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SUMMARY b

It has been generally accepted that the use of the flame-icnization detector
(FID) in the quantitative determination of differing types of solute in gas chromato-
graphic eluents necessitates prior detector calibration for each species in question.

Methods of operating the FID using hydrogen-rich flames with oxygen as the
supporter of combustion have been evaluated, which permits the direct quantitative
determination of the solutes investigated on both a molar and a weight mode basis
and which therefore enables estimates of molecular weights to be calculated. It has
also been shown that the detector response to carbon can be minimized while allowing
an enhanced selective response for chlorine.

INTRODUCTION

The flame-ionization detector (FID) is probably the most widely used “sensi-
tive” detector in chromatography on account of its relative ease of construction, its
robustness and, more important, because it possesses a linear response and a wide
dynamic range. Since it was first proposed as a detection principle for gas chro-
matography independently by McWilliam and Dewar! and Harley ez al.? in 1958, it
has been the subject of numerous studies and many variations upon the basic design
have been used in an attempt to improve its response characteristics. The response
of the FID to organic compounds has been widely investigated®® and it has been
demonstrated that the presence of elements other than carbon and hydrogen in the
eluting solutes leads to a reduction in response. This unfortunate property necessitates
calibration of the detector for each species under investigation when quantitative
studies are to be performed.

It has also been widely accepted that the FID shows little or no response to
various compounds, e.g., inorganic gases and carbon tetrachloride. Recently, Russev
et al.’® demonstrated that inorganic gases could be detected, often to the same level
as methane, by using a hydrogen-rich flame with oxygen as the combustion medium.

Other workers have investigated the use of oxygen to support combustion!!»*?

* To whom correspondence should be addressed.
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and demonstrated an enhanced sensitivity when the FID is operated in this mode,
but the detection of inorganic gases or other species was not noted.

It is clear from the work of Russev er al.1° that the FID operated in the manner
described possesses utnusual properties which have not been previously observed.
Accordingly, a collaborative exercise has been arranged between Russev and co-
workers and the authors to investigate the properties of the FID operated under
conditions of a hydrogen-rich flame using oxygen as the supporter of combustion.
The results given in this paper relate to the response characteristics of some halo-
genateu aromatic hydrocarbons.

EXPERIMENTAL

A Pye Unicam Series 104 gas chromatograph equipped with a standard Series
104 FID and amplifier was used. The collector was slightly modified by drilling holes
round the bottom as previously described!®. High-purity hydrogen, nitrogen and
oxygen were obtained from Air Produacts (New Malden, Great Britain). All gases were
purified and dried by passage tarough activated molecular sieve (5 A). Peak area
measurements were obtained using an Infotronics CRS201 digital integrator. Stan-
dard test solutions were prepared by accurately weighing the test solutes (benzene,
chlorobenzene, 1,3-dichlorobenzene and 1,2,4-trichlorobenzene; BDH, Poole, Great
Britain) into vials fitted with a septum head (Precision Sampling, Baton Rouge, La.,
U.S.A). A 1520 x4 mm L.D. glass column packed with 59 Bentone 34 and 57,
Silicone Fluid MS 550 on 80-100-mesh silanized Chromosorb G and maintained at
159° with 42.1 mi/min of nitrogen as carrier gas was used for most experiments. The
detector oven temperature was maintained at 300°. Hydrogen and oxygen flow-rates
were accurately set using a soap-bubble flow meter and continuously monitored using
Rotameter flow meters. Results are expressed in terms of the ratio of observed to true
weight percentages or molar percentages and in absolute terms in coulombs per gram
or coulombs per mole where applicable and are the means of eight replicate injections
of 0.1 ul with a standard deviation of < 0.3.

RESULTS AND DISCUSSION

The choice of test solutes stemmed from the data presented by Maggs'? in his
evaluation of the Pye-Unicam Series 104 FID. Maggs showed that the series benzene,
chlorobenzene, 1,3-dichlorobenzene and 1,2,4-trichlorobenzene underwent a sub-
stantial reduction in absolute response in terms of coulombs per gram and coulombs
per mole as the number of ~hlorine atoms in the compounds increased.

