
CHEMICOL
RESEARCH,DEVELOPMENT f
ENGINEERING
CENTER CDCT-8

i

USE OF TIME-DEPENDENT CHEMICAL SENSOR SIGNALS
FOR SELECTIVE IDENTIFICATION

N G. Jordan Maclay
UNIVERSITY OF ILLINOIS AT CHICAGO

N* Chicago, IL 60680

N LTIC. Joseph R. Stetter, Ph.D.
ELECTE i TRANSDUCER RESEARCH, INC.

SEP 2 11989 Mapleville, IL 60540

Sl Steven D. Christesen, Ph.D.
RESEARCH DIRECTORATE

June 1989

D I TRI T'N S - .- U.S. ARMY

APPed io pubc , eJe(2 ea. MUNITONS
DI o Ulimited CHEMICAL COMMAND

Aberdeen Proving Ground. Maryland 21010-5423

89 920118



Disclaimer

The findings in this report are not to be construed as an
official Department of the Army position unless so designated by
other authorizing documents.

Distribution Statement

Approved for public release; distribution is unlimited.



UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE

REPORT DOCUMENTATION PAGE

Ia. REPORT SECURITY CLASSIFICATION lb. RESTRICTIVE MARKINGS
UNCLASSIFIED

2a. SECURITY CALSSIFICATION AUTHORITY 3. DISTRIBUTION/AVAILABILITY OF REPORT

Approved for public release; distribution is unlimited.2b. OECLASSIFICATIONJDOWNGRADING SCHEDULE

4. PERFORMING ORGANIZATION REPORT NUMBER(S) S. MONITORING ORGANIZATION REPORT NUMBER(S)
CRDEC-TR-083

6a. NAME OF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL Ia. NAME OF MONITORING ORGANIZATION
See Reverse (if appiable)

6c. ADDRESS (City, State, and ZIP Code) 7b. ADDRESS (City, State, andZIP Code)
See Reverse

Ba. NAME OF FUNDING/SPONSORING lb. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (if alcable)CRDEC SMCCR-RSL

Sc. ADDRESS (City, State andZIP Code) 10. SOURCE OF FUNDING NUMBERS
PROGRAM PROJECT TASK WORK UNIT

Aberdeen Proving Ground, MD 21010-5423 ELEMENT NO. NO. NO. ACCESSION NO.
IC161102 A71A

11. TITLE (Include Security Cassifkation)

Use of Time-Dependent Chemical Sensor Signals for Selective Identification

12. PERSONAL AUTHORS (S)
(see reverse)

13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Year, Month, Day) - 15. PAGE COUNT
Technical FROM 86Oct TO 87 Sep 1989 June 26

16. SUMPPLEMENTARY NOTATION

1'7. COSATI CODES 18. SUBJECT TERMS'(Continue on reverse if necessary and identify by block number)

FIELD GROUP SUB-GROUP "Alcrosensors .Time-dependent sensor
- 004Electrochemical sens or Activation energy

19. ABSTRACT (Continue on reverse if necessary and identify by btQ~k number)

-A sensor system is described for identifying and quantifying different components in a gas mixture by decoding
information from a modulated output signal. The system operates by passing the unknown gas into a reaction
chamber containing a heated catalytic filament. The output products of the chamber are detected by an
electrochemical sensor. The concentration of the reaction products is modulated by varying the temperature of
the catalytic filament. A theory is presented for analyzing the modulated output signal. The validity of the
analysis is confirmed by experiments conducted with benzene, 6O, IICN, and by computer simulations. It
appears possible to identify different species in the inlet gas stream if the species undergo chemical reactions
in the reactor that have different activation energies. The signal magnitude at peaks or valleys in the output is
directly proportional to concentrations even though a steady state condition is not reached The approach may
be generalized to other detector systems.

20. DISTRIBUTION/AVAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION
0UNCA5,WIiEDIJUMIMTEO U SAM AS RPt. 1 1I( USERS UCSIII

22a. NAME OF RESPONSIBLE INDIVIDUAL 22b. TELEPHONE (include Area Code) 22r. OFFICE SYMBOL

SAND)RAJ.JOIINSON 1 (301) 671-2914 1 MCCI{SPST11

DD FORM 1473. B MAR 83 APR edition may be used until exhausted. _ SECURITY CLASSIFICATION OF THIS PAGE
All other editions afe obsolete I INCI.ASSI' FI)



UNCLASSIFIED
SECURITY CLASSIFATION OF THIS PAGE

6. NAMES AND ADDRESSES OF PERFORMING ORGANIZATIONS (continued)

University or Illinois at Chicago
Chicago, IL 60680

Transducer Research, Inc.
Mapleville, IL 60540

U.S. Army Chemical Research, Development and Engineering Center
ATTN: SMCCR-RSL
Aberdeen Proving Ground, MD 21010-5423

12. PERSONAL AUTHOR(S) (continued)

Maclay, G. Jordan (University of Illinois at Chicago); Stetter, Joseph R., Ph.D. (Transducer

Research, Inc.); Christesen, Steven D., Ph.D. (CRDEC)

UNCLASSIF IEIl)
2 SECURITY CLASSIFICATION OF THIS PAGE



PREFACE

The work described in this report was authorized under
Project No. lCl61102A71A, Research in CW/CB Defense. This work
was started in October 1986 and completed in September 1987.

