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SUMMARY 

The response and elemental selectivity of the electrolytic conductivity detector 
(ElCD) to nitrogen-, chlorine-, and sulfur-containing compounds has been investigated 
as a function of chemical structure, furnace chemistry conditions (i-e., reaction gas, 
furnace temperature, catalyst, and post-furnace chemical abstracters), and solubiliza- 
tion-and-ionization processes (electrolytic chemistry and eIectrolytic conductance). 
The “profiling” of detector response for the gas-liquid chromatographic-ElCD 
analysis of selected compounds under defined furnace chemistry reaction conditions 
and electrolytic chemistry included the det’ermination of detector signal to noise ratio, 
peak tailing, and elemental selectivity_ Detector response and conductivity phenomena 
are discussed in terms of gas-phase furnace chemistry reactions, post-furnace reaction 
or abstraction processes, and solution-phase ionization and neutralization processes 
occurring in the conductivity cell. 

INTRODUCTION 

The application of the principle of electrolytic conductivity detection (ElCD) 
for the analysis of gas chromatographic effluents was first reported by Piringer and 
Pascalau’, and a commercial detector system was subsequently developed by Coulson 
to allow the selective detection of halogen-, nitrogen-, and sulfur-containing com- 
poutidsz*3. Further studies by Jones and Nickless*, Dolan and HalP, and Lawrence 
and Moore6 focused on modifications to the detector system and resulted in improved 

*‘Author to whom inquiries should be directed. 
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detector sensitivity and elemental selectivity. The instrumental evolution and applica- 
tions of EICD have been reviewed by Selucky’, David*, and Sevcikg. Hall recently 
constructed an improved microelectrolytic conductivity detector” which is now com- 
mercially available as the Hall electrolytic conductivity detector (HECD)‘l. 

The principle of ElCD operation 
Effluent from a gas chromatograph undergoes thermal decomposition under 

predetermined conditions of furnace temperature, reaction gas, reaction catalyst, 
and chemical abstracters, and the gas-phase reaction products are then combined 
with a stream of deionized liquid in a simple gas-liquid contactor. The electrical 
conductivity of the liquid is continuously measured with an a-c. bridge circuit and 
auxiIiary recorder. Only those components are detected in the gas-liquid chromato- 
graphic (GLC) eflluent that are decomposed to yield products that are both readily 
soluble and ionized in the conductivity liquid. Fig. 1 shows the relationship of the 
principle components of the EICD system, all of which are contained in a single 
unit. 

Fig. 1. Block diagram of EICD. 

The pyrolyzer section (A and B) contains the detector furnace, the quartz or 
nickel reaction tube, and the reaction gas inlet. The cell assembly (C and D) consists 
of an integrated one-piece PTFE gas-liquid contactor and microconductivity cell 
made of stainless steel and PTFE. The liquid circulation system (E and F) consists of 
a glass Iiquid reservoir, liquid pump, needle valve for flow regulation, and an ibn- 
exchange bed. Components of the conductivity bridge include a fixed-voltage a-c. 
power supply, current-suppression circuit, and signal attenuator. Conductivity- 
bridge and electrometer-output controls consist of an attenuator, which selects one 
of eight binary levels of output signal attenuation; a conductivity range switch, which 
selects one of seven ranges of full-scale conductivity measurement, from l-1000 pQ_’ ; 
a coarse and fine zero control, which balances the a-c. bridge to allow positioning of 
the recorder pen; and a display meter selectable for furnace temperature or cell 
conductivity. Additional components of the detector system include a furnace tem- 
perature controller and furnace power and detector power monitors. 
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Although classified as an electrochemical detector, the principle of ElCD 
response is different from that of the coulometric or reaction coulometric detectorss.g, 
and knowledge of detector variables is critical to the understanding of EICD response 
and element selectivity. Thermal decomposition of the GLC effluent is based on the 
reduction (hydrogen reaction gas), oxidation (oxygen or air reaction gas), or pyrolysis 
(inert reaction gas) of the organic species at high temperature (usually 800-900”) in 
a flow-through reaction chamber. Decomposition may involve either catalytic (com- 
monly quartz reaction tube and Ni catalyst, or Ni reaction tube) or non-catalytic 
conditions (quartz reaction tube). The particular mode of decomposition may be 
referred to as the “furnace chemistry”. The reaction products obtained depend on 
the molecular structure, furnace chemistry mode, and the use of post-furnace ab- 
stractors that trap acidic or basic products. Solubilization and ionization of the re- 
action products (e.g., NH3, HCl, Cl,, S,O,, etc.) at the gas-liquid contactor may be 
referred to as “cell chemistry”. Cell chemistry is based on effective gas-liquid contact 
and separation, on ionization processes, and the use of reactive solutes in the liquid 
phase. Changes in conductivity attributable to the chemistry of the conductivity 
solvent and solvent pH, liquid flow-rate, and amplifier setting are often teimed %on- 
ductance variables”. Change in conductance is primariIy determined by the concen- 
tration of the reaction product(s) in the conductivity cell liquid phase; the dissociation 
constant(s) (K) of these products in the liquid phase, or the K of the species formed 
from furnace reaction product(s) and reactive solute(s); and the equivalent ionic 
conductance [(A+._ (X2-l cm’ equiv. -‘)I of anionic (A_) and cationic (J.+) species in 
the conductivity so1vent9*‘3. 

