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SUMMARY 

A sensitive electrochemical detector is described which uses a P’FFE-bonded 
diffusion electrode to overcome the major limitations of other electrochemical 
detectors. This technique was shown to have the maximum sensitivity for I&S (lower 
detectable limit of 7. lo-l2 g) where eight electrons per equivalent are transferred and 
lower sensitivities for NO, CO, SO2 and N02. It is rugged, easy to operate, and can 
be used with a wide range of carrier gases. Its use for the detection of other electro- 
chemically active gases is discussed. 

INTROl3UCTtON 

Electrolytic conductivity, ion-specific electrodes, and microcoulometric are the 
major electrochemical detectors which have been used in gas Chromatography (CC) 
for the analysis of halide, nitrogen,-sulfur, and phosphorus compounds1-5. However, 
they have not found widespread application due to their low sensitivity (lower 
detectable limit (LDL) of approximately 10sg g) and the need for quantitative col- 
lection of the gas in aqueous solution. 

Recently, we described a series of gas-monitoring instruments of carbon 
monoxide6, alcohol’, nitrogen dioxide*, nitric oxides, and hydrogen sulfideg. These 
instruments used an electrochemical cell which contained, as its sensing electrode, a 
PTFE-bonded diffusion electrode. This permitted very low (ppb l l *) gas concentrations 
to be measured without the need to quantitatively collect the gas in a solution. 

Instrument selectivity (Le., the ability to measure the selected component in 
the presence of a variety of gases) was achieved by using specik electrode cataly~ts’~, 
by controlling the electrode potentials, and by using selective gas-adsorption filters?. 
However, many common air pollutants are capable of being electrochemically 
oxidized at a Pt electrode. Therefore, we carried out the present study to determine 

l Resent address: Institute of Gas TechnoIogy, 3424 South state Street, Chicago, IL 60616, 
U.S.A. 



36 K. F. BLURTON, J. R S-IEITER 

the advantages of using a Ft-catalysed electrode in an electrochemical sensor as a 
detector for GC applications. In particular, we demonstrated that this is a rapid and 
sensitive technique for trace analysis of CO, NO, NO, SO,, and l&S whereas GC 
analysis of these common air pollutants is currently complex, time consuming and 
expensive. 

A scheme of the sensor is shown in Fig. 1. The senso19~~ consists of an elec- 
trolyte cavity of 31.5 ml filled with 27 ml of 4.0 M l&SO, which is su&ient to com- 
pletely contact all three eiectrodes. An air access is provided to the connter and 
reference electrodes which have a combined area of approximately 5 cm2. 

I-sing dectrode 
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Fig. 1. E!ectrochemica.l sensor. 

The working electrode has a cross sectional area of 5.5 cm’ exposed to the 
electrolyte while the gas exposure is accomplished by a labyrinth path having a length 
of 8.5 cm and an area of 2.55 cm2 parallel to the electrode surface. 

’ In order to maximize the electrochemical detector sensitivity and to eliminate 
the need to bubble gas into the electrolyte, the sensor uses a PTFE-bonded difision 
electrode as the sensing electrode. The operation of this electrode can be explaiued”*” 
by assuming that the catalyst particles form porous (and electronically conducting) 
agglomerates which, under workin g conditions, are flooded with electrolyte. These 
catalyst agglomerates are kept together by the FTFE binder which creates hydrophobic 
gas channels. During operation, gas is pumped over the back of this sensing electrode. 
It then diffuses through the channels in the hydrophobic PTFE, dissolves in the 
eIectroIyte contained in the catalyst a&omerates, diffuses to an electro-catalytic site, 
and then reacts elcctrochemically. Therefore, the maximum current is not limited to 
the lo& vahres (calculated to be 10e9 A/cm2 for 1 ppm of CO) expected if gaseous _ 
sample was bubbled directly into the electrolyte. In addition, it is not required to 
oxidize all the electroactive species and it is necessary to oxidize only a constant 
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fraction, for example 10% (ref. LO), since the detector can be readily calibrated with 
a standard gas mixture. 

The counter and reference electrodes were also PTFE-bonded diffusion 
electrodes (Fig. 1). These were selected to make the sensor rugged. Air was permitted 
access to the back of both these electrodes; the counter-electrode reaction being the 
electro-reduction of oxygen The reference electrode was an oxygen electrode, and, 
although not *&ermodynamically reversrbie, its potential remained sticiently con- 
stant (* 10 mv) throughout the measurements. 