In this work  the responses of the above solutes in the FID were obtained under
conditions of various Szed oxygen flow-rates and varying hydrogen flow-rates. The
response of the various compounds was obtained in two forms: (i) correction factors
(on both a weight and a molar basis) for the individual test solutes by which the
observed percentage compositions should be divided to obtain the true percentage
compositioas, and (ii) absolute response in terms of coulombs per gram or coulombs
per mole.
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Weight response characteristics

A series of weight response curves were generated under the conditions
indicated, an example of which is shown in Fig. 1, which also includes the effect on
weight response of varying the hydrogen flow-rate at a fixed air flow-rate, i.e., normal
FID operation. These results show the unusual, and previously unobserved, effect
that all of the test solutes exhibit substantially unit weight response (under the
definition proscribed) at hydrogen and oxygen flow-rates of 83 and 64 ml/min,
respectively. The responses shown under normal FID operating conditions are as
normalily observed.

Response factors
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Fig. 1. Variation in weight response correction factors for the FID operated in the hydrogen-rich
mode (full lines) and normal operation (dashed lines). Test solutes: benzene, chlorobenzene, 1,3-
dichlorobenzene and 1,2,4-trichlorobenzene. Oxygen flow-rate, 64.25 ml/min.

A further unusual characteristic demonstrated in Fig. 1 is that at high hydrogen
flow-rates the responses of the four test solutes are reversed, benzene decreasing from
a high response factor of 1.7 to 0.65 while 1,2,4-trichlorobenzene increases from a
response factor of 0.7 to 1.15. It appears that under conditions of high hydrogen
flow-rate, carbon response is being suppressed and the detector is responding prin-
cipally to the number of chlorine atoms present.

Fig. 2 gives the locus of the zone in which equivalent weight response correction
factors for the test solutes can be obtained within the range -+ 5% of the true value.
This zone is limited in the operating flow-rates cf hydrogen and oxygen and arises
principally from the rapid decrease in the response of benzene shown in Fig. 1. The
unusual shape of the curve between oxygen flow-rates of 40 and 50 ml/min probably
arises through difficulties experienced in maintaining precise control of the oxygen

flow.
Table I compares the absolute weight response characteristics of the test



332 A. E. KARAGOZLER, C. F. SIMPSON

SO

801

[ o ~
[0} Q Q

Oxygen flow rate ml/min

b
Q

30

40 50 60 70 80 9SC 100 110
Hydrogen flow-rgte mi/min

Fig. 2. Locus of conditions for equivalent weight response correction factors of the test solutes to
give - 5%, of the true values.

solutes under conditions of unit response correction factor with the absolute weight
response for these substances in the same detector optimally operated as a normal
FID. The equivalent data obtained by Maggs'?® are also included.

The data show ihat the absolute weight responses for the test solutes obtained
under normal FID operation cempare well with those reported by Maggs, which
indicates that the minor modification made to the collector has no effect on normal
FID operation, and indeed confirms Maggs’ findings.

Under conditions of a hydrogen-rich flame with oxygen as the supporter of
combusiion, the absolute responses of the test solutes, although equivalent, do vary

TABLE 1 .

ABSOLUTE RESPONSES FOR TES"I' SOLUTES FOR THE FID OPERATED UNDER THE
HYDROGEN-RICH AND NORMAL MODES

Gas flow-rates (ml[min) Absolute response (Clg)

Air H, O: H,[0, CsHg CsHCl 1,3-C¢H . Cl, 1,2,4-CsHCl;
- 71.5 32.75 2.18 1.16 - 1073 1.16 - 103 1.16 - 1073 1.16 - 1073
— 83.0 38.0 2.18 2.51 - 1073 2.51 - 1073 2.51 - 103 2.51 - 103
— 87.0 51.75 1.68 1.44 - 102 1.44 - 1072 1.44 - 102 1.44 - 1072
— 83.0 64.25 1.29 2.66 - 1072 2.66 - 102 2.66 - 102 2.66 - 102
— 97.0 910 1.065 393102 393 -10°2 393 -1072 393 - 1072
475 320 — 223 - 1072 1.53 - 1072 1.11 - 1072 0.81 - 10~*
500** 300 — 2.17 - 102 1.45 - 102 1.05 - 102 0.74 - 102

* This study.

** From ref. 13.
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as the hydrogen to oxygen ratio decreases from Z.18 to 1.065 with a concomitant
approximate doubling of the combined oxygen and hydrogen flow-rates. This
variation in absolute response ranges from a distinctly inferior response to a signi-
ficantly enhanced response, which is just under a factor of 2 better for all of the test
solutes as is benzene under normal FID operation.