Selectivity and sensitivity are determined by a particular combination of fur- 
nace chemistry, cell chemistry, and conductance variables’*. In the reductive mode, 
H2S, HCI, NH,, and hydrocarbons are the major reaction products obtained from 
Cl-, N-, and S-containing compounds. H,S has a low dissociation constant in water 
(pK, = 7.04) and gives no appreciable response; HCl can be removed by a scrubber 
such as Sr(OH)? or AgN03; and the formation of NH, usually requires the use of Ni 
catalyst. In the oxidative mode, Z&O,, HCl, CO,, H,O, and N, are produced from the 
thermal decomposition of Cl-, N-, and S-containing compounds_ The conductivity 
change produced by CO2 is low, owing to poor solubilization (short gas-Iiquid 
contact time) or the use of an organic conductivity soIvent (usuaIIy aIcohoIs); Hz0 
and Nz give little or no response; sulfur oxides can be removed from the furnace 
reaction products by using a CaO scrubber: and HCl can also be removed with an 
acidic scrubber (AgNO,). Consequently, a proper choice of reaction conditions, 
abstracters, and conductivity liquid allows the highly selective detection of either 
halogen-, N-, or S-containing compounds. 

SeIectivity between non-equivalent chIorinated or N-containing compounds 
may also be realized by the selective optimization of furnace temperatures or the 

l3 proper choice of reaction catalyst . Hall has demonstrated that selectivity for aliphatic 
VS. aromatic chlorine may be realized by the choice of furnace temperature’, and that 
urea-based derivatives such as barbiturates do not require Ni catalyst for the re- 
ductive conversion (ref. 14). The highly sensitive detection of organic nitrogen 
with the use of an HCl-ethanol conductivity solvent has also been recom- 
mended by Hall’*, wheretheneutralizationreaction(NH, t_ H,O+ -+ NH,+ + H,O) 
results in a greater change in total specific conductance (dCso(tol_) m 37 _W1 cm2 
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equiv.-’ in ethanoli2) compared to the solubilization and partial ionization of NH, 
at pH > 7 [NH, f HZ0 + NH,+ $- OH-; pK, = 4.76 (ref. 4); it, NHJ+ = 19.6, 
1_ OH- w ? 9-l cm2 equiv.-’ in ethanoPz]. Moreover, dilute HCl conductivity 
solvents have been used to differentiate Cl- and N-containing compounds detected 
in the non-selective catalytic-reductive modea. Differentiation is based on the decrease 
in Cspoot.) due to an NH, neutralization process, as opposed to the increase in 
C SDo,,t_, caused by simple HCl ionization (;1” or limiting equivalent conductance for 
NH,+, H+, Cl-, and OH- in water = 73.5,349.8, 76.4, and 198.6 _Q-’ cm’ equiv.-‘, 
respectivelyx2). By analogy, the selective enhancement of ElCD response to sulfur 
(as H2S) in the reductive mode may be realized by using a reactive solute in the con- 
ductivity solvent;‘. Increased sensitivity is based on the rapid oxidation of H,S in 
dilute acid solution containing iodine (H2S + I2 % 2H’ f 2I- + S), with dCs,,,tot., 
= 850 9-l cm* equiv.-’ of H,S oxidized in aqueous solution (pK, HI % 0.8)r2- 

The ElCD represents a powerful analytical tool. Surprisingly, it has recieved 
relatively limited attention, in part due to only the recent introduction of an inte- 
grated micro-ElCD systemlo, and in part due to limited use in the detection of N- 
and S-containing compounds_ An understanding of the varied applications of selected 
EICD furnace chemistry modes and the principles of electrolytic conductance phe- 
nomena can only result in a more qualified judgement of the best application of the 
ElCD to the analytical problem. To this end, we wish to discuss the selectivity of the 
detector system and the chemical and electrochemical basis of the conductivity pro- 
cesses. 

MATERIALS 

Gas chromatograph and detector 
The GLC-ElCD analyses were done on a Model MT-222 gas chromatograph 

equipped with a Model 310 Hall EICD (Tracer, Austin, Texas, U.S.A.). The con- 
ventional EICD reaction-gas inlet was modified with two nupro metering valves and 
a by-pass valve to a soap-bubble flowmeter, allowing convenient switching between 
reaction-gas sources and measurement of reaction-gas flow. Furnace chemistry, cell 
chemistry, and relevant conductance variables for the ElCD element-selective modes 
are summarized in Table I. Unless otherwise noted, ElCD analyses performed in a 
particular “Furnace mode” are adequately described by noting “Selectivity” (refer 
to Table I). 

GLC cohcmns and column packings 
The GLC packings are denoted as follows. The 3 “/, OV-17 packing contained 

30 g of OV-17 per kg of support (100-120 mesh Gas-Chrom Q), and the 2.5 % SE-30 
packing 25 g of SE-30 per kg of support (SO-100 mesh Chromosorb W AW DMCS 
(Applied Science Labs., State College, Pa., U.S.A.). All GLC columns were glass, 
approximately 180 cm x 2 mm I.D. 

