as well as th

of Rare Chemi'cals, Aldrich Chemical Colp

red ,Ba,der Library
yy Milwaukee ) .
Wis.; from Pfaltz and Bauer\ Inc.y Stamf‘ d, C‘onn..;\ N
Pharmaceuticals Inc,, Plainview, N.Y.3 PGR Research Chem~ -
icals Inc,, Gainesville, Fla,; Applied S¢ience Laboratorief
Inc., State College, Penn,; Research Organic and Inorganic
1 Gorp, , Belleville, N.J., Stren Chemicéls Inc, , Newburyport,
Ma., and -Ventron Alpha Products, Danvers, Ma, All solvents
s were of ACS certified grade. Chromatographic materials ”
‘s such- as Chromosorb W, s'ilanized glass woo\l and various
liquid ph.hses were purchased from Chromatographic ‘Special-
. t1ds 1td, ,, Brockville, Ontario. : - ‘

The carrier gas was high purit nitrogen (Linde spec- .
1alty gks,( ninimm purity 99,9974, maxisium moisture and
oxygem content 10 ppm each), Before entering the chromato=~

raph this carrier gas waa passed through a trap containing

activatiod charecoal ) molecular sleve Linde 5A and Silicae gel
' " (Guild Corporation, Bethel Park; Pa.) and a high-capacity

purifier (Supelco carrier gas- purifier, Sup%ico Inc.,

®

Bellefonte, Pa,) to remove orygen and .water. ‘

» -
% o
¢
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>~ The eoméustion -gagses for the FPD were prepur%ried
hydrovgen (Linde specialty grade) and, for most of the ’
work,_compressed laboratory air (air compressor, Pneu-
motive, Monroe, La.,). The ‘compresseq air was passed ,
through an ‘oil filter (Watts Regulator Company , ‘Lawrence,
Ma.). For scme of the vork the air used ‘vas Iinde extra
dry aiy (maximum moistur; 10 ppm); Supplemen'tary oxygen
was Linde extra dry, grade (minimum purity 99.6%, maximum
moisture 10 ppm), kMetfiane gseﬁ as a doping gas was ultra
high purity grade (Linde spe ialty gas):, The silane
/used for the tin detector stu y was from Hatheson and ‘of |
semiconductor purity. 0.5% silane in ultra-high purity
- nitrogen, used in the generation of organotin hydrides,
was‘qlse supplied by Matheson. ’ B
2,3, Detector Design Modifications: Flame Enclosure
‘Geometfy and tie Use of Masgks - )
2.3,1 Modified Flamé Eiclosures for Tin Detection
A number of quartz (or pyrex) flame enclosures were
made which had different shape in the Tegion to be viewed
by the phetbmultiplier tube, The purpose of doing this
was to determine whether or not any of these tubes would
» give geometric seléctivity®* for any of the known emitting
species of the FP against, the others.
F:lgure ) ehows sketches of several modified flame
enclosures which give enhanced tin response, Enclosure B
was deve];\:ped-as % part of thé®preliminary study on

a
T

organotin responses This ‘ube was made by collapsing a

, ®
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Figure 4 /

>

Modified Flame Enclosures for Tin Detection.
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normal cylindrical enclosure to a smaller diameter in
the region of view u;f the PM t‘ube. The effect of the
diameter of the collapsed region on't.in response was
detezjmihcd by making several' tubes with constrictions
of varying diameters, Encli:aure 6 was developed-to
test the hypothesis that tin emission is a surface lumine
escenc;,’phenomenon. _A normal flame enclosure was bisected
with a much smaller diameter /quartz tube (3.5 mn OD) so
that the horizontal bisecting tube was positioned directly
over the flame, EnclosureD was a pyrex cylindrical
flame enclosurs with three .symmetrical indentations de-
signed to ‘hold a wad of quartz wool of low but even éensity
Just over the burner néssle,
2.3.7;‘. Ha:sks for Bisected Flame Enclosures

A number of masks were made from aluminum foil, de~
signed to fit the outside of the bisected' flame enclosurs,
Sketchgs of these masks are shown mﬂFigure 5. Their pur~
pose was to obtaln numerical data to suﬁpoﬂ{ the surface
luminescence theory of tin respo;lsé;, It was possible to
view either the entire ,iength of the bisecting tubo){"sido-
on* view) or just one end of it ("end-on™ view). Iwo pairs
of magks were designed, one for each of these views of the -
bilsedting tube, One us@‘vuw made to monitor the emission
on or close to the quartz surface and nothing else; and
the otherﬁ, to mbnitor the emission in the gas phase ex~
cluding any emission on or near the bisecting tube, As
much aluminum foil as possible was cut away from the wmesk
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_Masks for Bisected Flame Enclosure
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on‘the side opposite tp one Being viewed to reduce .
reflection bf%blems.‘ .
Aluminum foil masks were not ideal because of their
fragility and the reflection offjtheir shinyisurfaces. )
An improvement was made by painting th.oﬁtside surface
of a bisected flame enclosure with China black ink, Masﬂs
M3 and M+, used with the "end-on" viev of the bisected .
flame enclosure, Were combined on the same’ tube' for dyal~
chahnel operation, - This tube was designed to 1ndiéﬁte
vwhether response of the detector was due to gas-phase or
surface~induced luminescence, by obtaining thesratio of
the peaks recorded on eacp channel, The mask\design, M,
was modified (shown in Figure 5 as mask M#!) to ensure
that little of the surface emission cbuld be picked up on

that channel,
2433 Masks for Geometric Selectivity .

x

3

Based on visual observation of the various emissions
in the FFD, a mumber of masks were made to selectively
view different areas of‘émission: Sketches of these masks .
are shown in Figure 6 . Each was designed to friction-fit
just behind the quartz windows, They were tgsted by com-
paring the responses of'fﬁandard compougas of the elements
of interest with and without the ma;ks 19 place.
2,4 Optimization of Detector Parameters . ,

For many analytical problems, 1it'is necessary, and in
general it is desirable, to operate’ at optimum detector.

conditions, The most impbgﬁant ﬁirameter is the flow rate
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of the combustion gases, air and hydrogen. To optimize

the flow rates, one makes a series of signal-to-'oise

ratio determinations by injecting a constant amqhnt of the
species to be determined in the working range (preferably
close to the detection limit) at different flow\rates.

The proceduée normally followed is to hold the égr flow
rate constant and vary the hydrogen flow rate., One curve
is thus obtained for, each chosen flow rate of air, \

The optimization of flow rates can b done in filter-
less mode and/or using an interference fi ter, The optimum
flov rates may be different for these two cases if the-
overall emission of a particular element is due to more,
'than one, emitting species, ‘

A filter 1§ usually chosen ro£ selectivity purposeé
based on the emission spectrum of the element (or its
compounds) in the detector, If the spectrum contains
sharp bands, a filter with a narrow wa&elength bandpass
is chosen, If hot, a broad~band filter or perhaps-; cut~
off filter may be preferred. The signa}-to-noise ratio

for an element may be much better in filterless mode if

¢

the emission is broad and featureless, The detector is w
always kept at a tempsrature at least 50°C higher than
the highest column temperature used, to prevent conden~’
sation of column bleed or eluted c;mﬁounds.

2, 5 A Simple Method for Determination of a "Spectrum®
Using a Flame Photometric Detector

. The experimental set-up used*for .producing a spectrum
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‘ for any strongly emitting compound in the Sk;imadzu FPD

‘ was unusual, Tt was based 6n the 1dea that the. measure~

. ments should be conducted on a typical, fully operational
and optimized FPD, rather than on a simulated system in-

! volving ‘a (spectroscopically more convenien:h) larger .
flame, The, experimental set-up was as follcws. A 1 meter )
Jarrel-Ash monochromator was gonnected to the Shimadzu
FPD by a- stainless-steel, 1ight-proof adaptar, replacing
one of the PM tubes, This replaced tube was then connected
to the exit of the, monochromator by amother stainless steel,
light-proof adaptor. The FM tub'e .wps connected to, 8:;'1 elec:
trometer and recorder in the usual way, The other PM tube
was left directly .attached in its znormal place on the \de-
tector. Since the monochromator was not equipped with ar 3

‘~\iavelength drive, and continuous inztroduqilzvion of the analyte
was not qonsideréd typical of re:gular FPD operatiém, spectra

) ., Were not recoﬂrded as a continuous ‘changing signal‘. ‘I.nstead s

- a constant amount of ,compound contain;lng the @1ement ‘of
interest was mjected repetitively intp the sgas chromato-
graph, with the nbnochroma‘;/r sét at ve,rious wavelengths. S
By, changing the entrgz{ce and exit slitsnor the mor,lochroma;-:
t::r, a "rough" spsctrup can bé obtained by making injections
every ten nanometers (using an 8 nm bandpass) or ‘a “high ’ .
resolution® Spectrum ‘Fy mak.ing mjection\tsuevery two nano-
- moters (usﬂg adm bandpass). It should\? Jm:d@i that

: this method also avoids the problem of ;Qontinuously and

s

‘) congtantly :mtroducing rather toxif and volatile compounds
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into the detector in high amounts. Using. this mq.thod, a
relatively non-vo;l.aéile oomppund can ‘be: éhromatographed >

to produce a spectnum. The lother channel of the FPD records
& normal peak for each 1njeetion, which is used o stans )
dardize all responses from the mongehromator chnnnel. B
246 Doping Arrangements T . '
2,6.1 Carbon Disulfide- (Sulfur) Doping

.. There were two sources of sulfur doping -that used ‘the e
:(;eneral schéne shom in Figure ? . A few microliters of

CS, were injécted into a one-l:lter stainless steel tank
-rlyshed out with nitrogen.- The tank was then pressurized g
$0 1’-!-0 psi with high purity nitrogen. An in-line Pressure
regulator fMatheson) Mas used o reduce the pressure to
about ene psi. The doping gas was then added to the hydro-
gen or the air lines after the f controller. The one=
liter stainless steel cylindarm later replaced by g Tm . }
tank (L5 £5,3) to whicn about 2 uml of CSp had been addod s
and\which had Deen pressurized to 500 psi with nitrogen

from another ‘tank, This tank Was manually rolled before ,
-use and an bi:y J.amp vas Used to heat the centre of tho@tank“, .
as 1t lay on ‘the’ £1oor, or the leb, to pronote miiing. This"
" eylindér of C85 :ln nitrogen vas used i‘or most of m doping A

-v"ii . ;
studies. . o P T .