To ascertain whether unit response to all test solutes occurred at different
ratios of hydrogen to oxygen flow-rates from those used in the initial evaluations, an
arbitrary composition was chosen from the locus given in Fig. 2. Four blends con-
taining varying proportions of the test solutes were evaluated; the results are given
in Table II and show that most of the observed percentages lie within -+ 59, of the
true values. Two results are slightly above this level. Variation in composition had no
apparent effect on the results and no significant bias occurred, with the exception
that 1,2,4-trichlorobenzene exhibited mainly a small negative percentage error. The
observed compositions are an acceptable quantitative analysis of the four test
mixtures, particularly as they did not involve the use of correction factors.

TABLE 11

COMPARISON OF TRUE AND OBSERVED COMPOSITIONS OF THE TEST SOLUTES
USING THE FID OPERATED UNDER UNIT RESPONSE CONDITIONS

Flame composition: hydrogen, 88 mi/min; oxygen, 56.5 ml/min; H,/O. ratio, 1.56.

Solute True Observed composition (wt.-% Error (%)

composition N

(wt.-%, Mean™ Starndard Coefficient

deviation of variation

Benzene 14.05 14.78 0.124 0.84 5.19
Chlorobenzene 2091 21.40 0.084 039 1.87
1,3-Dichlorobenzene 26.21 26.27 0.117 044 0.23
1,2, 4-Trichlorobenzene 38.83 37.55 0.i14 0.30 —3.29
Benzene 744 7.66 0.237 3.09 2.96
Chlorobenzene 17.54 18.28 0.122 06.67 4.22
1.3-Dichlorobenzene 2335 23.72 0.117 0.49 1.58
1,2,4-Trichlorobenzene 51.66 50.33 0.252 0.50 —2.57
Benzene 51.05 51.62 0.216 042 1.12
1,3-Dichlorobenzene 9.55 8.92 0.081 091 —6.59
1,2,4-Trichlorobenzene 39.41 3945 0.172 043 C.10
Chlorobenzene 17.09 i7.75 0.078 044 3.86
1,3-Dichlorobenzene 45.90 46.08 0.113 024 0.39
1,2,4-Trichlorobenzene 37.01 36.17 0.137 0.38 —2.27

* Mean of five replicate determinations.

Molar response characteristics

A second series of curves was generated as described above, an example of
which is shown in Fig. 3.

These curves also show the unusual, and previously unobserved, effect that
all of the test solutes exhibit substantially unit molar response correction factors, but
in this instance over a wide range of hydrogen flow-rates (27-60 ml/min) at a constant
oxygen flow-rate. The molar response correction factors again show the unusual
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Molar 1esponse correction factors

20 30 20 SO 60 70 80 9C 100
Hydrogen flow-rate ml/min

Fig. 3. Variation in molar response correction factors for the FID operated in the hydrogen-rich
mode. Test solutes: benzene, chlorobenzene, 1,3-dichlorobenzene and 1,2,4-trichlorobenzene. Oxygen
flow-rate, 64.25 ml/min.

property at high hydrogen flow-rates of inversion of normal response (benzene 0.375
and 1,2 4-trichlorobenzene 1.55). This effect supports the conclusion obtained above
that carbon response is being suppressed and the FID is responding principally to
the chlorine atoms present.

Under conditions of unit molar response correction factor, it appears that the
detector is responding solely to the carbon content of the test solutes, a fact which is
substantiated by Gough er al.**.

Fig. 4 gives the locus of the zone in which equivalent molar response correction
factors for the test solutes can be obtained within the range 4 59 of the true value.
This zone is considerably larger than for the corresponding locus for equivalent
weight response, and clearly would be the preferred technique of obtaining direct
quantitative data if a molar composition is acceptable; alternatively, if the identity
of the sampie constituents is known, a percentage weight composition can be readily
calculated.

Table III gives examples of the percentage molar compositions obtainable
under varying conditions of hydrogen and oxygen flow-rates taken from the locus zone
of equivalent molar response. The data show good agreement with the true percentage
molar composition. All of the observed results lie well within the limits of 4+ 5% of
the true value.