Chemicals 
Compounds used in these studies are summarized in Table II. 
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ME-I-HODS 

Determination of EiCD response characterr‘stics 

Detectability. The minimum detectable quantity (MDQ) for a particular com- 
pound was defined as the weight or molar quantity of the compound or “reactive” 
element (i.e., Cl, N, S) which resulted in a detector signal to noise ratio of greater than 
2:l when injected “on-column” and analyzed under defined chromatographic and 
detector conditions (see Results and Discussion). The detector signal was measured 
in terms of peak height or percent of full-scale defiection (f_s.d.), while noise was 
defined as the observed short-term noise and was measured as average peak-to- 
valley height or percent of f.s.d. The lower limit of detectability (LLD) for a particular 
“on-column” GLC-EICD analysis was defined as the observed detector signal to 
noise ratio divided into the sample weight, and is accompanied by a description of 
GLC and EICD parameters*_ 

GLC-EICD selectiviiy and elemental equivalence. The relative response of the 
EICD when operated in an element-selective mode is discussed in terms of detector 
variables (Table I), the reaction chemistry of the compound of interest and the 
relative standard (Table II), and the experimental conditions (see Results and Dis- 
cussion). EICD molar selectivity ratios for a compound of interest, A, vs. a relative 
standard, B, were calculated according to eqn. I : 

EICD molar selectivity ratio,,, = 
peak areaA [B] elect. attn., .-. 
peak areae [A] elect. attn., (1) 

where detector responses to A and B are expressed as peak area, and peak area,, 
respectively, [A] and [B] refer to the molar quantity injected on-column, and elect. 
attn. refers to the respective conductivity range x attenuation used for a particular 
analysis. Eqn. 1 was easily modified to obtain EICD element-selectivity ratios for A 
vs. B: 

ElCD N/C selectivity ratio,/, = 
peak area, [BJ elect. attn., (C)83 --- 
peak area, [A] elect. attn., -(N1A @ 

where, using the EICD N-selectivity of azobenzene VS. n-octadecane as the example, 
(c)B and (N)+, refer to the number of carbons in n-octadecane and the number of 
nitrogens-in azobenzene, respectively_ Assuming a high N/C selectivity ratio, the 
contribution of the carbon content of A was disregarded. This eqn. 2 then represents 
the EICD selectivity for NH, vs. CH,, when the EICD was operated in the N-selective 
catalytic-reductive mode and complete reductive pyrolysis and 100 % product through- 
put from furnace-to-conductivity cell were assumed. The quantitative determination 
of relative elemental contributions to ElCD response under non-selective conditions 
(refer to Table I) was more complex and is discussed in the Results and Discussion. 

Variance from an equivalent detector response for chemical analogs containing 
the same reactive element (e.g., N-containing A vs. A’) was estimated from eqn. 3. 

EICD N-equivalence,/,* = 
peak area, _ [A’] _ elect. attn., (N),* 
peak area,, [Al 

-- (3) elect. attn.,. (jV)* 
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ElCD response to the carbon content of A and A’ was not considered when the N/C 
element-selectivity ratios for A and A’ vs. n-octadecane were > 103. 

If differences in the GLC throughput of A and A’ contributed to a non- 
equivalent EICD response to A vs. A’, a correction factorFID based on the GLC- 
flame ionization detection (FID) analysis of A and A’ under chromatographic condi- 
tions equivalent of GLC-EICD analysis was used to adjust Ehe EICD N-equivalent 
response (eqn. 4): 

ElCD N-equivalence,,,, (COIT. FID) = 
peak areaA [A’] (C)*e elect. attn., 

= [EICD N-equivaIence,,A*J/ [ peak area,, 
.[A]-(c),- elect. attn.,’ Fro 1 (4) 

where A and A’ refer to the selected chemical analogs, (N) and (C) refer to the re- 
spective number of nitrogens and carbons per molecule, and [A] and [A’] refer to the 
molar quantity of A and A’ injected on-column. When A and A’ were equimolar and 
were analyzed under equivalent GLC and electrometer conditions, eqn. 4 was sim- 
plified to eqn. 5. 

EICD N-equivalence,,,, (corr. FID) = 
peak area, 

= peak areaA’ 

peak area,, (C)A 
peak areaA (C)A* 1 (3 

FID 

The correction factor assumed that equivalent GLC conditions in FID and EICD 
analyses resulted in equivalent loss factors; that FID carbon-equivalence for struc- 
tural analogs was close to unity and a good measure of GLC throughput: and that 
there was no difference between GLC-FID and GLC-ElCD loss factors due to dif- 
ferences in injector port or post-column decomposition processes. 

Peak tailing. Peak tailing, T, was expressed as T = w/h where o was the peak 
width at a defined fraction of peak height, k. 

GLC-ElCD analyses 
Substitutedphenorhiazines and diphenylntethanes. Two microliters of methanolic 

solutions containing 2 x 10eJ moles/l of selected phenothiazines I-XIV were ana- 
lyzed by temperature-programmed GLC on 2.5 y0 SE-30 (175” isothermal for 2 min, 
followed by temperature programming at 8”/min). Injection solvent was vented 
prior to the reaction furnace and the compounds were detected under defined EICD 
parameters (see Table I and Results and Discussion). 

Tricyclic antidepressants. Two microliters of equimolar solutions of tricyclics 
in methanol (ca. 100 ng of antidepressant I-VI per 2 ,ui) were analyzed on 2.5 O? SE-30 
at 205” isothermal column temperature. Injection solvent was vented and the ElCD 
was operated under defined parameters. 

Barbifarates. On-column~injections of 2 ~1 of a methanolic solution containing 
barbiturate analogs and azobenzene (ca. 0.5 pg per ~1 of X-VI and VIII) were analyzed 
by temperature-programmed GLC on a 3% OV-17 column (150-250” at 8O/min). 
The EICD was operated in the N-selective reductive mode (Table I). 

Methaqualone. On-column injections of 100 ng of methaqualone were analyzed 
on 2.5% SE-30 at an isothermal column temperature of 200”. 
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I 
I I I I 

700 800 900 1000 

FURNACE TEMPERATURE t%, 

Fig_ 2. EiCD furnace temperature profiles of substituted phenothiazines II, III, VII, XI and XIII in 
the N-selective catalytic-reductive mode. 