2 6.2 nydroten Chloride and Hydrogen Bromide Dpping
'J?hesa two ntrong acias in ;aseous form wero’ addod to ¢
. the nitrogen stream to oondition the GG system for the

ohro&tosraphy of Jrzanotin halidoa and the, on-oolunn and/or

T
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\‘Fizure 7

v

Flov Schematic for CS, Dbping

N

R Y
4,

1.' = Qo hdtectbr

¢

[

PR, = Pressure regalator .

/ 7
'8y = Shut~off valve. .
F, = Fine valve
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injection port derive.tization of. organotin oxides hydrox-
ides and acids. As seen in Figure 8 the HC1 or HBr was
added through a very fing" restriction < made by pounding
éapilla;-y stainless steel tubing with a hemmer - to the °
nitrogen stream just berore the injection port,

2. 6.3 Methane Doping ' ’ -

A

~

Methane was added to.the carrier gas (as seen’ i
Figure 9 ) to determine the effect of hydrocarbon quench=
ing on various FPD enissions, m.tra-high purﬂy (Linde)
methane was addecl through a fine valve (NuPro) to"the R
carrier gas befors the ’flow controller by way of'a "'fldw T
diverter" (Alltech Associates). By a flip of g switch,
the methane could be diverted to a soap bubble flow meter
for measurement and a back flip would .redirect the methane
into the nitrogen stream., A pressure of 80 psi on the~
methane tar)k\was used to overcome thefca&'rier gas pressure -

of ho psi and allow {calculation of the true methane addition .

y ’ o
( -

rates,

2,6, Silane Doping o

5

Silane ¥as'used for two purposes, The first was to

1

—~— e N

study the.effect of silicon on the flame photomei;ric detec-
tion of organotin com;;ounds: Semiconductor-}:u'rity sllane &
was usod for this purpose and the set-up is shown 1n Fizure 10,
'\‘ ’ A fine restrietion vas made by pﬁundixﬁg 1/8 1nch .
copper ‘tubing with a hammer and testing the £low using .
high-pur ty.n trogen. Silane in the line bero:;e thé re-
striction could be-hled off to the atmosphere (fume hood)



Figure 8

~

Flow Schematic fof HCl or HBr Doping

1.. = To’injection port and columm
* 8, = Shut-off valve
'{l. = Restriction = -
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Figure 9

Flow 8chemati¢c for CHy, Doping

'1. = To flow rate measuring device
2. = To injection port and column
8, = Shut-off valve

P, = Fine valve

Ay

FD., = Flow diverter
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Figure 10

Flow Schematic for S:LH,+ Doping
]

1. =To exhtust

2, = To detector g

8, = Shut-off valve

'R. = Restriction '
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through a Nupro shut;pff valve, The line could also be

flushed overﬂig::fj>th h%gh-purity nitrogen. ) \>
2.7 Hydride Ge tion .

»

. The second use of silane was for the derivatization ‘
of‘organﬂxin halides, oxides, hydboxides end acids to their
corresponding hydrides. This was accomplished by bubbling
0+5% 'silane in nitrogen through a methanolic or ethanolic .
'qpluiion'containing the organotin compounds for 20-30
mifiutes using ﬁt% set-up shown in Figure 11, Nitrogen was
used to purge thg solution of silane after .the reaction,
';After nitrogen’ flushing, extraction of the hydrides into
iso&octane or hexane vas performed, aided by the addition
of a little water to the two=phase system,’ A sample from
the organic 1ayer wasg injected directli:lnto the GG, The'
.reactions ‘Were carried out 1n silli—viais (Ohio Valley
Specialty Chejnical Inc,) which had a volume of about 0.5
" oml and a screw cap with teflon—lined septum for eagy addi-
tion or withdrawal of sample. The 1nlet and, ‘outlet tubing\
" to the silli-vial 13as 1/16 inch stainless steel, firmly
attached to the screw cap with epoxy resin. Teflon tubing
1n the line added wechsni¢il flexibility. The gases leav-
ing the g111i-vial were routed to the -fume-hood, -
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H

Figure 11 . ' ! *

Flow Sché;:atic for Organotin Reduction with Silane
1, = One-sixteenth inch stainless steel tubing

2. = Shripkable teflof tubing + ., .|
3, = Plastic cs

A}

o

‘ o " - I . (’
%, = Teflon coated septum

’ ' ot

5. = Fyrex reaction vessel -l

' 6. = Msthanolic or ethanolic somtion‘ c;mi%aining
compound(s) to-be derivatized ; :

7+ = Rpoxy eemént .

8, = §hut-oi;f‘valve T

F. = Pine valve .,

8V, = Sillie-vial y ‘
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o 3. Organotins: Detection, Derivatization

bd s .
and Application to Environmental Samples
Y A
3.1 'Development of a’ Photometric Tin Detector: A Brief -
y .

-

. History. T .

Sinca the flame photomstric detec%or had been shown
éq respond to organotin compounds during s general survey-
of organometallic response in s’ Tracor FFD (93),’;t seeﬁ;a
logical to follow up on“his preliminary information and
develop th; Shimadzu Fm,(vhié‘h‘ vag dt our dispossal, Tor

"the analysis of organotin compounds. ' -
Initia:ig;sults of the 1nvestigation shoved’ unexpecs=
tedly high s
&rawback was that the peaks were brosd and tailed badly, -
‘Howe;er, things turned sour r the next few months as the.
' tin response progres;E;§I§?:izainexplicab1y declined. Ine

itivity (1n the picogram range). The only

B

terestingly, the peak shapes improved as the response de-
clined, . * i

F

e

It seemed logical at the time to suspect either a
contamination or a decomposition probleu. Therefore the
burner nozzle parts and quartz flame enclosure were cleaned
in an ultrasonic bath with methanol. When this i not |
help, the detector was dismantled‘and the injection port
‘and trensfor lines were gleaned with methanol. Still, there,
was no. improvement, 'One could have also speculated that de-
coﬁposigion wasg. oecurring on column,'so a ﬂuﬁber of other

1liquid -phases were teiﬁ?d in place of the original column °
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(5% ‘oé-lo; on ChromW, 45-60 mesh, acid washod). ‘Testing

a few columns showed that no decomposition wa§ occurring.
When one tries several avenues om "trial and error"

in orderato solve a orobléh with no readilyféiparent solu-\?

tign, éhe door. is open for luck tchome in and play a vital

role, 2

T
o

Injection of a silylating reagent to improve oolugp

.

’ performance is common practice. It vas just this common .
‘tgohnigue, using a commercial silylating mixture ("SilQl-B“), '
that gave tho first hint of what was going on. Tye flam;
had been left on when the’injections'weresmade; a; a result,
the detector oxhibitod a high background emission and the <
“response of a test organotin compound was restored to the
high level initidlly shown by the detector,

Since column decompesition could be ruled out,'this
meant that high tin rgéﬁgzze depended on the presence of
somethiné'in the dotecto} whioh Was a constituent o;za re=-
action product -of thensilylating mixture, Compoilinds of~
silicon were the only obvious gpssibility. This guess “
seemed the more reasonable ’oecause the effect of silane
on the response of erganotin compounds in a hydrogen-rich° >
. flame ionization detector, the HAFID(218), is well known.
Whtle this correlation between an ionization and=an optic
emigsion detector seemsd pure coincidence, it was still

1ntrigéing since the origins of both types of tin response
hY I ¢

hadpnot‘bee:n;;gpidated. ; N
The 1ink between tin response and silicon doping was
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f
establ’shed by injections of neat tetramethylsilane., The
high background ang noise of the detector was found to be
largely due to the deposition of a. white solid, presumably
§1054 on the burner nozzle and the quartz flams enclosure,
It was realized that neat 1n£eétions of organosilicons was
not the best way to optimizeé the detector for tin response.
Instead, silane gas was doped 4dnto the hydrogen line
in very small amouﬂts(l—lOnteroliters per minute) until the
‘respense of tin compounds leveled off. Once the silane
. doééeg was shut off, the.tin responsé remained high and the
poor peak ghapes exhibited during‘ggping got considerably -
better. Increasing the flow rate of silane hastened the *

v

. 1ncrease in response‘Tbr tin with time but did\not affect
its ultimate level. P -

At this point ‘ifi time 1t seemed that phe best sensi~
tivity agd_general performance had been reached, but this
turnedﬁouévto be far from sorréeﬁ. A big improvement égmew
abdhg.ae'Qhe result of a .side project. This project was
.designed Yo explore possible geometric seleétivity, l.0.
to favour certain specles against others by distorting in
various ways the quartz ‘flame enclosure that sgfrounds the
emission region. As 1t turned out, several of these tubes
gave increased tin response while the responﬁe for the -other
emitting species, e.g. sulfur, adecreqjva.