In addition to the sensor, the detector contained potentiostatic, amplification- 
and current-measuring circuitry as described previously6. The potential of the refer- 
ence electrode was standardized with a mercury-mercury sulfate electrode, and all 
potentials are given with respect to the reversible hydrogen electrode in the same 
electrolyte. 

The chromatographic systems and sampling techniques were similar to those 
described previously”s14. A PTFE gas sampling valve (Altex, Berkeley, Cal& U.S.A.) 
with an 0.5~ml and a 1.07~ml loop was used for ah gas sampling. Gas samples were 
contained in PTFE, vinyl, or -Mylar gas sampling has and-data were recorded on a 
Houston Instruments Ominiscribe recorder with an integrator. A 6 ft. x * in. stainless- 
steel molecular sieve 5A column was used for separations of NO (this was also used 
for some CO-air separations), a 6-ft. x 4 in. stainless-steel Carbosieve B cohumn 
(SupeIco, Bellefonte, Pa., U.S.A.) was used for CO separations, a 6 ft. x Q in. FEP 
Teflon Chromosil310 column (Supelco) was used for X&S and SOz separations and 
a 9 ft. x a in. stainless-steel, 80-100 mesh Porapak QS column was used for NO2 
separations. All columnn were operated isothermally and the electrochemical detector 
was operated at 23” during all the experiments. 

Gas mixtures of CO and NO, in air, and NO, I&S and SO, in nitrogen, were 
obtained from three independent suppliers. They were used directly or diluted by a 
mass flow technique using calibrated (+. 1%) flow-meters to prepare lower concen- 
trations. 

REsLJJxs 

The current, due to a steady concentration of the test gases, as a function of 
electrode potential is shown in Fig. 2. These results were obtained by initially poten- 
tiostating the electrode at 1.0 V for 24 h. The current was then measured for zero air 
and subsequently for each of the test gases at a flow-rate of 0.7 l/mitt. These currents 
were the steady-state values, and, in all cases, a sticient volume of gas was introduced 
into the sensor to ensure that a steady-state current was attained, i.e., after approxi- 
mately 30 set the current remained constant. The electrode potential was .then 
increased step-wise to 1.5 V, and the currents at each potential were determined after 
potentiostating for 24 h. At each potential there was a small current (m LO yA) when 
zero air was passed into the sensor and this was subtracted from the current measured 
due to the test gases_ The potential range was restricted from 1.0 V to 1.5 V in order 
to minimize -the currents due to oxygen reduction and evolution. The current is 
normalized per unit gas concentration for comparison of the results. The reason for 
the differences in the values of the current per unit value of gas concentration was not 
evaluated, but it is probably due to a combination of the differences in the faradaic 
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Fig. i. Steady-stste currents vs. sensing electrode potential for CO, NO, NOz, SO2 and E&S. 

equivalences of the gas reactions, gas solubilities and diEusion coefficients. 
The maximum sensitivity (i.e., pA/ppm) is desired in the chromatographic 

applic$ion. merefore, from the data in Fig. 2, a sensing electrode potential of 1.2 v 
was selected for the chromatograpbic detection system. 

Fig. 3 shows a typical detector response using the Carbosieve B column at 
23” when 248 ppm CO in air was injected at time zero. Similar analyses w&e per- 
formed for an entire series of commercially available Chair mixtures (& 2 y’ having 
nominal concentrations of 24,50,24S, 500,980,1090 and 3055 ppm CO. Each mix- 
ture was analyzed three times and the average detector response @A) was found to 
be directly dependent upon the nominal gas concentration. This lixarity was ex- 
pressed by 

;=0.167Xf4.4 (1) 

where the equation is derived from a least-squares treatment of the da& and i is the 
&rent in PA and X is the concentration in ppm. The slope of a toelog graph of 
this data was 0.99, indicating linearity within the accuracy of the_ nominal gas con- 
centrations. The typical repeatability of these analyses was 5 O.SOA, kskg~tIi& peak 
height as the measured variable. ; 
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Fig_ 3. Sepation of 248 ppm CO in air on Carbosieve B column at 23O; UHP He tarrier gas fiow- 
rate, 23.3 ml/m& 1.07~ml sample injected at time zero. 