L 
I I I I 

700 800 900 1000 

FURNACE TEMPERATURE ti, 

Fig. 3. Profiles for phenothiazines I, II, VI, VIII and X. 

i 
I I I I 

700 800 900 1000 

FURNACE TEMPERATURE (%) 

Fig. 4. Profdes for phenothiines II, IV, XII and XIV. 
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I I 1 I 
700 800 900 1000 

FUFtNACE TEM’ERATLRE Co’3 

Fig. 5. EICD furnace temperature profile of selected diphenylmethanes (A, C, D), chlorprothixene 
@), and 2-chlorophenothiazine (II) in the N-selective catalytic-reductive mode. 

DIPHENYLMETHANES ZO%PEAK HT 

0 ,cy” Jtdl,~ H/c\ % 
A II II 

i 
I 1 i 

C 

IL 

B 

2 
Jk-h, 

1000@c 

Fig. 6. GLC-EICD analysis of diphenylmethanes (A, C, D), chlorprothiiene (ES), and 2-chloropheno- 
thiazine (I) under different furnace temperature and post-furnace abstractor conditions. 

Furnace temperature profies 
Furnace temperature profiles for substituted phenothiazines (Figs. WI), di- 

phenylmethanes (Fig. 5), and tricyclic antidepressants (Fig. 7) were obtaine’d using 
the same furnace-and-cell chemistry conditions and temperature sequence. All profiles 
were determined in the N-selective catalytic-reductive mode: a high-to-low furnace 
texnperature sequence was used to obtain the response data; and sigr.ificant catalytic 
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600 700 800 

FURNACE TEMPERATURE (OC) 

Fig. 7. EICD furnace temperature profiles for tricyclic antidepressants in the N-selective catalyttc- 
reductive mode using uncorrected (top) and corrected (bottom) response data. 

I 
I I I I I 

500 600 700 800 900 

FURNACE TEMPEFIATURE VW 

Fig. 8: ELCD temperature pro&s of imipramine in the N-selective catalytic-reductive mode illus- 

trating diff&ences in cataIytic activity_ Profile A, 500-900° sequence; B, 55&900” sequence; C, 900- 
550” sequence. 
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deactivation did not occur at low furnace temperatures due to column b&d_ GLC- 
ElCD parameters and on-column analyses are discussed above and in Table I. 

Temperature- and sequence-dependent furnace chemistry profiles for imipra- 
mine (Fig. 8) were obtained using equivalent GLC-ElCD parameters and on-column 
analysis, but with different furnace temperature sequence patterns (see Results and 
Discussion). Temperature profiles for “oxidized Ni catalyst deactivation due to col- 
umn bIeed” were obtained under GLC-EICD conditions identicai to those used for 
phenothiazine temperature profiling (Figs. 2-4); but anomalies were demonstrated 
to be due to the condition of the catalyst and SE-30 liquid-phase bleed (Resuks and 
Discussion, Fig. 9). 

1182 3 4 5 6 7 

I I 
I I 
I I 

I 2: I 1 y:: 
1 

L 

i I I 

I . I 

Fig. 9. ElCD catalyst activation-deactivation profiles for pheno;hiazines II (a), XIII (O), III (M), 
VI (A), and XI (0) in the N-selective catalytic-reductive mode. Time-equivalent temperature zones 
were: 1,850’; 2,950”; 3,650”; 4,950”; 5,650”; 6,950”; and 7,650” (furnace temperature). Distance 
within a temperature zone or between temperature zones represents time of temperature equilibration 
or transition. “Vent closed” indicates that the GLC effluent enters the reaction furnace during cool- 
down and equilibration, while “vent open” indicates that the GLC effluent is vented prior to the 
reaction furnace. 

Selectivity ratios 
Unless otherwise noted, EICD molar or elemental selectivity ratios were 

determined VS. the on-column injection of 5 ,ccg of relative standard (I-X), and the ratios 
were calculated according to eqns. I and 2. 

RESULTS AND OISCUSSION 

Substitutedphenothiazines 
The N-selective analysis of substituted phenothiazines required the use of Ni 

catalyst and hydrogen reaction gas. Although the chemistry of the R,, and R2 sub- 
stituents was quite different, EICD furnace temperature profiles were quite similar 
(Figs- 2-4). 

Even when individual phenothiazines were corrected for their nitrogen content 
and EICD response was related to 2-chlorophenothiazine as a common internal stan- 
dard, wide differences were noted in the uncorrected GLC-ElCD N-equivalent re- 
sponse (eqn. 3; See Table III). Since the GLC of substituted phenothiazines has been 
shown to suffer from compound loss due to on-column or transfer-line decomposition 
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PHENOTHIAZINES 

hJ 
RlO R2 

alkyl dialkylamino -N’CH3,2 H 

-l? 
Cl 

N’ -3 
SCH3 

OCH3 

alkyl pyrrolidinyl S%P3 

alkyl piperazine 

-NwN-R . 
or sorption processes?, a correction,,, factor was determined to reflect the loss of 
individual phenothiazines due to GLC (eqn. 5). The small variation of corrected 
response data from an equivalent EICD nitrogen response (1 .O f 0.1; refer to Table 
III) may be due to a real difference in the furnace chemistry of a selected phenothia- 

TABLE III 

RELATIVE ElCD N-SELECTIVE CATALYTIC-REDUCTIVE RESPONSE TO SUBSTITUTED 
PHENOTHIAZINES, DIPHENYLMETHANES, AND “MODEL” COMPOUNDS vs. 
2-CHLOROPHENOTHIAZINE AT 850” FURNACE TEMPERATURE 

Furnace temperature: see profiles & Figs. 2-5. 