. 'Thé design_of the best perforﬁin of these tubes is
showh in' Figure b3 it has a restricted volume in the

’

emisgion zone. A number of similar flame enclosures were

4



N

- 70

»

,
? e :
made in order to optimize'the geomatry,. Surprisingly,
these new tubes, which were very similar to the successful
constriected design, did not yileld a similar 1mprovement of .

-
tin response, R ,///?

) A short while later, while attempting “to clean the
burner nozzle by injeeting freqn, it was found 'that tin
response inereased dramatically in one of the quartz flame
enclosures that had originally shqyn disappointiﬁg perfor-
mance, When other distorted dhclérpres were given' the same
|~ “freon treatment®, they élso gave excellent tin response,
In Tact the best of thész tubes (See Figure 4 ) gave higher
sensitivfty and better looking peaks than the silicon-doped
éétector. Tt appeared that the presenge of a "freon-

treated"® quartz enclosure of the proper geometry converted

the Shimadzu FFD into an extremely Sensitive detector for

I

tin, Us;né the best, of the.quarfg flame enclosures, an ine

ve'stigation Into the~9haracteristics of tﬁL detector for
*

organotin analysis was undertaken (229), . :

3+2 Characterigation an& OPtimizapion of the Photometric
| TinDetector . 7 “
3.2,1 Spectral Characteristics
To know the emission spectrum of any FFD-actyve
species isg 1mportant for selectivity éurposes (i,e, for
choosing a proper interference filtgr). Insight 1nto the
mechanism of emisaion csn often be gained by 1§ent1fxing

the emitting speciss, The emission spectrum of tim in the
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flame photom’etric detector ip of considg;rable mterest not
only for analzfical purposes but also for its own sake, )
because of the.implications it carrjes regard to the
detection mechanism. ‘This will be dealm in more
detail in this chapter, .

Two different spectra hpr’earecgrded: One was deter-
mined at the optimum conditions for seqsitivﬁ:y and the
other, as a matter of interest, after the detector had been
overloaded by receiv;l.ng an amount %f tetrabutyltin well
beyong ‘the 1inear range (one microg};\ am)e Figure 12 shovs ,
both spectra. The detector under “nornal conditions" is.
,dominat,pd by a broad, featureless emission, vith a maximwl
&t 390°mm, Under '"overleade{conditibné", this emission
disappears and Jvwo distinet emissions, a broad, featureless
emission with max:inum at 480 nm and 8 sharp band at 610 nn,
" show up. Dagnall et al. (191) reported on tu’ emigsion in” -
a cool alr-hydrogen difrusion flame, Their gpectrum agreo(l
.closely With that of the “overloaded" detector, The sharp °
band at' 610 nm, which was reported in Pearce and (;;ydon ’
(230), was attributed toLwnH.' Dagnall assuped the broad
spectyum, maxin:.m at 480 nm, to be in agreement with the:
Sno speci‘:ru.m of Herrmann and ‘Ali:;made (231). Howvever, the
complexity of the emission at 480 nm prcvents conblusivo
agreement that 8n0 s inde the emittsr, The’ best known
and nqst; stuQi%d band s'i;t:i of Sn0'1lie in the violet ‘and
ultraviolet, Connolly (232) firat reported $n0 in a f1an§

and produced a detailed analysis. More reGently Joshi lénd
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Figure 12 3 .

. Tin Emission Spectra --300 nm to 650 nm, in Both
‘“Normal* and "Overloaded” Conditions Using a
Constricted Quartz Flame Enclosure

‘8 nm, bandpass ¢
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Yamdagni (233) provided a‘more coﬁaplete analysis of Sn0
emission.\ If the FFD “normal' aetector spectrum is / P
corrected for PM tube respenge, 1t closely résembles that ’.
of Joéhi, however, the speetrum lacks strueture thus ’

preventing poswive identification. This lack of struc=-

ture was confirme_d by rnnning a spectrum higher reso~
1 [ ¢

lu$ion (2 nm bandpass instead of 8 nm bandpass

~
. T A

3.2,2 Flow Rate Optimization  .»

i

2 The conditions for optimum t}n/response"were deter- *
. mingd by varying the air and hydrogen flow rates,. Th’is‘ )
- vas done both in an "bpen“ or riltemless mode, and by asing
39‘{- nm (conventionally ‘used for sulfur) and 610 nm. inter-
ference filters. The optim eonditions for sansitivitx
are the same for the "open” ‘mode "and Sche 3911- nm filter -
node. This 1s evident from ‘the spectruu of athe "normal“ ‘
detector which is wholly gominated by the. broad emission,
maxixg\}m at 390 nm, The flow optimizatd.on 1s;shown in'
Figurel3 for the 394 and 610 nm filters. " The strong con=
trast batwpen the two sets of, data .reinforces the idea .
that the two émissions are due to different tin specios,
possibly uSno" for the. )390 nm emisgion and 1ikely "SnH“

for t’he 610 nm emias,ion. The excellent sensitivity of

the detector is in part due to :tronger Emisaion at low

air flowa, which Inal:es for low background emiasio@l
detector noise, Becagse—the 390 nm emigsion’ spectrum is

80 broad, a loss in sensitfvity by a factor of about four
Yy : { ¢ . .



Figure: 13 . . y
¥ T ‘
Sensitivity Ve.i'sus Air and Hydrogen Flow Rates for
Iwo "Tﬁ(ﬁﬂissions '
B

1 ng tetrabutyltin injected
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occurs when the 39% nm filter is uded in contiust to the
filterless modes Hence,‘the tin detector was8 charactere
ized in the filterless modre,.,

342.3 Detector Performance
2 The general performance of thq tin detector in
terms of sensitivity .ands selectivity at optimun conditions

is shown in Figure 1k Calibration curves of a standard
: orga.notin compounds ran in temperatu.re-

programe mode and &/hosa of the \coiznds, most 1ike1y
to interfere (rup igothermally) luded to illustrdte

L
T}l; response tin compounds is precisely linear
wo%rder of magnitude axfd its. magnitudw,
tly prop rtional' to tin%‘m;'bent (possibly,
because of exparinental conditions) follows approximately '
the cu?rect sequence [(033) Sny > (03 JySn >
(G,,,Hg )L,,Sn]. ‘Kbove this ran
ponential (i.e. the slope

it becomes very slightly ex-
A8 greater than one on a 105-10;”
plot). At the top of tho tin calibration ciirves the detoc- '
tor obvicdusly boconds Matcd " Injections much beyond'v

-

this. aluht 1 cause the dat.octor to lose aonsit:lvity. \"
‘ *1519 ¥6 sulfur and phosphorous compounds shov their
expected oxpongztial aad lincar bohaviour; methyl para-

thion, which contains both olmonta, shows both types of

bohavio‘um in tho uppor and jflowar p‘nrts of ita calibration

c_urve, raspectivq&y. Btated v,ery\ roughly, the detector is
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Figure 1%

Tin Detector Performance - An Overall View .

-3

Calibration curves of various stan’dvard\ compounds, Tin'
compounds : temperature program as shown in Fig;:tre 15.

~ Other compounds isothermal: (t-bqﬂg)z So 909, .-
-(n-C).l,H90)3PO 160°, methyl parathion 175°, phefxan‘t{xrexiie "
165°, pentadecane 140°, ?{o interference filter, Flows
in ml/min:Np = 40, Hp = 250, AIR =30, 100 x 0.27 cm
1D, borosilicate column, pagked with 5% OV~101 on &,
Chromosorb W, 45-60 mesh. Constricted Quartz Flame

, Enclosure, e o o ‘
Note: (n-CyHg)3 SnH is really (n-byﬂg)ékna as identified

: bi ﬁ;ssf{{e/st\romtry;phenanizhrene “po§1tive response¥

( :
is due to a sulfur containing impurity, “

o
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two to thrae orders of magﬁitude more sensitive to tin -
compounds than to sulfur and phosphorois compounds,
although valuesnoutgide this range can be ensily found.-@
The selectiviky of tin versus carbon compoinds must
beﬂexamined bearing in mind the’ well~known errati¢ re=-
sponse of hydrocarbons in the FF, \The calibration curves
sugges \that the detector is more sen;if:Zi—io tin con=
pounds than to carbon compounds by fouyn five orders of
pagnitude, Howpver, a change in tho nature or level of
the backgnoznd emission would lead to rather large changes .
in the negative peaks (i,e. reductions in backgnound).'
Aliphatic and aromatic hydrocarbons give sgimilar negativo

response, -The positive rosponse shown for phenanthreno ’

was later traced to a sulfur-containing impurity, a not

uncommon problem with polynuclaar aromatics (23%, 235),.

It should af'ﬁ “be rememhorad that these calibration

.

curvas vare run“vithout wvavelength discrimination (except-

[y

ing the spectral res

ge of the FM tu under the con-
ditions of optimal tin -redponse (i.e. at the maximum of

. the tin 'signal-tofnoige ﬁrdriio) rather than under con-

ditions of maxim discriminofibn‘against one or the other
specles, The latter approach Would most likely have led’
to significantly dif?prent results,

The performance of the photometric tin detector is i
woll suited for trace annlysisw as can be seen in Table 1

from a comparison of minimum detectable amounéh,reportod'

in this thesis and in the literature for compounds contain-

¢



ing Cr, B, P, S Se, Te, Ge and Sn; each ofﬁgpprse under
its own optimized conditidnsaand,using a ﬁarticﬁlar
instruneﬁ$.