The use of trade names or manufacturers' names in this
report does not constitute an official endorsement of any
commercial products. This report may not be cited for purposes
of advertisement.

Reproduction of this document in whole or in part is
prohibited except with permission of the Commander, U.S Army
Chemical Research, Development and Engineering Center, ATTN:
SMCCR-SPS-T, Aberdeen Proving Ground, Maryland 21010-5423.
However, the Defense Technical Information Center and the
National Technical Information Service are authorized to
reproduce the document for U.S. Government purposes.

This document has been approved for release to the
public.

I IS

3 U



Blank

4



CONTENTS

Page

1. INTRODUCTION ......... ................. 7

2. THEORETICAL ANALYSIS ....... ............. 8

2.1 Model of Electrochemical Sensor ... ...... 8
2.2 Model of Reaction Chamber Dynamics .. ..... 10
2.2.1 Case 1 (Constant Temperature) ...... 12
2.2.2 Case 2 (Time-Dependent Filament

Temperazure) .... .............. 13
2.3 Model for the Detection System . ....... 13
2.4 Use of Periodic Filament Temperature

Variations in the Detection System . . .. 15
2.5 Analysis of Gas Mixtures .. .......... 17
2.5.1 Constant Filament Temperature ...... 17
2.5.2 Periodic Variation of Filament

T emperature .... .............. 18

3. MODEL VALIDATION ..... ............... 18

4. CONCLUSIONS ...... ................. 23

LITERATURE CITED ..... ............... 25

LIST OF FIGURES

1 Detector System ..... ............... 8

2 Equivalent Circuit for the Electrochemical Cell.
CE is the counter electrode; WE is the working
electrode; is(t) is the Faradaic current; R
and C are the internal resistance and
capacitance of the electrochemical cell 9

3 Electrochemical Cell Output for a Periodic
Variation in Concentration with Frequency
u) = 2n/T for Different Ratios of the Ce1l l im.
Constant to the Period ts/T: (a) 0.01,
(b) 0.1, (c) 0.3, and (d) 1.0 . . . ... .. 1

5



4 Steady-State Output Current Versus Inverse of the
Flow Rate u ..... ................ 14

5 Sensor Response to CO. Solid line is best
exponential fit of the form of equation 3a 18

6 Electrochemical Cell Response to 511 ppm
Benzene/Air at Different Filament Frequencies
with Square Wave Power Input, Temperature
Variation Between 650 and 870 °C,
u = 120 cm3/min, Vo =1 cm 3 .  . . . . . . . . . ..  19

7 Linearity of Transient Part of Sensor Response
Versus Concentration of HCN. "A" and "B"
represent peaks and valleys,
respectively ...... ............... .. 19

8 Current Versus Temperature Data for 511 ppm
Benzene. The solid line is the best fit to
equation 15 ..... ................ . 20

9 Calculated Current Versus Temperature Curves for
Three Different Activation Energies (AE),
u = 1 cm3 /min, A = 1.5 x 106 cm3/mole/s . . . 21

10 Calculated Steady-State Sensor Response to a
Mixture of Species with Activation Energies of
25, 35, and 45 kcal/mole (from Figure 9) . . 22

11 Derivative of the Response Curve in Figure 10 with
Respect to Temperature T. The derivative is
proportional to the magnitude of the ac sensor
response to a small sinusoidal variation of
the filament temperature .. .......... . 22

12 Calculated Response of Sensor for Activation
Energies from 25 to 40 kcal/mole. The filament
temperature varies sinusoidally from
690 to 710 °C with a period of 2 s ..... . 23

m m N iNmmmm mm N m~ 6



USE OF TIME-DEPENDENT CHEMICAL SENSOR SIGNALS
FOR SELECTIVE IDENTIFICATION

1. INTRODUCTION

The magnitude of a sensor response at steady state is
commonly used to determine the species concentration; whereas,
the information in the transient response is generally not
processed. However, the transient signal can be mdde to contain
information that can identify and quantify the chemical species
present. In this report, a purposely caused, periodic,
nonsteady-state sensor signal is generated, and this modulated
signal is controlled experimentally to provide information abcut
specific chemical species present and their concentrations. 1-3