Compound 

Phenothiazine (I) 
2-Chiorophenothiazine (Ii) 
Prom&e (III) 
Chlorpromazine (IV) 
Trimeprazine (VI) 
Methotrimeprazine (VII) 
Thioridazine (VIII) 
Mesoridazine (IX) 
Methdilazine (X) 
Prochlorperazine (XI) 
Trifluopenzine (XII) 
Thiethylperazine @ZIiI) 
Fluphenazine (XIV) 
Chiorprothiiene (B) 
Chlorcyclizine (A) 
Hydroxyzine (C) 
Buclizine (D) 
Thioxanthiie-g-one (IX) 
Anthracene m 

N-equivalent response 

Uncorrected 

few. 3) 

1.45 

1.00 
1.44 
1.32 
1.42 
1.38 
1.26 
0.57 
1.32 
1.07 
1.17 
1.06 
0.40 
0.60 
1.01 
0.40 

0.85 
<10-a 
<lo-” 

CorrectedF,o 

(ew. 5) 

1.W 
1.00 
1.10 
1.07 
1.05 
1.07 
1.05 
0.94 
1.07 
0.98 
0.98 

. 0.99 
0.90 
0.89 
1.06 
0.84 

0.97 
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, zinc relative to 2-chlorophenothiazine (e.g., extent of reductive deamination, or the 
, influence of other reaction products such as HX (X = halogen) or HIS, or to the nature 

of the assumption of a true correction factor based on GLC-FID response to the car- 
bon content of individual compounds l5 . Sufficient data were not accumulated to allow 
the identification of statistically significant differences in detector response. 

Differences in the MDQ for substituted phenothiazines are largely a function 
of a compound’s GLC loss factor rather than ElCD sensitivity. Corrected ElCD 
response data for the on-column injection of 4 x IO-lo moles of phenothiazines 
demonstrated that the R2 substituent did not appreciably effect detector response in 
the N-selective catalytic-reductive mode. An earlier reporP suggested and LLD for 
four different phenothiazines equivalent to approximately 10 pg N-content, which is 
consistent with the manufacturer’s specifications”. 

ElCD selectivity ratios for phenothiazines vs. relative standards were dependent 
on at least three factors: (I) furnace temperature; (2) the use of post-furnace Sr(OH), 
abstraction; and (3) the activity of the Ni catalyst (see Table IV). When slightly oxi- 
dized Ni catalyst was used, a negative response to 2-nonadecanone in the non-selec- 
tive catalytic-reductive mode suggested the production of an acidic species, resulting 
in a neutralization reaction when the pH of the conductivity solvent was >7. A 
neutralization process was not noted when Sr(OI-& was used to abstract acidic re- 
action products. 

ElCD response to phenothiazines in the N-selective reductive mode was char- 
acterized by CQ. IOO-fold decrease in detector response compared to the catalytic 
mode, a decreased EICD selectivity ratio for phenothiazines vs. relative standards, 
and an increase in peak tailing. Detector response in the non-selective catalytic- 
reductive mode was 75-95 y0 of that obtained in the N-selective mode, and increased 
peak tailing with halogenated phenothiazines suggested the formation of NH,X in 
the post-furnace transfer line16*” (refer to Diphenylmethanes for further discussion). 
ElCD analysis in the non-selective catalytic-oxidative mode using Ni wire or Ni tube 
as the reaction catalyst resulted in a much higher MDQ and LLD due to increased 

TABLE IV 

ElCD MOLAR SELECTIVITY RATIOS (EQN. 1) FOR SELECTED PHENOTHIAZINES VS. RELATIVE 
STANDARDS @-IV) UNDER DIFFERENT CONDITIONS OF CATALYTIC ACTIVITY AND POST: 
FURNACE ABSTRACTION 
Ox.Ni refers to slightly oxidized Ni wire (see Results and Discussion); Ni refers to polished Ni wire. Yes and 
no refer to the presence or absence of Sr(OH)2, respectively (post-furnace abstraction). Relative standards were 
n-octadecane (I), 2-nonadecanone (II), and eicosanoic methyl ester (IV). A negative selectivity ratio (-) indi- 
cates a negative detector response due to a neutralization reaction caused by the relative standard. 

Phetwthiazine Molar selectivit_v vs. refative standard 

I zz IV 
- 

Ox. Ni Ni Ox. Ni Ni Ox. Ni Ni 

yes no yes no yes no yes no yes no yes no 
-___ 

Phenothiazine (I) 380 280 >lo) 340 -280 >10* 280 400 >l(r 
Methotbrimeprazine (VII) 1600 1200 >l(r 1500 -1280 >l(r 1260 1600 >l(r 
Methdilazine (X) 1200 850 >l@ 1120 -870 >lo-’ 900 1230 >lti 
Procblorperazine (XI) 1800 1200 >10* 1630 -1100 >lO’ 920 1600 >lO’ 
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detector noise, peak tailing, and poor detector response compared to the N-selective 
catalytic-reductive mode. The catalytic-oxidative mode should yield CO,, SO,, and 
N,O, as the major reactive furnace productsg: 

CO, f 3 H,O -+ 2 H,O+ + COaz- H&O3 (p& = 6.37, p& = 10.25) 
SO, + 3 Hz0 --f 2 H30* + S032- H2S03 (p& = 1.81, pK2 = 6.91) 
SO, +- 3 H,O + 2 H,O+ t SOG2- HtS04 @& < 1, pK, = 1.92) 
Nz03 + 3 H,O -+ 2 H,O+ + 2 NOz- HN02 (PK, = 3.37) 