Table 1
' Flame Photometric Detection Limits .
. 1978 : . '
¥ . Minisup Detectable Awougt
. -X_ Compound g Compound gX/sec  -moles X/sec
sSn  PmSh kx1 . 5x107 x0T
T ~ -12 14 -16
Ge BuyGe l1x10 1x10 1x10
° . - - -1
Cr  Cr(tfa), 1x10" 8 x 10 T 2 % 10, 5
P CggNOghs 1x M ll x1073 4 x 1070
: ) -11 -13 <14
@o8' * b x107 © 7x10 2 x 10
e P8 *  hx10® 1x10™' 2x1078
Te  Buyle * 12107 6x10"t yx10Bd
B "ByoHl 7210  1x107° ‘9x 10712

/
* uﬂ a sulfur background

~

" Tin compounds areouasily the most sen;itivo ones
. analysed by FPB, Initial vork'established a minimum™
detectable amount of 2 x 10'133 tetrapropyltin., Figure.
15111ust£§tes that-situation by a temperature-programmed
.chromatography of a five-compound standard ;iiture at the

ten and one Qigfgrgm levels.

Je2elt drocarbon Interference: Methane Doping
The depfession“of gulfur response in the FFD by '

carbon is well known. Therefore, it was deemed necessari//

1
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Figure 15 1
Petector Sensitivity - Temperature Programmed Chromae-
tography of Five Organotin Compounds at the 10 pg and .

~

1 pg Levels «
Conditions as in Figure ;l.lh '

‘ Note:s (n~CyHg)3SnH is really (n=CyHg)¢Snp as identified

t

by mass spectromeiry,
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to investigate the effect of a co-eluting hydrocarbon on
tin respénse by continuously addimg methane tonfkb carrier
gas, Figure 16 shows the r;sult\or this experiment’, which
included a sulfur compound {at conditions optimized for
tin) in morevthan a thousand-fold excess for comparison.

7 It can pe eésigb seen that the tin response decreased’only

;7 m&rgiha}ly until the amount of methane was greater than

10% of. the" carrier gas, Further addition of methene caused
the response to drop rapidly. and the peak shapesto deter-

°To;ate drastically, Taken fro; an analytical viewpoint,
though, the interference of hydrocarbon compouﬁﬁs on tin
response in t&e FFD should be m1£1m31 ?or normal applica-
tions. & '

5

3+2.5 Detector ﬁoisoning

An.unusual phenomenon, charaétefist;c of the pﬁoté;
metrie tﬁi‘detector, was that 1t could be,poison.ed}4
causing a “permanent" éacrease in response} nTin, itseif,
could be the culprit if it was added to the detector p;
;nouﬂts well beyond thq analytically'usefnl ranage of the
calibration curve (i,e. about 1 ug of éqmpound injected),-
The results show a decrease of about three orders of magni-
tude respSSEe and a radically different spectral out~-
put (see the "“gverloaded® detector spectrum in Figure 12);

. * The poisoning effect was also s#xhibited by phosphorous-
contsaining gompounds and is :llltustrata%g:arly in Figure
17 It showq a drop in response %ﬁ about a Eactor of .
.three in the résponseyof 200 picograms of tetrstutyliin ;&"
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Figure'17
~ Detector Polsoning °

Conditions as in Figure 14
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caused by the priof 1njection of 100 nanograns of tri~_ a
butylphosphate. Fbrtunataly, good detector response ror
"tin’ can be restorod by the 1ntroduction of fluorocompoundg

»

" into the operutional FPD, © ¢ " o

3.2,6 Effecé of Quartz Flame Enclosure Ge;l;try
The 1nitial studyfof the gfrect»of tHe geomatry of

the flame enclosure surroundiﬁg the burner 1nd1cated that

a distortad chimey of the type ahown in Figuré' b was

best for tin respense. Thia onelosure vwas radially cone

stricted t0o a smaller volungyin the megion viawwd by the

* PX tube, Sevnral onclosnres with diffbrent inner diam-’

eters of the regtrictod region, but of the same _basic
‘shape, vere constructed and tasted to furthor optimize J

the flame enclosuro geonetryf The most conﬁtricted en- )

closures shoﬁcé somevhat greater response than those vﬁigh ‘
were close to normpl, and gave noticeably‘ietter pesk
shapea.: Pigure 18 shows a graph relating peak asymmetry to
the 1nner dismeter of the constrictod region of the enclos-
ure, The best of thege had an 1nner‘ﬂianotor of 3 mm in

the constricted rogion and it was used for the inititl ) i@f

Y characterization o{(%he photometric tin detector, . ¥

3.3 The Tin Eniusion Machanisn. Surfnee vs Gas-Phalo*
Quminescanco

Buring the uiperinan#ation leading up to the devel-
ophent of the photometric tin detector, a number of unusual
o L i .
effects became apparent; all of which suggested, though /

none proved, an involvement of the quartz surface Aurround-
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gure 18 ‘ ,
\\\ L
Dependence of ‘Mn Qompound Peak Shape on Quartz 1;_ -
s “Flame Fnélosure Geometry -

E
. . m' @y N ¢
Heasurement of pos.k asymmetrys of tetrapropyitin,

¢ Qhromatographed isothermally at 120°, correla’g‘red to '

_ 'the ianer’ diameter of the fl@me enclosure, Conditions
4 . :
ag, in Figure 14, . ) - . )
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ing the hot flame gases in the emission mechanism,

These effécts were: '

1) The introduction of silicon-containing coﬁ}ounds into
a‘conveotional ﬁhimadzu PD greatly 1mpro§ed tin response
and broadened peaks, (High amounts of théee compounds -
déposit some 5105 on the quartz enclosure.) - -

2) Iﬁjection of fluorine-containing'compounds into ‘the
detector,‘when using distorted quartz flame enclosures (see
Figure 5‘), improved reeponee dramatically for subsequently
injected tin compounds (the fluorine-containing compounds
férm HF in the flame which ¢leans the quertz surfaee be
fopgation of SiFy). ‘

Note{ Effects 1 and 2 occur with tin compounds only,
phosphorous and sulfur compounds are not affected.

3) Tailing can be reduced considerably by constricting

the' quartz nclosure Jus%yabove the flame (from 11 mm 1D
.to, typical s 3 mm 1D) see Figure 18,

L) The eonstricted flame enclosure,ﬂwhich permits a 1ower
volume/td}be observad by the PM tube, decreases rosponse for )
compounds, of phosphorous, sulfur and selenium, but 1noeeases
response for tin compounds. . )

5) ‘A eimilarly-sheped borosilicate flame enclosure shows
increased response for tin compounds after being “troated“'
with freon, but less response than a similarly-shaped ' ’
quartz enclosure.

oz: The injection of large ameunts of tin or phosphoro;;

“ conpounds depresses the response of subsgguently~-injected
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tin comﬁounds, up to three orders of ﬁagnitﬁde; This is
"similir to the poiscning effect of certain compounds on
qataf&tic surfaces in that it is a "permanent™ effect.
The form;r detector performance can be restored only:by
Jthe 1njectioq/;; fluorine;cantaining compounds (chlgrine~
containing compoun&g, e.é. methylene chloride, work less
well). The response.of phosphgrous‘and‘gulfur‘conpoundﬁf
" on ﬁhaizﬁhqé/hand, is not subject to éﬁch a poisoning
effect, , L ‘@ i
7) The upper,parts of the &aubration curve of various tin
compounds show saturation‘such,that all peak heightu attain
the same value, This is illustrated in Figure 19.,
shows temperatureaprogrammed chromatagraphy of a five-
compound standard mixture at the -3 and 10 nanogram levals,
vhich represents the, caiibration curva close to and‘in the
- saturation region. A ’ L |
8) Wheh- the detector has been pdisgned vwith large amounts
. of tin or phosphorbus eompounds or when tin 1s injected
1nto a conventional FID, 1ts sﬁactraL output 1s radicallg
ddiffbrent from ?hat which is gharacteristic of a/highly
sensitive, fluorine~treated detector. B
% 9) When largéﬁanounts of methane are 1nt§oduced into éhe
4 'dctqétog, the peak shape of tin compounds dramétically '
changes for the worse, but the effect is not obéérvnd for
sulfur compounds (see Figureil6), "

All thsae observationswwould be consistent with a

surface. emigsion nochanisn of tin response, but do not .
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Figure 19 , o

[

Chromatography in the Saturétion Region of the
Calibration Curve of Standard Tin Compounds

Conditions as in Figure 1k,

? Note: (Cyfly)ySnH-is really (GyHg)eSny as identified
¢ by’mass spectrometry, . '
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rgally prove it. Therefore, it was. decided to:deliber-

tely design some experiments to confirm the surface-
emission hypothesis. These experiments were based on a
special quaoiz flame enclosure as shown in Figure b,
" This tube was a regular flame enclosure with a 3,5 mm OD
quartz tube traversing through the centre, in a osiéion
one mu above the rim\of the flame cup, The bisg cted'“
quartz enclosure provides a quartz surface dir ctly over
the flame on which tin emission oould takeuplace. Normal
quartz enclosures ?f 12 mm 1D are not affected by freon

to a largs extent, hence any greatly improved emission
» ! g
would haye to cotie from the tube crossing through the-

.

flame enclosure, "Freon treatmentil of this tube did in-
deed produce a very sensitive photometric tin detector
thereby providing a positive ‘test for the surface emission
N

bisected enclosure are discussed below.

hypothesis, ‘A series of'ﬁiperiments eonnected with this

®a

3.3,1 Visual Observation ° . - ..

On the assumption that"d’surfgceareaction is taging
pldce, a bisected quart% onclosure providés an isblated .
quaftz surface on whiich the emission occ@rs. In coq}raéggﬁ
;as-phase e?ission like sulfur should spread throughout -
much of the viewing region. The act ‘of viewing tin and
sulfur peaks as they bgss through Eha getector, should
help to clarify the rolé of the bisetting duartz tube.

The bisected enclosure can be vieved from two basic ,

&

directions. The {irst was an “end-on" view where the oq-



)

, e .