Modulated systems have been employed in multiplex gas
chromatography in which multiple samples are injected, the
column temperature is modulated, and the cross-correlation of
the resulting chromatogram is computed. 4-6 A variety of
modulated detectors have been reported recently, including a
mass-flow modulated, flame ionization detector; 7 a temperature-
modulated, thermal conductivity detector; 8 a temperature-
modulated, array of MOS gas detectors; 9 and a solute-mndulated,
electron capture detector.10  In all of these detectors, the
information content of the complex signal is higher, and the
speed of data acquisition is greater than in corresponding
signals obtained using conventional systems.11  Synchronous
detection of modulated signals also can improve the signal-to-
noise (S/N) ratio because low frequency noise and drift are not
modulated and, therefore, can be eliminated from the amplified
signal.

A theory has been developed for an existina sensor
system,1-3 and measurements were made to aid in model develop-
ment. The system consists of a reaction chamber and an
electrochemical cell (Figure 1). Tne gas to be analyzed
exposed to the electrically heated catalytic filament in the
reaction chamber that precedes the detector. The rate at which
the chemical reaction proceeds depends on the species concentra-
tion, catalyst activity, and chamber residence time. After
leaving the reaction chamber, the products of reaction are
detected by an electrochemical sensor that picut_ -;. 'utp,_t
proportional to the product concentration. The product
concentration can be controlled most easily, in this case, Eiy

changing the temperature of catalyst or the flow ratc (i.e.,
residence time of the analyte in the reactor).

7



Figure 1. De oteto Sytm
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rate constant (k), the concentration [C(t)] of the molecules
detected by the sensor, the time constant of the electrochemical
sensor (i), and the absolute sensor sensitivity (n) in the
nicroamperes per parts per million. Measurements were made

under two different conditions using low concentrations of
cyclohexane and benzene in air. One condition is with a fixed
filament temperature, and the other condition is with a periodic
modulation of the filament temperature, producing a constant
concentration and a periodic modulation in the concentration of
the reactant species, respectively. By making transient
measurements at different flow rates, the parameters character-
izing the system response were determined, and models for the
system operation were developed.

2. THEORETICAL ANALYSIS

2.1 Model of Electrochempical Sensor.

An equivalent circuit model proposed for the electro-
chemical sensor is shown in cigure 2. This model assumes that
the electrochemical cell is a linear amperometric sensor with a
steady-state output current [i(t)e proportional to the
concentration wC(t)o:

8
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and tne current [i(t)] measured by the potentiustat dete,-tot

circuit is proportional to the voltage [V(t)]:

i V '- xG ("b)

where G is constant. Implicit in equation lb is the assa11rptLin
that the response time of the potentiostat is much shorter than
the response time of the electrochemical cell. The general
solution for i(t) is

m e-)t/m e f C (t ,) e -t/ ,d t , 2 )

where

C(t) = 0 for t < 0

m = m'RG = intrinsic sensitivity of cell

ts = RC = sensor time constant

If the number of moles of gas in Vo increases from 0 to nc at
t = 0, the resulting current response is

WE
V (t)

C R i (t) m'C(t)

CE

Figure 2. Equivalent Circuit for the Electroc-he L'a1 C-11.
CE is the counter electrode; WE i3 the woik>,-
electrode; is(t) is the Faradaic current ; R id C
are the internal resistance and capaci[tance uf, the
electrochemical cell.

One interesting consequence of this cire.iit mudel I:;
that the potentiostat output i(t) is directly T)r,prti ord t,
the instantaneous concentration C(t) whenever ; it u.
This condition occurs at steady 3tatc as wcll i, , ,t - ,,',t
peaks and valleys that occur during periodic midulti.Iu , t ue
analyte concentration. To prove that the output is dit w: -,

9



proportional to the concentration, we note that the current
is(t) in the circuit shown in Figure 1 is given by

(0=V +1 XdV (b

R C dt

When di(t)/dt = 0, it follows from equation lb that dV(t)/
dt = 0. Therefore, no current flows through the capacitor, and
from equation 3b, it follows that

i,(t) 0 (3c)
R

Using this result and equation la, we can find that the sensor
output will be pr .portional to the concentration whenever
di(t)/dt = 0:

i(t) = mU(t) when di(t)/dt=O (3d)

This condition occurs at steady state or at peaks and valleys in
the modulated sensor signal.

Figure 3 shows the effect of is on i(t) when the input
concentration is varied sinusoidally at a frequency w. The peak
at which output current shifts from the peak of the input by an
amount equal to tan-l(wt3 ), and the output current is reduced by
the factor [I + (Wi,)2 ]-1/2 . Curve (a) in Figure 3 tracks the
input concentration almost exactly. This model predicts that
the sensor response time must be significantly smaller than the
period of modulation to insure an adequate signal. Faster
sensors will allow higher modulation frequencies for given
signal amplitudes. The electrochemical sensor may not be an
ideal detector in their kind of sensor system.

