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PH.ORUS-}AND NHROGEN—LONTAINFNG ORGANIC COMPOUNDS
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Gas Chromatography Centre, Mosneftekip str. 1, Moscow (U.S.S.R.}

SUMMARY

" The mechanism of the selective sensitivity of the thermionic ionization detector
has not previously been elucidated, despite a number of interesting designs and im-
proved characteristics of thermionic detection fechniques. In this paper, a probable
mechanism of the processes that occur in the detector is proposed. An explanation is

“given of the generation of signals from phosphorus- or nitrogen-containing organic
compounds and a detector with improved characteristics is described.

-INTRODUCTION

The thermionic ionization detector (TID) for the analysis of phosphorus- and
nifrogen-containing organic compounds was proposed in 1964, Since then, various
designs of the detector and investigations of its characteristics have been published.
The detector has become widely used in chromatography, along with katharometer,
the flame ionization detector (FID) and the electron-capture detector?, and is com-
monly employed in the analysis of compounds that contain phosphorus, nitrogen and
halogens; However, the basic physical principles of operation of this detector have
not been elucidated and the detection mechanism is not yet clear in many respects.

A review of the literature on the TID up to 1970 was published by Brazhnikov

- etal3. They drew attention to the increasing fields of application of the detector, but
pomted out a number of contradictory ard vague data obtaired with it. In that re-
view, three poss;ble mechapisms of the processes that occur in the detector were dis-
cussed, but none of them gave a complete explanation of its characteristics and its
high sensitivity to some compounds and no conclusion was drawn as to which of these

- mechanisms might be the most iikely.

- The first mechanism, associated with the phenomena of surface ionization and
posmve thenmomc emis sion, is typical of detectors that operate aocordmg to the prin-

. ciple of 2 halogen-leak detector®.

: ~ The second mechanism suggested that when atoms of an alkah metal coilide

_ ‘with H,0%,.CHO™* and other ions formed in the flame, they are easily ionized (the
_ detector background current} and infermediate products of the reaction of organic

- phosphorus-containing compounds (PH,, PO, PO,) form phosphorus ions in the



ﬂame, Whrch transfer the charse to addmonal amounts of aika!i mcta a.toms (the E
detector signal).- R
. - The third mechamsm suggested was asso..xated mth the phenomenon of- phoro-' B
evaporation of salt from the surface of a salt reservoir owing to the'radiation of pho~-

" tons formed during the combustlon of organophosphorus compounds in the ﬂame- ]
" Some work has been carried out’.aimed at obtaining some addrtxonal quantz- ,
tative data about the detector. The results of this work indicated that the main process

- the warking g
occurs in the working region of the flame and not on the surface of the salt; the salt

" serves only as a store of alkali metal atoms; and the rate of evaporation of. the salt )
froin the surface of the salt reservoir is not changed when phosphorus—contalmng com--
pounds enter the detector. It was concluded that further development of the detector -
to establish optimal operating conditions and to ensure its wide appheatmn was im-~ .
possibie without a thorough understandmg of the physxcai prmclples of the operatlorr

of the detector.

Scolnik® attempted to explain the detectxon mechanism on the basrs of tests
on a flameless ionization detector, which was called a chemnomzatzon” detectori
(CED) He came to the conclusion that ionization takes place in the gas phase and that
the presenoe of hydrogen has nothing to do with the operation of the detector (the
' processes in which hydrogeén participates do not play the major role in the detectxon -
mechanism). The results showed unambiguously that the 1omzat10n current depends
“on the concentration of alkali metal vapour.

Consideration of the operation of the Pye Umwm three-electrode detector’
and the Perkin-Elmer detector with a salt ball at a negative potential® has made it
possible to conclude that the zones of the s:gnal formation from organic solvents and
frem phosphorus-containing compounds are spatially separated and the zone of the -
‘formation of the latter is near the collector electrode. Some detector deszgns have been

described in whxch the alkali metal salt was not in the flame region and was evaporated
with the aid of additional heating® or was injected in the flame as an acrosol’®. -
For these detectors, the dependence of the detector background current and

sensitivity on the flow-rate of hydrogen is smaller. In addition, the msertron ‘of the
~ collector electrode into the hotter flame zone reduced the sensitivity of the detector )
to phosphorus—contalmng compounds. .