R
server s eye was in line with the bisecting tube axis,

The second was a "gide-on" view where the.observer looked
at the entire length of the bisecting tube, erossing perf
pendicular to his 1ine of sight.

The results of” visual observation (after some 39//
minutes of dark adaptation) clearly 1ndicate the 1mportance
of the bisecting tube in tin emiSSion in contrast to sulfur™
emission, [The “end-on" view is the most conclusive oneé
the tin peak produces a ring of blue on a dark background

aroun& the bisecting tube, while sulfur exhibits a large
tongue of blue ¢olour protruding from the mouth of the

flame cup and filling most, if not all, o:gﬁhe quartz en-

clogure, Where the bisecting tubé is located, a dark hole
can be seen, indicating the quenching of the weak back=

ground edlssion tron the tube itself. The "side-on" view

oxhibits a large tongue of “blue colour, 1ntonse abovo
d below the b;;Leting tube and weak around it, ° e

3

sio\ was occurring on or near the sp;faoo of the quartz *

\er, numerical proof would be nororaccaptaole for

]
anyone who had not seen it, Therefore, a number of masks

vere onstruoted from aluminum foil to alternately view
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only the quartz surfacd oY the rest of the emission region;

bong"pair for .each end-on and side-on viewing configurations.-
An 1llustration of the masks is shown[.in Figure 5; Ml and M3
" are surface selectiv; and M2 and M‘+ are gas-phase selective,
The numerical results confirmed the visuaf observation and .

are presented in Table 2,

- }
i Table 2

P
(% of Relative Response -in Unmasked Conditions)

’ Compound ., . = (Butyl)ySn ’ (Phenyl)p8 --

Side~on View s o

M1, Mgiirface" 18" Lo Co39

M2, "gas:phase“’ 16 . 106"

End-on View

M3 “gurface™ - 79 . S22

My “gag-phase™ 43 - 116"
o ,

The masks, despite the problem of r flected 1ight
and- the mechanical problem of fitting them in their intended
place, gave numerical support to the surface-emission hypo-~
thesis tor tin, /-
3'.3.3 "Bffect of the Height of the Bisecting| Tube Above the
Flame on Tin and Sulfur, Using Chine Ink \Masks, .
The coi:binat:l?n of . a bigected flame enclosure and

J}ask M3 se;med the logical choice for tl}; gre
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/tivd.ty for t:ln versus other emitting speciss. Because of
y the\limitationa of aluminum foils, it &as dedided to *
“paint* a bisected® f1ame enclosure with China Ink 30 that
the ends of J bis fctd,ng tube (for end-on viewing) vere
not covered., ¢ Ihis ink yas heat-resistant and eliminated
the reflectiou problems assogiated with the aluminun foil, -
The effect of the height of the bisecting tube on tin and
slfur emission was investigatgd using this enclosure. A
fluorinated-silicone rubbe O-ring was friction-fit on:the
burner nozzle guch that" by ad:]ustiﬂg its position the
‘height of the biéected rlame enclosure (and hence that of
“the bisecting tube) could be varied, The results, ghown
in Figure ’20, indifat? -a: p contrast ,between the behav-
iour of tin and sulfur emission. Tin omission p greatest
whenvtl_ie bisecting tube is just over ;cha flame and de-
creases dramatically as the tube is rajsed. Ma;nwhiie:
sulfur response decreases both-at short and long distances
from the flame-but much less compared ’bo tin. This experi=
Ament doas sarve to illustrate the mportance of the quartz

surface once again,

2

-3,3.% A Dual-Masked Bisected. .Ql;.u'tz Flame-Enclosure for -
Gaometrically Selective Monitoring of FH) Emisaiw. .
The dual-channel’ capahility of the Shimadzu FPD
. cnabled the sinultanoous monitoring of detector signals
in both gas—phan-seiective and surface-sélective modes. a
This was accomplished by paint‘.lng a bisected flame enclosure
vith China Ink so that 1t combined masks M3 and M4! gs shown
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i‘igure 20 - .. ‘ ) O :
¢

Variation'of Tin and Sulfur Response With the Height
of the Bisecting Tube Above the Flame Cup
nm " !

Using dual-masked bisected qtiartz flame-enclosure
(view;ng liagk M3 as ‘show‘n in Figure ?). Compounds-
run’ isothermaXly, (n-cz,n‘g);@n" 170°, (CgHg)oS 19Q°.\
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in Pigure 5., This dual-masked enclosure wag placed 1§5
the'position for "end-on® viewing, Thusy one channel
monitored essentially the surface, the other the gas
phase. The ratio of peaks appearing simultaneously in
both channels would therefore indicate whether.or not
théy originated 1n'the gas pﬁase qi“on the quartz surface,
Calibration curves were rum for tetrabutyltin, tetra-
butyl germane (germanium compounds were also found to
respond by surface emission, see Chaﬁter 6) and t-b&tyl ’
disulfide, For each inJected amount giving peaks on both

channels a ratio wasﬂcalculated:

®eas-phase® response

ratio =
“gurface® responss

A plot of log (ratio) versus log (amount injected) for
each compound is shown in Figure 21, Ther; are two to
three orders of magnitude difference in ratio between
- those compoundp that produce emigsion in t§9/§§s-phase
and mhose that produce it on the surface of the quartaz,
Figure 22 shows temperature~programmed chromatograms
of a mixture of t-butyl disulride, tetrapropyltin, tetra-
hutylgerlane and pentadecana on the surface-selective and
gas-phase selectivo channels, respectively. A comparison
of the two chromatograms shows'tha utility of the detecto;
for arelg.'able . qtlitativq« ‘Information, B .
3,35 Assessmdpt |

After looking at the facts presented, it would be
'very difficult to argue agalnst the interaction of tin
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Figure 21 . ,
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‘Ratio of ™Gas-Phase® vs. "Surface" Emissions for Tinm,
Germanium and Sulfur Response via a Dual~Masked

'Bisect&ed Quartz Flathe Enelosure

" Masks as ‘indicated, made with China Ink, Centre drawing
(without mask)for comparison only. Flow rates in ml/min:

.

Air = 60, Ha = 240, N2 = 3D, 50vx 0.3 cm I.D. boro~ :
5% Carbovax 20M on __—
Chromosorb W, 45/60 mesh, , .

silicate colum, packed
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~gempérature-f’rogrammed Chromatography of a 4~Component
Mixture with -Detection on Both “Surface™ and."Gas-Fhase®

'

Gha‘nnels"of a Dual-Masked B:I:sected Quartz Flame Enclosure

#
¥ * - LY

Y

é & (t-cuﬁg)z §2, 3 ng injected b 1/\‘ ,

8n = (0337)4311, 10¢ pg }nje,cﬁed

? ='Impurity ) ; ' :

C = Pentadecane, 5/(g infected S
' G = (CyH,) Ge, 100'Dg fnjected

=
&

* Conditions as in Figure 21
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and a snitably prepared quartz' surfacc{to give chemilumin-

escent emigsion, Fnrthermore there 1is overwhelming evidence

\

that the emigsion takes place on or near to the quartz sure

ace, The one thing that has been proven isathat tin emis-
‘sionn in a flame photometric detector is a most interesting>
1ally ugeful phdnondnop.' o * '

\‘ W\Q L !
3.4 'The Quartz Wool Tin Detgctor (QWTD) N

The sensitivity for tin of the FFD, using Lhe modif~

I

ied quartz flame enclosures shown in Figure .k, was more.

than satisfactorys i.es 1t was orders of magnitude better

. than thet of dny otherispscies in }he FPD. Conaeﬁuently?’
further improvements in sensitiviny were consiﬁeredywelcomo .
but really not worth pursuing at ﬂhe expense of other stud-
les, ﬂowever without looking for it, 15 ased sansitivit%
for tin was found in a new modirication ‘of| the flame enclo~
gure, This modification’was a sin ne, nade by inserting
- a small amount of: quartz wool*in a normal,’ cylindrical
quartz or borosilicate glass encloshre, such that it wns LN
positioned just over the flame, A later improvement (seo
Figure 4 ) had three symmetrical dentations in order ‘to
hold fhe ;ool in place, (Too much quarﬁz wool causeé pro-
bleias with lighting thé flame,) It was found that the .quartz
wool tin dete:tor needed 1little or no *Freon’' treatment" to
give high sensitivity for tin, Its low background emission
hilped in roducing the detection limit for tin by a factor
of. five, Table 3 expresses the detecticn.limit for tin gn

varlous forms to illustrate its umusual sensitivity,



]
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! ‘ TABIE 3
" Detection limit of Sn \ ‘
grams (C3H7)h§n = 4,0 x 10'lk

ag

Sral}ls n(CBH,’);PSn/séq:. = 1-.53 x 10'15

g 8n/sec. = 5.3 x 1(}:16 .
' moles Sn/dec, = 4.5 x-10-18 .
atoms Sn2§ e = 2,7 x 106

Calibration curves for tetrapropyltin were run with and

‘ without the ,quartz vool in a borosilicate glass flame

enclosure and are shown in Figure 23, In addition to ) \\

*" the increased sensitivity for tin compounds, the linearity

of the QWTD 1s close to four orders of magnitude in con=-
trast to the earlier photometric tin detector using a con~
.. stricted flame enclosuzn, which vas linear for just over
" two orders of magnitude before giving an as yet unexplained
exponential response in the upper part of the calibration
curve, * vaiously this nakes the QWID nore suitable for
anaiytical applieations. The surprisingly good sensitivity