Effect of nitrogen flow-rate

Te assess the effect of nitrogen flow-rate upon response, a limited series of
experiments was undertaken at a nitrogen flow-rate of 24.5 mi/min. The results
of these experiments are given in Table IV and show that at a constant hydrogen
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Fig. 4. Locus of conditions for equivalent molar response correction factors of the test solufes to give
+ 5% of the true values.

flow-rate of 40 ml/min and varying the oxygen flow-rate betwesn 40 and 100 ml/min
direct percentage molar compositions are obtained. It is interesting that the absolute
responses of all of test solutes are substantially constant at a given oxygen flow-rate
and increase with increasing oxygen flow-rate. All of the absolute responses are
considerably greater than for an optimally operated normal FID"'-*2,

At high hydrogen flow-rates (85 ml/min), direct percentage weight compositions
are obtained, and the absolute responses are significantly higher than under normal
FID operation. A further increase in hydrogen flow-rate (100 ml/min) again demon-
strates the unusual effect that the carbon response is reduced and the detector 1s
responding principally to the chlorine content of the compounds, i.e., the FID is

TABLE 111

PERCENTAGE MOLAR COMPOSITIONS OBTAINED UNDER VARYING CONDITIONS
OF HYDROGEN AND OXYGEN FLOW-RATES

Flow-rate (ml{min) Peréentage molar composition

Hydrogen Oxygen Benzene Bias Chloro- Bias 1,3-Dichloro- Bias 1,2, 4-Trichloro- Bias

. (%) benzene (%) benzene (%) bernzene (%)
27.75 32.75 23.53 —1.01 24.58 +0.28 23.65 +0.59 28.24 +0.11
27.75 6430 24.18 +1.72 2442 —0.37 23.40 —0.46 27.95 —0.26
48.90 64.30 24.04 +1.13 2442 —0.37 2345 —0.25 28.08 —0.46
60.00 38.00 22.65 —4.71 2443 —0.33 24.09 +2.46 28.83 +2.23
70.80 91.00 23.32 —1.89 24.00 —2.08 23.63 +0.51 29.05 +2.62

True composition 23.77 — 2451 — 23.51 — 28.21 —




A. E. KARAGOZLER, C. F. SIMPSON

336

vL'0
12
0s'01 €8¢ £0'7 L1 W 660
9061  §6'9 89°¢ e L9T 081
TSIl 6860 YSL'0  TSL'O 9SL'0 BSLO
815°1  €0E'L  €66'0 1660 9660 8660
08’y 101y LTIE  0TIE SETIE EVIE
001 001 001 oL s¢ 1114
001 8 oy 114 ob op

‘g 14 ‘vomsodwod JyBam a8eyuddrad onig {gp[¢ ‘uonisodwod Jejow adejuadiad oniy, 444
086z ‘uonisodwios Jyam oFejusolad onn $g9Lz ‘womisoduwos Jejow sfejuadtad aniy, 4,
'86'81 ‘vontsodwos 1y3iom aSeuadlad anay (gz'gz ‘uoisodiuod Jejott afeiuadiad anuy, 4
*€0°0] ‘uomsodwods 1yam a8ejuaosad ann fg9'L1 ‘uonisodiwsos aejow afeiuddted only, ,,,

‘wwfju ¢'gz = Au-mop udfonIN ,,
'€ 'JoX wWoyy udNey, ,

¢ 03 UDZUBGOIONII LT

SO'1
i
YA
P81

6£6'0 VE6'0
866'0
Il 95°Le
oy
ov

(.01 X §/D),dId [ewiou *asuodsas Anjosqy
(oow/D) , I jewirou ‘asuodsal anjosqy
(01 X 8/D) asuodsa1 njosqy

(~a0tu/Dy) suodsos NNjosqyY

10198} 01109110 asuodsal JySop

107198 11011391103 asuodsal Jejojy

(%) Jongaul wouy uayel uonisodwo))
(ur/jw) 9es-mopj UdBAXQ

(unu/jw) ser-mop uaBoipAH

14 NOZUBGOIONIE*]

'l
£9'l
$0'8 v6't e 18T LE'T 9
$0°6 £y 89°¢ o' L9T 81
£88°0  LI10'l  6ITT  €TTT 0Tl STl
L0 1E8°0  966'0 6660 L66'C 1001
9L'91  OF'6l  EFEC  OT'ET 91t STET
001 001 001 oL §S oy
001 8 )4 0P ob oy

¢ JHAZUIGOID)D)

Le
69°1
LET
§8'1

oLt
200°1
'Ll
ob
o

Juaziag

amjos 153

(;-01 x 8/}, 1 [ewou *asuodsas aynjosqy
(orow/D) , did [ewdou ‘asuodsal 9In[0sqy
(;-01 X B/D)ssuodsa1 anjosqy