-Sevéik® explamed the TID mechanism and chﬁ‘erent anomahes in the op“ra-
tion of the detecior using data from previous. publications. He ascertained that heat
energy is the source of ionization, and that the measured signal current is generated
by a number of processes, the greatest contribution being made by.the ionization of
- atoms of the alkali metal. Sev&ik’s opinion was “that the detection mechanism is as-
sociated with the formaticn of specific compounds that contain heteroatoms. In thxs .
paper, we suggest a mechanism of TID operation based 'on the assumption that n
the surface of the collector electrode, aerosol salt particles are formed- Whlcb. are m o
- equllmrmm w1th the vapours of salts of axkah metals that surround rhem. B

‘_DETECFIONMECHANISM ' - o

Wxth the aim of achxevmg a proper understanémg of the processes that occur -
in .ne flame while detectmg compounds that contain- he..eroax.oms (P or: N}, itis neces-’f’_
sary to consxdcr two mam problems energy aspects of - ﬁame mmzaﬁon aud the o
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mechanism of ion formation. Numerous experimental data from the Hterature and
those obtained by ourselves show that essential processes in the TID do not occur on
the sait surface but in the volume of the flame, where the reaction of the vapours of
alkali metal salis with hydrogen is thetmodynamxcally possible, resultmg in the for-
mation of alkali metal atoms, e.g.:

CsBr + H=>Cs + HBr . )

The following discussion concerns the case when the salt CsBr is used in the
TID. However, it is applicable to any other alkali metal salt when analyzing phos-
phorus- and pitrogen-containing compounds.

As the temperature near the surface of the collector electrode decreases sharply
(Fig. 1a), the formation of aerosol alkali metal particles may occur in this zone. The
atoms of Cs form ions and electrons due to ionization in the hydrogen flame. Although
the jonization potential of Cs is 3.88 eV (which exceeds the energy of the hydrogen
flame in the presence of the alkali metal salt), Cs ions can be formed by means of the
following mechanism. The Cs atoms excited in the flame during the transition from
the excited state into the ground state emit y quanta:

Cs* > Cs + v 2

_When the number of Cs atoms is sufficient, y quanta are absorbed by other Cs atoms
and the number of the excited atoms in the hydrogen flame does not decrease because
of light emission!!. Cs ions are formed as a result of the collisions of the excited atoms
of Cs with other atoms:

Cs* - Cst - e~ 3)

One can assert that the main component of the background current of the de-
tector is due to thermo-emission of the aerosols near the surface of the collector
electrode because they absorb the radiant energy of the flame. The work function of
the electron for Cs aerosol particles is 1.8 eV (the characteristic minimum of the work
fiinction is approximately 1.4 eV). However, in the flame zone rich in oxygen, Cs
atoms are oxidized, forming Cs,0, and in the aerosol zone near the collector electrode
the formation of acrosol particles consisting of a mixture of Cs and Cs,0 is possible.

- These particles have a work function of 0.7-1.0 eV (ref. 12). Taking into account that
the amount of the radiant energy of the flame released as radiation can reach 209"
and taking into consideration the small work function of the particles (Cs and Cs;0),
one can assume that the main contribution to the background current of the detector
is made by the thermo-emission of aerosol particles of Cs and Cs,O formed.

" Hence the TID background current is caused by a thermal ionization mecha-
~ nism. The appearance of the useful TID signal when organic compounds that contain
phosphorus or nitrogen enter the flame can be explained when one takes into ac-
count the following facts:

(1) The alkali metal saits are active mhxbztors of combustion’*.
(2) Among the products of the combustion of phosphorus- or nitrogen-
containing organic compounds in the flame, heavy ions are formed whose mobility



o ds, I(HO tl;nes lm than that of hght lonsls These heavy ions combine:
‘form even heavier ions. 0 s
, - 3Y ‘When ‘the hydrogen ﬁow-rate 1s suﬁicxent a reducmg yrolyszs ot;phos-
pho:us- and. mtrogen-contalmng organic. compou:ds in the ﬂame oceurs resuitmg,— B
in the formation of hydrocarbon : radicals™. - -
.. The a.[ka.x metal salts present in the ﬂame substanﬂaﬂy reduce ltS tempe, al ure. ’
_The eﬁic1ency of ionization' of alkali metal salt vapours. (reactxons 1—3) and thermo-ﬂj'
_emission of, aerosel partxcl%‘ depend on the flame: temperature that'is. estabhahed -
T When phosphorus— or mtrogen—contammg organic’ t::ompoum.’sq enter the ﬂamef :
“in ‘connéction with heavy ion formation, the: concesntration.of the-alkali metal -salt in
the flame is reduced and the inhibiting effect of thie'sa 1t is also reduced. (the femper—r