Oxides of carbon, sulfur, and nitrogen have a uniformily low gas-liquid solubility 
compared to NI1, or HClg. In view of the K value of products and the a* of the H+ 
and anionic dissociation products, the relatively low dC5Do,,l_, in the oxidative mode 
compared to the catalytic-reductive mode must be due to poor conversion to product(s) 
and/or post-furnace reaction or sorption processes resulting in low product through- 
put_ 

. The N-selective catalytic-reductive analysis of selected diphenylmethanes, 
chlorprothixene, and 2-chlorophenothiazine internal standard allowed the selective 
examination of the intluence of heterocychc and alkylamino substituents on EICD 
furnace chemistry processes. Furnace temperature profiles for A-D were similar to 
those obtained with substituted phenothiazines and suggested no appreciable dif- 
ference in furnace chemistry requirements for the decomposition of ring nitrogen com- 
pared to alkylamino nitrogen (Figs. 2-4 vs. 5). Chlorprothixene, an isostere of chlor- 
promazine in which nitrogen is replaced with a methylene group, exhibited a temper- 
ature profile similar to propyl dialkylamino RIO substituted phenothiazines and a 
corrected N-equivalence of ca. 1. The conversion of organic N --z- NH, was not related 
to chemical structure when Ni catalyst and high furnace temperatures were used 
(Table III). 

--CHP%&J’4~~H& CHLORPFlOiHlXENE I3 

taibng, 
Repeated injections resulted in decreased EICD response, increased peak 
and the appearance of a neutralization + ionization phenomenon (Le., initial 

decrease in conductivity foIlowed by an increase in conductivity) (Fig. 6). These 
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phenomena were documented, and were demonstrated to be the result of: (1) incom- 
plete abstraction of HCl by post-furnace Sr(OH),; (2) the post-furnace formation of 
NH,Cl; and (3) the improper pH of the conductivity liquid. 

With incomplete abstraction of HCI, the gas-phase production of NH&l will 
occur in the post-furnace transfer line and may be detected as a ghost peak or as in- 
creased peak tailing. Hailey et a1.l’ suggested NH,Cl formation in the analysis of 1,4- 
henzodiazepin-2-ones, but did not discuss influence on detector response. With inef- 
ficient abstraction of HCI, increased ghosting or peak tailing at lower furnace tempera- 
tures reflected a shift in furnace chemistry which suggested an increase in the relative 
production of HCl VS. NH,. Reductive dechlorination is generally viewed as requiring 
less reactive conditions than reductive deaminatiorPL9. The quantitative effect of 
NH&I formation depends upon a number of factors which include: (1) relative 
throughput of NH&I to the conductivity cell compared to the throughput of NH,, 
ie., net loss in NH, throughput VS. net gain in NH&I; (2) the dissociation or ioniza- 
tion constants of NH.&!1 and NH, in the conductivity solvent; and (3) the conductance 
of these dissociation or ionization products. 

NH&i + H,O +Y NH,+ _t Cl- 
NH, + Hz0 + NH,” + OH- 

This is due to the difference in the it of the ionization products of NH&l VS_ NH, 
in the conductivity liquid (A0 for NH, + Cl-, and OH- in water are ca. 73.5, 76.35, , 
and 198.6 QR-l cm* equiv.-l, respectively12, resulting in an effective difference of ca. 
195 Q-l cm2 equiv.-’ when complete dissociation is assumed at infinite dilution’. 

The neutralization -S ionization process involved a two-step electrochemical 
conductance process : 

(1) NH, t_ HjOf -+ NH,+ + H,O (CSPU0l.1 decreases) 

(2) NH3 + H,O + NH,+ + OH- (CSDUIX., increases) 

With a neutral or acidic conductivity solvent, a step-l neutralization process resulted 
in a decrease in conductivity (AI0 for H+ VS. NH,+ NN 280-Q-l cm2 equiv.-l)lf. 
Further introduction of NH, resulted in a net increase in liquid conductance due to the 
ionization of NH, in a step-2 process. A negative conductance process on the back- 
side of the GLC peak was a step-l neutralization process which was observqd only 
when solvent pH was < 7. 

Conductance anomalies were not readily predictable or understandable without 
knowledge of the compound’s thermal decomposition process(es), abstractor effi- 
ciencies and related post-furnace gas-phase reactions, conductivity Isolvent pH, and 
the relation between ionization processes and change in conductance. Remedies to 
conductance anomalies such as the one illustrated above were usually simple and 
immediate, involving: (1) an increase in furnace temperature to shift the reaction 
process to favor the highest production of NH3 relative to HCl; (2) replacement of 
the post-furnace chemical abstractor; (3) adjustment of solvent pH by changing the 
liquid flow-rate through the stacked-bed ion-exchange tube or by introducing trace 
volumes of nitrogen via the reaction-gas manifold (Nt + 3 Hz + Ni + 2 NH,); or 
(4) the injection of more material on-column so that any conversion of NH, product 
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via a step 1 neutralization process was small relative to NH, available for a step 2 
ionization process. 

Tricyclic antidepressants 

Tricyclics I-VI were analyzed at different furnace temperatures in the N- 
seiective catalytic-reductive mode to obtain uncorrected and corrected temperature 
profiles (Fig. 7). Corrected,,D response factors confirmed that on-column sorption 
occurred with the secondary alkylamino analogs II, IV, and W, and supported the 
concept of an equivalent response to organic nitrogen under optimum reaction condi- 
tions. The temperature profiles for imipramine (III) and desipramine (IV) were quite 
different from the other tricyclics below 700°; but an understanding of the chemical 
basis for this difference must await the further elucidation of furnace chemistry mech- 
anisms arid product distribution (refer to Specialized applications and studies). The 
therapeutic concentrations of these tricyclics in plasma have been quantitated using 
EICD16 and thermioniczo detector systems and, as such, represent an alternative to 
GLC-mass spectrometry’l. 