. for tetrapropyltin in ‘the normal FFD set-up is probgbly due

to0 some contribution from surface emission dué to silicon
in the detector. Figure 24 shows the chronatography of. 100

femtograms(of tetrapropyltin usingnthe Quartz Wool Tin De-

tector. s
] ‘& 5

3¢5 Derivatization of Labile Tin Compounds
3.5.1 Organotin Hydrides 3
e The derivatizatien of organotin oxides, hydroxides,



Figure 2%

2 ¥

Calibration Gurves for Tetrapropyltin Usﬂ.u\thﬁi Quartz
Wool Tin Detector and a Normal Pyrex Flame En v

il

osure

Flov rates in nl/min: AR = 20 K, = 240 N,

50 x 0«3 cm ID borosilicate column,
Garbovax 208 deacti;atqd Chromoso
(252)s Flow rates for the
Hy = 150 Hp = 30 all other conditions war'e the aa,u:
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Ghrona%ogr ntitot 100 F’entograns of Tetrapropyl Tin

1

Using the-Quaztz Wool Tin Detector - AN

4
Spectrun’ Filteh Setting = 0,01 )

condit:\.ons"as pdicated in Figure 23. °
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halides and acids by conversion to the@r corresponding

, hydrides, in combina%ion with the very sensitive phot;-
metric tin detector and gas chromatography, was attempted
at Dalhousie; A novel approach was taken, using alkas
mixture of 0,5% silane in ultra-high purity nitrogen, as

i

reagent, . ,

.- A pild type of reducing agent was sought that ideally
would reduce organotin compoun&s and not other, potentially
intarferiﬁg species (environmental samplgs could involve
compounds containiﬁg other FFD responding elements sgch as
}, 5, Se and As), Pblyméthylh;drosi;oxane (PMHS ), a mild
reducing agent, and silane, which is not used as a common
reagent for the synthesis of hydrides (251) but obviously
‘K has reducing ﬁropeqtie;, vere tested for the synthesis of
. organotin hydrides, ?HHS showed initial success in pro-
dueing organotin hydridos bht vas deemed unsuitable for
. ‘trace analyéis. This is because of poor conversion rates
%‘@below 10 ng/l{1 concentrations of tin compounds and long
reaction times (about 24 hours). It also failed to pro=
dice any hydride with triphenyltin hydroxide, It seemed
* surpriging that silane had not been used as a common re=-
ducing agent; its pyrophoriec nature was thought to be its
' biggest drawback in limiting its applicability., The present
availébiiity of silane dilutéd by inert gases such as nitroe
gen,a;d argon have made this  reagent considerably more easy
bo handle in a laboratory, Furthermore silane has several

advantéées over convenflonal reducing agents such as lithe-
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iun aluminum hydride and sodium borohydride, First of -all,
it is a gas. It can be effectively added by ﬁubbling it
through a solution of %he' compound to be derivatized, Un-,
reacted silane can be purged from the system with an inert
gas to a fume hood, Its likely end product is an inert
solid, 3102. In contrast, commnﬁ reducing agents such as
lithiumbaluminum hydride are very reactive and must ba . °
destroyed before injection into the GC system mcl{ﬁa)a’riﬁii\
from the desired teaction products. In short, silane )
appears to be promising reagent for the synthesis of orggnéﬁ
tin hydrides for“analytical'applications.

&) Reaction Conditions )

At present, silane has. been found to produce the *
corresponding hydrides for all of the 41 and triorganotin .
oxldes, hydroxides and halides tested. A few of thase
compounds are trimethyltin hydroxide tributyltin acetate,
dicyclohexyltin dibromide, dicctyltin dichloride and tri-
phenylﬁ;n hydroxide. Most of the work has been done with
bis (tributyltin) oxide (TBTO) and triphenyitin chloride.
Compounds such a8 butylstannoie acid have proved unwilling
to give the corresponding ' tyihydride peak in the detector,
elther due to a failure in derivatization or chrematography,
The method works at trace levelé, 1.6, in the picogram

range rbrgghe most carefully investigated compound, bis
(tributyltin) oxide, :
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1) Importance of Solvent
A rather surprising featuzje of the reduction method A
using silane is that there is no cbnwrsiom of the Organo=
tin compounds to their‘ corre§pond1ng hydrides at trace
. levels unless methanol or ethsnol is present. This seems
unlikely to be a solubility effect six;cg silane is non-
‘ polar and should dissolve better .in noh-pplar s?j;)lven'ts
such as hexane, In fact a wide variety of solvents such
as hexane, benzehe ,‘ cycldhexane ,' diglyme, acetonitrile,
tetralin, acetone, di-isop;opyl ether and iso-octane, wvere
tried, ,kside from methanol and ethsanol, only diglyme ’
gave any hydride product with silane but "yields were poor
below the 10 ng/lll level. |
2) Reaction Rate ; y
The reaction of TBTO in methanol dr ethanol with
silane was found to take about 30 ?mui:/és to go 80$' to.

f

Y

completion at the 1 ng/[,'Ll level, How’ver, chromatographic
decomposition mgkes these results rfther uhcertain, In

[
order to minimize the effect of con}ﬁinuous evaporation of
solvent, the experiment was .carried out by saturating a  \
methanol sample with silane and then adding enough TBTO .,
te bring the concentration ﬁo,gl;out 1 ng/[L1, * One micro-
liter samples were withdrawn from the "ailii,vial" every
three minutes and injected into the »éas chromatograph, The
experiment was repeated with ethanol as the solvent and the ‘
results nearly parallelled those of methanol and.they are
shown in Figure 25, < ‘
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Figure 25 .

"Yield"® of Tributyltin Hydride versus Time of Reaction
for the Reduction of Tribuytyltin Oxide with Silax\m

A dua]j-masked bisecged quartz flame enclosure is used,
Flow conditions in ml/min ATR = 30, H, = 240, N, = 30,
150 x 0,3 em ID borosiiiéa%e ‘column, packed with 5%
Carbowax 20M on “Chromo;orb W, 45/60 mesh, 2
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3) Other Parameters

A number of important parémeters were incestfgcted
such as temperature, silane bubbling rate and the presenge *
of acid or base or certain additives iike benzenesulphonic
1aeid “and disodium EDTA. Temperatures up to 65°C*and down o
to near 0°C were fried with ho apparent effect on the yield
of reaction. Sclutions of HC1 and NaOH in methanol vere .
made t6 test the effect of acid or basc on the reaétlon,
neithar of which was significants Very slow addition of
silane to the solution con%aining the ompound .to be deris
vatized gave a sloWGr cohve;sion rate,| probably due to lack
of reaéent. High bubbling rates 4id E help the reaction
but only hasteﬁeh the eééporation of the solvent, Additives
such as benzenesulphonic acid depressed resbonse to a small
excent. '/
.. b) Chromatography ‘ ‘ J 5y
Because of the reactivity of rganotin hydrides, it
. Was expected that good chromatography for such cocpounds
at trace levels woulépbe difficult cd o it was, Most of
the work was done with the hydrides formed from TBTO and
triphenyltin chloride. Tributylti? hydride, being more
stable than triphehyltin hydride, gave fewer problems,

Basica}ly, decompcsition~of he organotin hydrides

i 1

can take place due to reaction wit oxygen, especially at
the relativelxﬁhigh temperatures required foqﬂpc. Soly=-
tions of tributyltin hydride, padeLup in solvents such as

hexane, decomposed afger'a fev days (and even after.a few
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hours| if their concentration was low), Becauge of their
reducing nature, they will react with "active sites" 1'1‘1
the "col or other parts of the GC system, Just how
good the column is, in terms of deactivation of the sup-
port, is of prime importance, Throughout the experimental
vork ?n the hydrides, a number 9f columns were used:
1), 3% 0V-101 on Carbowax 20M deactivated Chrom W,
l1»5/60 mesh . ﬂ > . *
2) 3% 0V-10l on h.ydrogen-treated (t = 900°C) Chrom W,
45/60 mesh ] ’
3) Car%wu 20M deactivated C@'on W, 80/100 mesh (25'2)
) 5$_Carbowax 20M on Chrom W, 45/60 mesh - . ﬂ"
59 10% Carbowax 20M on Chrom W, 45/60 mesh
65 10% OV-275 on 6hrom W, 45/60 mesh (
6

1

/

) ‘
" 7) Carbowax 20M deactivated silica gel 62, %5/60 mesh

8) .20% OV~101 on Chrom P, 45/60 mesh ~ -
| Columns 1, 2 and I gave good chromatography for the
hydri&es (in relative torns) but column 4 induced more tri-
i phenyltin hydride decompositio%than lor 2, Column 3 was
nediogre but columns & and 6 were poor, Columns 7 and 8’
were tested on;ly with trinethylt:ln hydride and dimethyltin
dihydride because of their high reterition ability [birt
proved less than-satisfactory. The temperature of'the in-
“Jection port played'an unexpected role, Decomposition in
the chromatographic.system was up to three tbines less when )
the 1njectioxxt port was 300°C than then it was 200°C, This

was not a rule but occurred when decomposition was bad.



e
.
~ ¢ 3
. .
- 106
» N 9 .
. :
’ r

¢ 1

The use of an efgicient oxygen scavenger (Sup§1co carrier
gas purifier, Supelco Inc,, Bellefonte, Pa.) in the car-
. riér gaé 1line showed 11tt1e effect. 100 ppm: of hydrogen
in hitrogen was used as earrier gas but madq 1ittle dif-
ference on decomposition as well., The most effective
“nethod forﬁredueingﬂdeeompasition was to use very hiéh o
carrier gas flov rates suck as up to 80 ml/min of nitrogén';
or 2ho'n1/ﬁin of. hydrog;n. This effect was very ﬂ@tice-
able for triphenyltin hydride which suffered considerablr
‘more decompoaition than tributyltin hydride. )