(ajowr/y) asuodsar Anjosqy

J0108} UO11991500 95U0dsa1 T

1019%] U0[192410) dsuodsal 8O

(%) 101eagajur wody udyes uonisodwo)
(unw/pur) seI-Mop WSLXO

(upwi/jw) avi-moy uaBoIpAH

TR RpYIR

+ STLVU-MOT NIDOUAAH ANV NIDAXO DNIAUVA

LV S41N70S LSAL Y04 SASNOJISTY dLN710SHY ANV SNOILISOJWOD LHOIAM HDVINADUHd NV UVIONW HOV.LNADUAL

ALdavL



DIRECT QUANTITATIVE ANALYSIS USING THE FID 337

operating as a selective detector for chlorine and is effectively counting the number
of chlorine atoms present in the three halogenated species.

Dropping the nitrogen flow-rate appears to have an effect on the position of the
locus of both equivalent weight and molar responses, but only at high oxygen fiow-rates.
This apparent shift is being investigated in detail. At the lower oxygen flow-rates
(40-70 ml/min), however, the locus given in Fig. 4 is followed. This may be fortuitous,
and due to the large zone in which equivalent molar response correction factors are
obtained.

Determination of molecular weights

The ability of the FID operated under the conditions proscribed to produce
direct percentage molar and weight compositions clearly provides a method of
estimating molecular weights if one compound is included as standard. Table V gives
molecular weights calculated from the percentage compositions given in Table 1V,
and demonstrates that, using benzene as the standard, good estimates of the molecular
weights of the three halogenated compounds are obtained.

TABLE V
CALCULATION OF MOLECULAR WEIGHTS
Test Composition Wwi.-9, Molecular weights Bias (%) G
solute Je-9/ . . .
Wt.-% Mole-9, Mole-% Ratio  Determined True

Benzene 10.13 17.72 0.57167 1 — 78.11 — —
Chlorobenzene 19.30 23.25 0.83011 1.45208 11342 112.56 +0.76 —
1,3-Dichlorobenzene 2054 27.56 1.07184 1.87493 146.45 147.01 —0.37 —
1,2,4-Trichlorobenzene 41.01 31.43 1.30480 2.28243 178.28 18146 —1.75 —
Benzene 10.13 17.79 0.55942 1 — 78.11 - —
Chlorobenzene 19.30 23.16 0.83333 1.46347 114.31 11256 +1.35 —
1,3-Dichlorobenzene 29.54 27.71 1.06604 1.87215 146.23 147.01 —0.53 —
1,2,4-Trichlorobenzene 41.01 31.35 1.30813 2.29730 179.64 18146 —1.11 —
Benzene 10.13 17.93 0.56497 1 — 78.11 - —
Chlorobenzene 19.30 23.20 0.83189 1.47245 11501 11256 +2.17 —
1,3-Dichlorobenzene 29.54 27.66 1.06797 1.89031 147.84 14701 +0.58 —
1,2,4-Trichlorobenzene 41.01 31.20 1.31442 2.32653 181.72 18146 +4-0.14 —
Benzene 10.13 1798 0.56340 1 — 78.11 — —
Chlorobenzene 1930 23.13 0.83441 1.48102 115.68 112.56 +2.77 -
1,3-Dichlorobenzene 29.54 27.62 1.06950 1.89830 148.28 14701 +0.86 —
1,2,4-Trichlorobenzene 41.01 31.27 1.31148 2.32780 181.82 18746 +0.20 —
Mean results

Benzene — 78.11 — —

Chlorobenzene 114.60 112.56 +1.81 0.97

1,3-Dichlorobenzene 147.21 147.01 +0.13 1.02

1,2,4-Trichlorobenzene 179.81 181.46 —0.90 1.75

* True molecular weights taken from ref. 15.

CONCLUSION

The results presented indicate that the FID possesses some novel features that
have not been reported previously. These features include the ability to obtain direct -
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quantitative analyses on both a molar and a weight basis; the ability to supress carbon
response and become selective at least for chlorine; an exclusive response to the carbon

content cf molecules when the detector is molar responsive; and the provision of a
means of estimatine molecular weichts at least as well as other gas chrematggra?hlc

TGS UL LotilliQliiig a0 LIAL WWLIELS a4t Last as ~ii &S Vil

detectors.

No attempt is being made at this stage to provide explanations for these
effects, other than those briefly indicated above. Further work is progressing on the
investigation of these novel ways of operating the detector and will be reported

eisewhere.
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