- atarz 'of the flame increases). The flame temperatm'e increases ‘pastly: because of the
- combustion of hydrocarbon radicals formed. The increase in’ ‘the flame . temperature -
“leads to an’increase in the efﬁcxency of the jonization of Cs atonss, to an increase in-
~ thermo-emission of : aerosm partlcles and hence to the appearance of the useful sxgnal )
of the detestor. ) . - S : R o

g DESL,RIPTION OF THE D""TECTOR

Exammatlon of dlﬁ’erent “designs of detectors gave results showmg tbat the
sensitivity of a TID to an. organophosphorus compound varies inversely with its -
sensitivity te hydrocarbons. This made it possible to draw conclusions about dxﬁ'erent o
conditions for the formation of the detector signal from phosphorus-containing or-
- ganic compounds and from hydrocarbons. In Fig. 1, the relationships between th\.
he1°ht of a hydroaen ﬁame and its temp\_rature and between the ﬂame and ion coneen— :
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,ID (a) and the FID (b)5 “ The relatxomhlps pmented

, '(I) The temperature of the hydrogen ﬁame mthout an aikah metai salt s
'-,substaatxaﬁy ‘higher. "

. -(2)"The relationships between the he!aht of the flame and the ion concentration
_ .and the flame temperature are dliferent for the pure hydrogen flame and the flame with
fthe alkah metai salt, wlucb. is mdlcatxve of a non-thermal nature of ionization in the

Sl (3)vThe relat:onshlps between the hezght of the flame and the ion concentration
B} and the flame temperature for the TID are similar and the maxima of the curves al-
2 most comcxde. This is indicative of the thermal nature of i xomz‘.uen in the TID.

- (9 The zones of the maximum useful signal for hyd:oc - “ons phosphorus-
or mtrogen-contammg organic compounds are spatially sep.rs i The maximum
“ion:concentration in the FID at a given gas flow-rate and cross-s. . ::on of the burner

‘nozzieis reached at a dlstanoe of about 1 mm from the end of the %\- er. In the TID,
the maximum ion concentration under the same conditions is at a h:ight of 34 mm
from the end of the burner.
- Taking the above conclusions into consideration, it appears possible to design
a very promising detector'”. The drawback of TID designs considered so far is a strong
dependence of the background current and sensitivity on the stability of the gas
flow-rates apphed which can be explained by the mechanism suggested above, as the
'changes in gas flow-rates result in changes in the flame temperature.
- The detector des:gn shown in Fig. 2 was developed allowing for the necessity
of separatmg the zones of the different measuring signals and decreasing the depen-
dznce of detector readmgs upon the gas flow-rates (hydrocen nitrogen, zir). In this
~ detector design, the tip, made of an alkali metal salt, is placed in the collector elec-
“trode. The distance between the burner and the collector electrode is about 3 mm. In

prevmusly published detector designs®, the distance between the burner and the col-
‘lector electrode differs from that chosen here. The potential electrade is made in the
: shape of a rmg covered by a pldtmum mesh and is Iocated about 1 mm away from the

AUSANNAAAN AN

W\
:':"4-:

AW

>

SJamm

‘Flg. ’ Schematxc chagtam of "TD 1, Co.lector e!ectrode, 2, Cs salt. tzp, -3, measuring mlstance
4, rmg potenual electrode ‘with platinam mesh; 5, burner. I, Zone of signal formation from com-
fpcunds contammg phosphoms and mtrozen II zone of signat form.at:on from hydmwbons
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e Itézm be seen in Fig. 3 that over a ceriain range the detector sensitivity is in-
o dependent of the hydrogen flow-rate; this effect is associated with the insertion of the -
~ mesh into the flame Zone. The dependence of sensitivity on the flow-rates of air (Fig.
-4 and the carrier gas ‘(nitrogen)’ (Fig. S)is not appreciable and is such that ordmary
. systems of - stab:hzmg gas flow-rates allow the detector to be used with maximum

- - semsitivity. The bacxground current of the detector is about 10~ A. The character-
istics of the detector are presented in Tab!e 1in which, for the sake of comparison, the

‘ 'charactensttm of other cutrentiy manufactured TIDs are given. -

B “'The detector is sunple in design and has a minimum limit of detecuon for meth-
= y!parathron of 1- IO‘ g/sec, whxch is rehably a.ttamed When the detector 1s used in
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Fig. 5. Chromatogram of a pesticide obtained on a Gasochrom 11067 chromatograph. Peaks:
1, n-hexane; 2, methaphos (methylparathion), 2-10~¢ mg/ml. Column temperature, 210°C; detector,
250°C; injector, 26€°C. Colums length, 1.5 m; LD., 3 mm; 5% SE-30 on Chromaton (0.2-0.3 mm).
Detector voltage, —360 V. Salt, CsBr. Sample size, 1 gl.

conjunction with chromatographic apparatus currently manufactured in the U.S.S.R.
At present the detector is mounted on commercial chromatographs and-has been
approved by the users. In Fig. 6 a chromatogran of pesticides obtained by means of
the device is shown.
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