KC% (I) 

3 =H (II) 

R=C~(llll 

3 q H WJ 

R=CH3 (VII 

Relation of catalytic activity to furnace temperature pro_fZes 
The shapes of ElCD furnace temperature profiles were sometimes affected by 

differences in the furnace temperature sequence used to obtain the profile of detector 
response as well as the extent of catalyst deactivation by GLC column bleed or com- 
pound_ The effect of using different patterns of injection or furnace temperature se- 
quence is demonstrated by different profiles obtained for imipramine in the N- 
selective catalytic-reductive mode (Fig. 8). The determination of a true temperature 
profile (Le., a set of discrete temperature-equilibrated response data using a catalyst 
of representative activity, where deactivation as a result of previous injection or GLC 
liquid-phase bleed is insiguificant) is unimportant in routine qualitative and quantita- 
tive analysis. However, when pattern recognition is used as a means of qualitative 
identification, catalyst deactivation processes are of great importana?. Such pattern 
recoguition, where characteristic changes in detector response are due to changes in 
detector furnace chemistry, has proven to be of use in the analysis of Iow-molecular- 
weight chlorinated volatiles in biological specimens16*22. 
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An example of temperature-dependent catalyst deactivation was documented 
as being due to the use of a partially oxidized Ni catalyst and SE-30 Iiquid-phase 
bleed from a poorly conditioned GLC column (Fig. 9). The ability to vent the GLC 
effluent during the furnace cool-down and equilibration demonstrated that catalyst 
deactivation may be dependent on furnace temperature; and that furnace temper- 
atures of > 900” may be required in such a ease to maintain an acceptable, steady- 
state level of catalytic activity. Other catalysis research has demonstrated the formation 
of carbon deposits on Ni catalyst=, and has shown that catalytic deactivation of a 
slightly oxidized Ni surface occurs more readily than a poIished catalystz~. 

Barbiturates 

Because barbiturates poison Ni catalyst, they are routinely detected in the N- 

selective reductive furnace mode 14.16. Furnace temperature profiles have been re- 
ported by Hall and RiskI and Pape16, and Hall and Risk have reported the direct 
extraction-GLC-ElCD analysis of barbiturates in plasma at concentrations as low as 
0.1 mg/i by using a phosphoric acid-deactivated OV-I7 column [on-column injections 
as low as 1 ng of barbiturate, with a N/C element-selectivity of >106 (ref. 14)]. 

BARBlTURATE RI R2 _x_ 

I CH3CH2 CH,CH.$HGH,, 0 

II CH3CH2 (CH&CHCH2Ck$ 0 

m CH3CH2 CH3CH2CH2CH(C~)0 

m CH2%-lCtl2 CH$ZH2CH2CH(CH$0 

P CH2=CHCH2 Cw%=FH3) = 

m CH3CH2 CH$H2Ct$CH’CH,~ = 

The GLC-EICD analysis of equivalent molar weights of thiobarbiturates 
(V, VI) resulted in a surprisingly low detector response compared to their oxygen 
analogs (I-IV) (see Fig. IO). CorrectedFrD N-equivalent response ratios of CQ. 0.5 
for thiobarbiturates vs. oxygen analogs were not explained in terms of differences 
in optimum furnace chemistry conditions since the qualitative temperature profiles 
were strikingly similar. Differences in the chemistry of product formation and product 
reactivity have not been elucidated_ Azobenzene required Ni catalyst for effective 
conversion to NHs. This pyrolytic selectivity of the simple reductive mode for urea 
derivatives has proven to be an advantage in distinguishing between barbiturates 
and other drugs commonly encountered in biological extractP. 

Temperature profiling of barbiturates revealed that peak tailing was temper- 
ature-dependent and was apparently due to a furnace phenomenon (Figs_ 11 .and 12). 
When these data were obtained and analyzed graphically, they allowed a better 
choice of a furnace temperature consistent with required sensitivity and effective 
GLC-ElCD resolution. 
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FURNACE TEMP. C@C, 

Fig_ 10. ElCD furnace temperature profiles for barbiturates and azobenzene in the reductive mode. 

Methaqualone 
Although there is a carbonyl adjacent to a ring nitrogen, Ni catalyst was 

required for effective conversion to NH, under reductive furnace conditions. The 
profiling of temperature-dependent phenomena are summarized in Fig. 13. An actual 
MDQ of 125 pg of methaqualone was obtained using a well conditioned OV-17 
coIumu. 

Compared to the simple reductive mode, peak tailing in the cataiytic-reductive 
mode did not change as dramatically between 700-900” and peak height or peak 
area response curves usually plateau at 800” furnace temperature. Detector selec- 
tivity v.r. relative standards depended on the mechanism of decomposition of the rel- 
ative standard and the reactivity of the furnace chemistry mode. EICD N/C selec- 
tivity for methaqualone vs. n-octadecane was > lo6 regardless of furnace temper- 

300 x 4 300 x 2 pm0 

Fig. 11. GLC-EICJD chromatograms of barbiturate analyses in tbe reductive mode with different 
furnace temperatures. 
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Fig. 12. Temperature profiling of detector response phenomena for barbiturate analysis in the reduc- 
tive mode at different furnace temperatures. 
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Fig. 13. Temperature profiling of detector response phenomena for methaquatone analysis in the 
catalytic-reductive mode at different furnace temperatures. 

ature, while selectivity vs. C,, methyl ester and C,, hydroxy methyl ester noticeably 
improved at higher furnace temperatures. The GLC-EICD analysis of compounds 
in biological or environmental samples should be profiled to obtain furnace chemistry 
conditions which contribute to greatest analytical selectivity. 