The analyses of 99 ppm H,S and 51 ppm SO, were performed isothermally at 
40”, using ultra high purity (UHP) He carrier gas with typical results illustrated in 
Figs. 4 and 5. The analysis of H2S is repeatable, being better than i 0.5 %, and 
rapid with this system (Fig. 4). 

Dilutions of 51 ppm SO,-N, and 2150 ppm SO,-N, were prepared at 25 %, 
SO%, and 75 % of the initial value and analyzed with the results given in Fig. 6. 
Similar results were obtained for HLS (Fig. 7) and, as shown, either peak area or peak 
height will provide a suitable parameter for quantitative gas analysis. 

Despite reports of successful quantitative analyses of NO and NO2 gas mix- 
t~es’~*‘~, we were unable to obtain satisfactory trace-level analyses for these mixtures 
with the columns employed. On the mokcular sieve cotc.xnn NO was eluted before CO 
(e.g., at 40 ml/tin CO was eluted at 2.4 min while NO was eluted at 1.6 min), and 
separation was obtained. However, tbe peak height and area were dependent upon 
the sample size and they were not a linear function of concentration. Even precon- 
ditioning the 5 A mokcular sieve with several injections of 500 ppm NO, as suggested 
eartieti5 did not adequately condition the co1um.n and provide a suitable system for 
quantitative analysis of NO. During NO, analyses using the Porapak QS column, the 
retenti0.n time of t&e sample was a function of the concentration and again no 
quantitative relationstip between the detector response and concentration was 
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Fig. 4. Separation of 99 ppm H$ in nitrogen on Chromosil310 at 41”; UHP He carrier gas fiow- 
rate, 20.6 ml/m& 0.X-ml samples injected at ‘tie zero, 2 and 4 min. 
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Fig_ 6. Peak height us_ SO, concentration (umditions as in Fig. 5). 

apparent. It has been noted previously that Porapak Q reacts with NO, to give 
NOL7, thus causing diEculty in the analysis of NO2 and a similar interaction may 
be occurring here. 

In order to ensure that NO, and NO could be detected mdet simulated GC 
conditions (i.e., pulse sample), we injected 15ml samples of the N&-air and NO-N2 

(ckditions as in Fig. 5 except ca&er gas 
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mixtures into the detector bypassing the column (Fig. 8 A and B, respectively). In 
these cases a nearly square wave pulse is introduced into the detector since no band 
broadening-due to the action of a column can occur. The results obtained show that 
1.5 ml of NO2 and/or NO produce well behaved chromatographic responses. The 
NO response was linear with concentration having a slope of 9.0 pA/ppm at 29 ml/mm 
carrier gas flow-rate while the NOz response was less repeatable. The actual per- 
forma&e one might obtain for these analyses with this electrochemical detector 
system will depend +marily upon the column developed for NO and NO2 sepa- 
rations. 

A 

B 
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Fig. 8A. Injection of 237 ppm NO& in UHP NL carrier gas flow-rate at 2‘3 ml/min; 1.5-d sample 
with no cohmn sepantion. B. Injection of 24.6 ppm NO-N, in UKP Nr carrier gas flow-rate at 29 
ml/&; l.Einl sample with no c&mm separation. 

DISCUSSION 

The detector performance for CO, NO, NO, HzS and SO, is snmmarixed in 
TabIe I where the LDL in g is defined as twice the detector noise. The LDL is also 
given in ppm assuming a l.U-ml gas sample illustrating the levels which can be 
analyzed by this detector. The various analyses were each studied at a series of 
flow-rates and the reported LDL in ppm is for the tIow-rate at which maximum 
sensitivity was observed. An example describing the LDL calculation is given for 
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TABLE 1 

SUMMARY OF DiSECTOR PERFORMANCE 

Gusmix’t~e 

z&f-s ppmCO_Nz 
51 PpmSO,Air 
29.3 ppm E&!S-_Nr 

237 ppm NOTAir’ 
24.1 ppm NO-Nz’ 

Lower detectable Emit 

sm” P 

0.16 19- lo-‘0 
0.10 2.f+10-*~ 
0.005 7 .10-” 
1.2 2 -10-g 
0.042 5.6. lo-” 

* No colunin employed, sample in&ted directly into detector. 
** For a sample size of 1.0 ml. 