It is evident that more work must be done to reduée; ’
the decomposition of" organotin hydrides.in order for this
method to Qe analytically uéefu;. " A cléar understanding
of the péocess of decoﬁposition ought to lead the way to
overcome this problem and allow this unique hydride gener-

ation method to achieve popularity. ’

( \
3.5.2 Organotin Halides -
The derivatization of organotin ¢ ‘%hpounds such as

TBH forming organotin halides, and their subsequent)

chromatographic separation.an&'detectiogi'was investigated
as an alternative to hydride generation, Derivatization
. oceurred i situ®

and/or the ‘column itself, Halide was added to the GC\

the GC gystem in the injection port

system by indection of a methanolic solution of the acid

or by doping of the carrier gas as shown in Figure 8 , thus
conditionizg it for reaction and chromatography the
products.:‘anditions for the formation of the halille pro-
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ducts of RBSnX, RQSnxz and Rlsnx3 (whene R = alkyl or aryl

group and X = oxide, hmdroxide, acutata, etc.) and their

chromatographic behavio?r were 1nvest1gated.,

)

& ) R3Sﬂx “ . n
' The cpnversion of compounds such as TBTO triphen-
yltin hydroxide and tricyclohexyltin hydroxide to the

chlorides or bromides and subsequent chromatography,

\

occurréd simply by coﬁditiqning the, GC system with injec-
tions of+a few microliters of HC1 or HBr in methaﬁoi
' (concentration in the 20mg//(1 range), The method works
well/for tin compounds even in the low picogram range as

can be seen in Figure 26. Thé remarkable sensitivity is
galned using a Quartz Wbol Tin Detector (QWID), and chromo-
tography is performed on Carbowax 20M deactivated Chromo- ’
sorb Wy (252, A
B) RySnk, and RSnX; '

Compounds’ such as dibutyltin oxide and dimethyltin

oxide do not dissolve in normal solvents such as acetone, ,
benzene and hexane, However, they do dissolve in methan=

" olic solutions of HCl, Similarly, compounds of the type
RSnXB such as-butylstannoic acid must be dissolved in acid,
Since HCl 13 necessary to dissolve these compounds, it is
likely that they are present in the chloride form in solu-
ti&n (although other forms agre likely to co-exist as well),
If they are in the chloride form before injection into the’
GC system, then the ability of the sysiem to céhvurt them

"in situ® to the chlorides camnot be measured., The appear~

P »
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Figure 26 .

Chromatography of Tripropyltin Oxide and Tributyltin
Oxide as Chlorides at the 1 pg lsvel

The ehromatograph was conditioned with HCl'gas, High
gensitivity was gained vie the use of a gquartz wool

tin de}ectbr. Flow rates‘ in ml/min: AIR = 20, H, = 160,
?‘2 = 10s 50 x 043 em ID borosilicate .column packed with

Chromosorb W deactivated with C ax 20M, 80/100 mesh
(252), Temperature pro raming' /150°C .



tripropyl- and
tributyltin oxides

ONE PICOGRAM EACH
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ance of- the expectod peak for s“?‘:h a compound indicates .
only the ability of tho-GC system to prevent decomposi- .
tion of the chloride” as it passes throush. It was found
that satisfactory chmomatography of both types of com~
pounds occurs only in a weil-conditioned GC system under
" ‘heavy HC1 doping (i,e. with HC1 doping into the carrier gas'
at about 10 I.L'l./nin). This results from the fac‘l; that
RSnX3 and RgSnXg type compounds are more reactive tﬂan‘
thoir RBSnX counterparts and hence require a thoroughly
conditioned system, Calibration>curves for various com- :
pounds of all three types vero run by monitoring gas-phase ‘
tin emission (in this case without wavelgpgth discrimina-
tion) in tho range ‘of 100“p1cograms to 1 microgram of 1n-
jected compound. Chromatosraphy of compounds of RpSnXp and
RSnX3 below the 100 picogran level was not investigated.
Figure 27 shows the™ chronatography of a mixture containing
eaoh type of tin conpound as chlorides under HC1 doped
conditions. 'The chromatography of- these compounds in the
‘ nanogran and sub-nanogram range thus uppears to be at an
ahalytically useful stago. ‘ .
é) Important Considorations and Parameters
Both column tomperaturo and elution timo play an
1mportant role in this derivatization method. This proved
e especially true for~methylated tin compounds, which are
falrly volati}e and hence elute from most columns at low
temperatures, For the oﬁt;muh reactioh and chromatognaphy,

the cglumn temperature must be kept reasonably -high for 7
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and ffributyltin Acetate as Chlorydes at the 1 ng Level
¢ . N '

/

oped GC, at approximately 10/(1/min, Detector

Flow rates ng ul/min, air = 30, By = 4o, N, = 10,
., 100 x De3 cm ID boros:l.licate column, packed with 5%
0V-101\on Chromosorb W, 45/60 mesh,

UNK = own peak ,which appears with solvent onl;'r.\
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each type of compound and this was accomplished by using’ ,
& low carrier gas flow rate (e.g. 10 ml/min) ard longer
columns, For very heavy compounds such as[tripheniltiﬁ
chloride and dioctyi;in dichloride, whiéh elute very late

off most cdlumns,'yhe effect of columm temperature on re-

T

action is not important, Shorter, faster columns are L

-

preferred ﬁb'allow these compounds to elute at rgasonablq

temperatures, ’

=3

Slgw temperature programs aré .not feééible because °
the orzénotin halides, Bspeciallymthe,more reactiva one;,
tend to show broadened peaks and less than expected re~". .

v 8ponge, indicating some'decompositioh. Evidently, 1t ;s‘
neceé;ary to limit{the time available for such compounds
to react ‘in a detrimental fashion, . |
Most notable for the casgse of compounds of the type
stuxg and RSnX3, 1s the situation where a certain percen-
.tage of the compound injectod remains behind in the GC
'system, regardloss of the amount injécted (usually 5% or
legs), ~The conpound left in the GC system can be eluted
, 8imply by 1njecting a solvent such as methanol and most of
it will emerge. from the column (so-called “ghost™ peaks),
Tihe precise reason for this has not been 1nvestig;¥ed.
This, type of behaviour necessitates frequent checks by
"blank" chronatograms (solvant only) to ensure the validity

P

of the analytical data. .

/ Deconposition of two typos of compounds occurred 'in
HCl-doped GC. Pbr-alkylat?d compounds, e,g, tetrabutyltin,
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decomposed to a iﬁrge extent to give tributyltin chloride..
’Tetrapropyltin, which elutes atﬁa 1owqf °°1:§9 temperature,
decomposed to a much lesser extent under the same condi-
tions, 1

Both triphenyltin hydroxide and tricyclohexyltin ’
hydroxide react fo give significant amounts dgadipheﬁyltin.
dichloride and dicylohexyltin. dichloride, respectively,
under -héavy HC1 doping. The decomposition problem does
not occur with the other derivatives (RpSnXp and RSnX3
types) and is not noticeable when the GC system is only
lightly tregted with 1, o

I3

A\

3653 Appliéétion to Environmental Samples: Future “Work
Bothlthe hydride and halide generation methods for
derivatization of labile organotin compounds wers devel-
oped with environmental samples in mind., Samples from -
lobsters‘reared by the DFO(Department of Fisheries and V
Oceans) in TBTO-doped vater, as well as "pgtural® 1obsters,
will be provided by Environment Canada in late summer of
1979, These samples will be analysed at Dalhousie for the
possible presence of TBIO and its metabolites. A great —
‘deal of work must still be done to.develop both deriva-
‘tization approaches into routiné analytical methods for ‘
organotins in the cnvironmpnt. The hydride generation
method needs 1nprovud/chronatography of the organotin
hydrides formed, tnhd halide derivatization method appears

! -
closer to readiness for analytical application. Samples
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could be treate& with acidic methanol to extract the
organotin compounds as the chlorides. The eitract could
then Dbe pértitioned'%ith hexane to remove fats‘leéving a
cleaner sanple for direct injection into the gas chroma-
tograph. The success of the hexane treatment wéuld depend
on the distribution of the organotin hq}ides between the
scidic methanol and hexane Isjers. The hydride method
could bo used

extracgian with an appropri&te sol;ent. If possible
this would be net?anol or ethanol required for the subge=

cross-chack for\the same sample followe

"quent silane treatment, Certainly, a great deal of work

would be necessary to optimize the treatment of various
types of samples and subseguent dertvatization\by bither_w
the hydride »or halide method for. futiure routine analysis,

|
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Cl, Organoseleninn; Photometric Response
4,1 Development of a Selenium Photometrie Detector'

Aue and Hastings (93) first showed the passibility
of organoselenium detection in a Tracor FFD in filterless
mode, They recorded a detection limit of about 10 ng for
piazselenole in an unoptimized detector. ?jnce seleniun
is found kelow shifur in the periodic table, it is not
surprising that it too responds well in a flame photo- -
n;tric detector, Given the recent widespread interest in
selgnium and its organic compounds, it seemed worthwhile
to pursue the early lead and develop the Shimadzu FPD,
which was available for this study, into an analytically
useful selenium detector (236)‘;‘* -

s
4,2 Characterization and Optimizat;on of the Selenium
Photonetric Detector

%,2,1 B8pectral Characteristies

The FFD spsctrum of selenium was detgrmined as out--
lined in the experimental section, using chromatographic
peak height measurements, uncorrected for the FM tube
response profile, A "“rough™ spectrum of 8 nanometer band-
pass was run from 300 to 630 nm, The region of greatt{st
_ihtensity, from 430 to 510 nm, vas exanined under a higher
resolution of 2 nn* bandpass, Both spectra are seén in
Figure 28, Like the sulfur spectrum, the selenium spec-
trum is broad, the mln emission lying in the region from
350 nm to0 600 nm, The “high1 resolution" spectrum shows
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é_Figure 28
Selenium "Spectrum" - 300 nm to 630 nm