Post-furnace neutralization reaction 
Although most reports of EICD response focus on the furnace chemistry 
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.process or conductivity phenomena, reactive processes may also occur in the post- 
furnace transfer line (Fig. 24). Using a series of “staggered” injections, detector re- 
sponse to azobenzene was related to the weight of salicylate injected on-column, to 
the difference in GLC retention time between salicylate and azobenzene, and to the 
presence or absence of post-furnace Sr(OH), abstractor. These phenomena suggested 
the operation of a post-furnace neutralization reaction involving NH, and salicylate, 
or some acidic pyrolysis product of salicylate. The acidic reactant is relatively non- 
volatile, based on the observed peak tailing with salicylate alone and the presence of 
a neutraIization reaction at the azobenzene peak. 

171 

- 

17ng r 

N 

17rq n 

Fig. 14. An illustration of a post-furnace chemical reaction between salicylate and NH+ 

The N/C element-selectivity ratio for azobenzene VS. salicylate varied from 
ca. 3500 to -C 1000 under different experimental conditions. Selectivity ratio was 
improved by increasing furnace temperature, adding more Ni catalyst, and increasing 
furnace residence time. These changes resulted in the more effective reductive de- 
composition of salicylate. 

The determination of selectivity ratios is most often accomplished in one of 
two ways: (I) the irijection of a much larger quantity of relative standard and the direct 
comparison of peak areas for compound vs. relative standard; or (2) the injecton 
of simiIar quantities of compound and relative standard and the attenuation (increase) 
of the detector signal to amplify the detector response to the relative standard, thus 
allowing the comparison of peak areas after correction for attenuation change. Al- 
though sometimes more convenient, the latter approach does not allow an investi- 
gation of interference due to catalyst deactivation, inefficient post-furnace abstrac- 
tion, or post-furnace reaction pi0ceSseS. 

Specialized applications and studies 
The ability to modify easily furnace chemistry conditions and the selectability 

of the post-furnace abstractor and conductivity cell for specific reaction products 
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allow the EICD to be used as a powerful analytical tool in catalysis research_ The 
reaction-gas manifold can be modified to allow the measured introduction of simple 
reaction gases (e.g., He, Hz, O,, etc.), radical initiators such as low-molecular-weight 
chlorinated hydrocarbons”, or reaction-gas mixtures. The ability to easily change 
reaction catalyst or reaction tube offers advantages not always present in static or 
flow-through reaction chambersz6-2g. As a monitor of product formation, the applica- 
tion of the conductivity cell to studies of deamination, dechlorination, or desulfuriza- 
tion is straightforward. GLC may also serve as an effective and automated system 
to introduce compounds for qualitative and quantitative screening of catalytic re- 
activity. Indeed, vapor-phase photochemical reactions involving chlorination-dechlo- 
rination mechanisms might be monitored using the quartz reaction tube as the 
photochemica1 reaction chamber and the conductivity cell as a selective detectol-3°. 

The identification of furnace chemistry reaction products is sorely lacking, 
and would surely help in explaining the reaclion mechanisms which contribute to 
detector response_ Although it is generally assumed that the major reactive product 
in the N-selective catalytic-reductive furnace chemistry mode is NH3, there is no good 
evidence to exclude alkylamines’g as important reaction products [Jo for CH3NH3+, 

(CH&NH,+ , (CH,),NH+ es 58,52, and 47 _Q-’ cm2 equiv.-l in water, respectively]12. 
Interfacing the ElCD post-furnace transfer line with a chemical-ionization mass 
spectrometer might provide a selective method of studying product formation as 
well as the thermodynamics of furnace chemist? processes. Ingram and cowork&s 
have utilized mass spectrometry (MS) in the identification of pyrolytic decomposition 
products31-33. Stable isotope analysis of the post-furnace effluent using combined 
EICD-MS could easily be applied to mechanistic studies of selective catalysis (e-g., 
haloalkane hydrogenolysis vs. dehydrohalogenation using deuterium incorporation)3. 

Element-selective gas chromatographic detectors may also find expanded 
application in the selective GLC profiling of conjugated drug metabolites, an area 
which has traditionally required the detector seIectivity only possible with MS35-37. This 
type of chromatographic profiling by GLC-EICD would involve selective derivatiza- 
tion with reagents containing N, Cl, S, etc., and the elucidation of selective GLC 
patterns which could be initially confirmed by MS. Such an approach is certainly 
limited to selected problems; but, nevertheless, merits consideration in view of the 
high cost associated with the use of GLC-MS-computer systems for routinized anal- 
yses_ 

CONCLUSIONS 

The ElCD represents a unique application of electrochemical detection which 
allows the selective and sensitive detection of N-containing compounds. Detector 
sensitivity and selectivity are a result of at !east three parameters: thermal decomposi- 
tion, gas-phase or solid-phase reaction-abstraction, and electrochemical conductance. 
The understanding of anomalies in detector response characteristics as well as the 
effective optimization of GLC-EICD as an analytical tool require that detector 
parameters, processes, and effects are understood in physical-chemical terms. With 
an adequate understanding of the principles of ElCD, the application of the ElCD as 
an anaIytica1 tool becomes ever more exciting. 
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