SOz. Fig. 5 shows a chromatograph for 51 ppm SO* with a noise level of f 0.03 PA_ 
The detector sensitivity is 0.14 pA/ppm at 20 ml/min for a 0.5~ml sample but at 
61 d/min the sensitivity is 0.28 pA/ppm. For a l-ml sample this would yield a signal 
of 0.56 pA/ppm and have an LDL of approximately 0.1 ppm. The LDL% reported 
in Table I are estimated in a similar manner assuming detector linearity and a sample 
size of 1.0 ml, injected into the system at a flow-rate where the detector response is 
a maximum. The validity of this method of LDL estimation was evaluated by using 
a l-ml sample of a 15-ppb II,s-N, gas mixture which produced a peak height three 
times the detector background noise level, i.e., a sensitivity corresponding to the LDL 
reported in Table I. 

The flow-rate behavior of this detector is not fully understood. At low flow- 
rates (< 30 ml/min) the detector signal increased with increasing flow-rate exhibiting 
properties similar to a mass flow sensitive detector (e.g., flame ionization detector, 
FID), while at higher flow-rates (> 60 ml/n&) the signal decreased with increasing 
tIow-rate similar to a concentration-dependent detector (e.g., thermal conductivity 
detector). These effects are presently under investigation. 

While this electrochemical detector cannot be classi&d as an element-selective 
detector, it does possess a good deal of specificity. It is specific for electrochemically 
active gases and this can be an aid in the choice of carrier gases. For example, there 
is no need to utilize ultra-pure carrier gases since trace levels of O,, N2, He, l&O 
and CO, do not affect the measurement. 

Table I shows that the sensitivity is compound-specific and that it is basically 
dependent upon the faradaic equivalents transferred during the electrochemical 
oxidation. Thus, the sensitivity decreases in the order E&S > NO > NO2 = SO2 
while the number of electrons transferred per equivalent for these gases6sg*ro is 8,3,2, 
and 2, respectively. Although this paper is restricted to characterization of the 
detector performance to some commotr air pollutants, we have shown previously6*’ 
that other gases are eiectrochemically active at Pt electrodes with relative steady-state 
sensitivities at a potential of 1.15 V of CO-H, (100: I), CO-C& (1: 1), CO-CJ& 
(1:3), CO-N& (5:l). Note that duringthe operation of this electrochemical detection 
scheme for the various pollutants, the specific sensitivity and selectivity of the electrode 
can be adjusted by selecting the operating potential of the electrode (see Fig. 2). 

The detector sensitivity is gas-dependent so that it can be compared only with 
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other specific gas detectors for a specific gas analysis and we will make this c6m- 
par&n for CO and sulfur gas analyses. / - _- . 

For CO this system can be used to determine lO-‘O g CO in a gas sample. 
This sensitivity for CO has not been achieved before by an electrochemical method, 
and it is more sensitive than a thermal conductivity detector (lo-’ g) but less than 
an FID (lo-l1 g). However, FID detectors are more complex requiring Hz carrier 
gas for methanation and subsequent measure ment using controlled flame end-carrier 
gases, whereas this detector requires only an electrochemically inactive carrier gas 
(Nz, Ar, air, etc.). 

For detection of sulfur gases the sensitivity of this method compares favorably 
with a flame photometric detector (FPD) (lo-l2 g S) for H&detection but less 
favorably for SOz. However, the electrochemical detector is linear while FPD is notis, 
thus making calibration a more simple operation with the electrochemical system. 
Electron capture can also be used but it suffers from limitations due to the necessity 
of a high degree of purity of the system during most sensitive analyses. 

The utility and widespread application of any GC detector is dependent upon 
its operating characteristics. We have demonstrated that the electrochemical detector 
exhibits the capability for quantitative analysis. It possesses stability (baseline and 
signal), sensitivity, linearity, and is practical to use (rugged, simple and flexible). It 
offers the further advantage of low-power requirements (possible portability) and is 
not sensitive to trace Hz0 or O2 in the carrier gas. It does not determine however, 
the instantaneous concentration in the eluted stream. This is evident from the peak 
broadening which is observed for H,S, SO,, NO2 and NO in both the presence and 
absence of a column. This arises due to the finite response times for this type of 
detectorlq. This response characteristic together with the flow-rate dependence of the 
detector sensitivity means that the ultimate sensitivity of the analysis wih depend 
upon the concentration profile of the eluted peak in addition to the specific electro- 
chemical behavior of the compound being detected. Thus, performance of this system 
will depend upon the separation characteristics of the GC column. 
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