Peak heights for piazselenole at different wavelengths,
using two sets of slits. The ordinate values are
different for the 8 nm and 2 nm tracings,



PEAK |HEIGHT , arbitrary units

L4
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several distinct, bands. They corrq.;zpond to sone‘ of the
bands noted by Sa!l;et- (23%) -for selenium burping in alr, -
"by:Enéleus and Riley (238) for a flame of lcohol burne
ing in selenium dioxide Vvapour, and, presumably, by <
Hitscherlich, for solenium ina hycf%ogen diffusion flame
(253, Emeldus and Riley thought, with some hesitation,
that these bands were due to Sep, The approximately

. ' quadratic response of selenium in the FFD strongly sup=-
pprtg theid contention, The arallel behaviour of/ sul=-
fur, i,e. quedratic response, is generally belleved to

be due to the re'co'ubination of two sulfur atoms (in the.
presence of a third body) to £6rm excited diatomic swle
mr. It is not at all far-fetched to assume that selenium
¢ould engage in an analogous mechanism of emission, ThF
best sensitivity for selenium is found in filteiless mode
because of its very broad spectrum, The use of a 1+8% nm
ihte'rrerméa filter (one that was available, but does not
necsssarily represent the best choice of wavelength)
“caused an increase in selectivity (versus sulfur, phosphor-
' ous, stc, ) but decreased sensitivity by a’ factor of three,
A ‘broad interference or band-pass filter, naximi‘n aro?nd
475 nm, would 1likely be the best compromise between desired
levels of s-nsitivity and selectivit is interesting
to note that Gilbort pointed out tza Iikely analytical
utility of soloniun band emission in the p\y}rogen-air‘
flame 13 hi excellent reviev on the subject (239), -
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“1,2,2 Flov-Rste Optimizaticn
The- optimum flow rates for selenium sensitivity
were determined ag ususl. by varying the hydrogen
‘and air flow rates ;nd monitoring -the change in signal«to-
noise ratio éf a-selenium standar&ﬁ For all practical pur-
poses, seleniuﬁ parallels sulfur in 1t§ behaviour towards
flow'rate_ehanges. The optimum fiow rates are 25 ml/min
éﬁr and 40 ml/min hydrogen under normal conditions, Sel=
enium was also-determined in a constricted flame eniioshro
' of the type shown in Figure %, The optimum flow rates
were somevhat different, about 20 ml/min of air and 35 ¥
ml/min of hydrogen, v , -

-~

~

4.2.3 Defiector Performance

T

The best sensiﬁivity, as already mentioneS: 1sgob~
tained by taking adventage of seleniuvm's broad emission
\\\ﬁ}nfi‘filterl As mode, However, the sensitivity for the
analogous § compounds is much greater under the same
conditions, \Obviously, sulfur is the most gerious Interfer-
ent for selenium due to its high sensitivity and its
similar behaviour, i.e. quadratic response, Furthermore,
selenium compounds in biologlcal 6r bnvfronnental samples ’
are likely to bq’accompanied by similar sulfur compounds,
Selectivity versus sulfur can be gained optically uging a
484 nm interference filter, and geometrically using a
constricted flame enclosure, The overall gensitivity

decreases by a factor.of about ten and still sulfur is a
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.more sensitive element, This can ﬁE*seen in Figure 29,
which shovs calibration curves for piazselenole, é-
putyldisulfide, pentadecane and phensnthrene, The arialy~
tically us;ful range for selenium compounds is about two ‘
orders of magnitude under these conditions, The selec-
tivity versus hydroc#rbona, which give negative peaks,
ranges from better than 1 ég about 3 orders of magnitude,
dependiﬁg on concentration,

figure 30 shows temperature-programmed chromatog-
raphy Ef four selenium compounﬁs at 1 and 10 nanogram
lovels in filtorle;s mode with & normal flame enclosure,
The peak for diethylselenide is partially quenched by
solvent tailing and appears only as a trace at the 1
nanogram level, vaese data show that the detection of
sub-nanogrgm amounts of common selenium compounds is’
definitely possible. '

4,2,% Hydrocarbon Interfgrence: Methane Doping

Since sulfur response is well known to decrease
vhen carbon compounds are present, an invastigation into
possibly similar offecfh on selenium was thought to Po
neéessary. eghe matter of carbon;doping seemed of enough
general interest to test other compounds along gith Organo-
seleniums, i.e, those eontaiging sulfur, phosphorous andk
aarbon, thane was added to the FFD under conditions
found be;:Q;EF‘sg;eniun response, with no filter and ;
regular flame enclosure, The results are, shown in Figure
3.
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Pigure 29

Calibration Curves for Plazselenole and Pogsible
Interfering ‘Species Using a 484 nm Interference

Filter a.nc\l a Constricted Quartz Flame Enclosure

Flow rates in ml/min, AIR = 20, H, = 40, K, = 30,
100 x 0,27 on ID borosilicate colum packed with 5%
O0V-101 on Chromosord W, 45/60 mesh, Cdmpounds
(chronatographed i‘sothermally: Piazselenole 1109,
(t-butyl), 8, 90°, pentadecane 140° end phenanthrene.
165°C, ' Phehanthrehe *positive resvonse" 1is’' du?: to

a sulfur containing impurity,

L
P
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Figure 30

Temperature-Programmed Chromatography af Four Seleniun

Compounds at 1 and 10 ng I.evels. \

'y

\Hormal detector eonfiguration,‘ rilterlasgmoé;; \ Flgw

. rates in nl/min, AIR = 25, 82 40, N, ='30.% 150 x 0‘.
cm ID borosilicate colunn pa.cked with 5% mGA on éhﬁomo-
sorb W, 100 120 meam . e o ,’*, .

a

IMP = Impurity ‘ “ "
The peak for diethylselenide is partially quenched by
) solvent tailing. and appears only as a trace at the 1 ng

/' level.
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_Figure 31

'Rbsponse of Selected 6ompounds'Vbrsgs Amount of Hthand
Added to the Carrier Gas , . E
Normal flame enclosurs, filterless mode. Compounds

| _and injected amounts as indicated, (n=CyfighJy PO,
isothermal: 165°C, Flow rates in ml/min, AIR = 25,

‘ B = 40, "2 = 30, Other conditions as indicated in\

1

) |
Figure 28, Phenanthrene response is due to a sulfur

‘containing impurity. “ )

=]
[
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organics decrease in response but to \

phosphorous and selenium conpounds drop much less, lead~
ing to J.ncreased selectivity (and ‘decreased sensitivity)
for them as the methane flov is increased, Equal amounts
of methane produce stronger effects in a normal flame en-.
closuré than in a constricted one, but the qtverall <:rends‘
are the same., It should al‘solbpe noted that the response
of penta&ecane and similar compounds is° very smail alnd
‘sﬁbject to great variation with the history and operating
conditiona of the FID,

It can be:\ easily recognized t’“hat methane doping can
be used to increase greatly the selecf.:lvity of selenium
and phosphorous compounds against sulfur compounds, with-
out a large drop in sensitivity, Figure 32 shows calibra-
‘tion curves for t-butyldisulfide, piazsele;mle and g;nta-
decane under cond:l,tions of high seléctivity versus sulfur,
optically using a ‘+8l+ nm interference filter, geonetri- ‘
cally(using a constricted flame enclqsure, and chenically .
by us:lng ethane doping. By comparison with Figure W' one
can 3e€ a complote reversal in position of the sulfur ang
selen:\.;'z‘n calibration curves due to lethane doping.\ A %
vory 3mall posiltive response for pentadecane was noted,
:l.ndicatiug that carbon doping can also influence the

5aelectivity of seleniim versus carbon compounds,



Figure 32 ‘

~

" Calibration Curves for Plazselencle and Possible
Interfering Species Using a 484 nm Interference Filter,
a Constricted Quartz Flame Enclosure z;nd Methane Doping

Conditions as indicated in Figure 29 except 1 ml/min of
methane added to the carrier gas,  Phenanthrene response

interfered with'by a sulfur containing impurity.«
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‘S5, The Interchalcogen Bffects S-Se-Te
5.1 Discovering the Interchalcogen Effect

The interchalcogen effect is essentially the
ability of a'supplementary background .of any of the
chalébgené, sulfur, selenium or tellurium, fo enhance
the response bf any compound &ontaining one'of them,
This backgronnd emission has also the gbility to in-
crease the response of anhy compound which quenches 1t,,
8.8, hydrocarbons give larger nagative peaks, «

The initial doping experiment involved selenium,
not sulfur, Its purpose was to enhance the response of
selenium compounds iﬁ preference to sulfur compounds to
gain gelectivity, In a fashion similar éo gulfur doping, -
the second order reaction rate of the seleniﬁn emission
vas to be’ taken advantage of, It involved bubbling the
FPD's hydrogen supply through diphenylselsnide, the only
liquid selenium compound available at that time, As was

a

expected, diphenylselenide showed an increase 1n°response
with the doping. A sulfur compound was élso tested and,
surprisingly, showed a similar increase 1£ response,
Since selenium thus increages sulfur resphnso, it seemed ?'
reagonable to a;sume that the reverse would also hold true,
A few microlitq%s of C5; were added to a 9ne-11tcr stain-
less steel tank which was then filled with compressed
nitrogen, The mixture was added to the detector as in-
dicated in the experimental section, . This proved to be a
more Fonvenient method of doping; besides being less hag~ -