2.2 Model of Reaction Chamber Dynamics.

Input gas, with component species A and B, flows into
the reaction chamber of VO at a rate of u (liters per second).
A reaction takes place in which a reactant C is formed

k
A+ B -C

where k is the reaction rate constant (liters per mole-second).
The gas in the chamber, which is assumed to be homogeneous and
isothermal, exits into an electrochemical sensor where it is
detected. The chamber contains a fixed amount of catalyst. It
is assumed that the gas has returned to the ambient temperature
when it reaches the sensor and that the flow through the sensor
is fixed.

10
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Figure 3. Electrochemical Cell Output for a Periodic Variation
in Concentration with Frequency w = 2n/T for
Different Ratios of the Cell Time Constant to the
Period is/T: (a) 0.01, (b) 0.1, (c) 0.3, and
(d) 1.0.

The reaction rate r(t) (moles per liter-second) is
directly proportional to the concentrations of the reactants:

r = k(-)(- - (4)
V. V(

In the typical trace pollutant detection problem, the concentra-
tion of the species to be detected (species A) is several
hundred parts per million whereas the oxygen concentration is
200,000 ppm. To solve the system of coupled first-order,
nonlinear differential equations describing the process in the
reaction chamber, we assume the following:

" The change in the concentration of oxygen due to the
reaction is negligible.

" The nitrogen is an inert diluent gas arid does not
affect the form of the equations.

" The flow of air into Vo equals the flow out (total
flow in = total flow out).

The expressions obtained for nc(t), the number of moles
of species C in V. , are parameterized in terms of the residence
time tres and the characteristic chemical reaction time ta where

re= ( 5a)
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and u = flow rate of sample gas into chamber (liter per second)

and

ra = V./(kn b) (5b)

The reaction rate (r) can be written in terms of la:

r = (n. /V.) (1/1Tr) (6)

The reaction rate constant (k) is assumed to depend on tempera-
ture only:

k = A ezp(- E/R GT) (7)

where

A = pre-exponential factor for the particular oxidation

AE activation energy for conversion of A to C

RG = gas constant per mole

In the Arrhenius equation, the pre-exponential typically has a
square root dependence on temperature'2 (neglected in our
analysis).

In the following paragraphs, solutions for nc(t), the
modulated concentration, are determined for two cases.

2.2.1 Case 1 (Constant Temperature).

When the filament in the reaction chamber is held at a
constant temperature, for a step function change in the number
of moles of species A into V. at time t = 0, we find:

n"() n, Tre" (1-e-t/r) (8)

Tre4 + Ta

where

(*)+ = (rre)-'+(Ta)-I (9)

The equation for (t*)-l can be interpreted as representing the
sum of the number of moles per second due to the flow plins the

12



number of moles per second due to the reaction. The steady-
state solution (as t *infinity) is:

flantes

n'(oo) - ( b 0a)
(Treq,+Ta)

na nb
n, (oo) =k n b(job)(u+kb)

2.2.2 Case 2 (Time-Dependent Filament Temperature).

Variation of the temperature with time produces
exponential variations in the reaction rate. The following
general integral expression for n(t) can be written for this
case:

f e t/*r(t)dt
n(t). (1

f dt/Ir

2.3 Model for the Detection System.

The model for the detection system is developed through
a joint consideration of the sensor model response and the time-
dependent production of analyte C in the reaction chamber. The
expression for the output current from the electrochemical
sensor is obtained by substituting the appropriate equation for
the concentration of the oxidation product C into equation I for
the sensor response. For the constant temperature case, with a
step function change in the number of moles of A in the reaction
chamber at t = 0, we obtain:

(t) ( (, - - -e e (12

Tres 7a VII T - Tq T -T,

The first term in parentheses on the right-hand side of the
equation represents the fraction of A converted to C [the
conversion ratio (R)]. The second term represents the initial
concentration of A in the reaction chamber, and the last term
yields the time dependence. At steady state, this last term
goes to unity as t ,. The conversion ratio (R) car be written
using equation 5:

R? (1 u/(kn,4 (13)

13



Note that R depends on the flow rate (u) and the reaction rate
(k) but is independent of cell volume (VO). Therefore, steady-
state measurements can give information about m and k but not
about is or V0 . The constant m is characteristic of the sensor
sensitivity for a given oxidation product, and k is characteris-
tic of the analyte for a given catalyst and reaction chamber
condition.

To obtain values for these parameters, we fit solutions
for i(t) to measurements taken at various flow rates. At very
low flow rates, R goes to unity, and all of the reactant A is
converted to C. Conversely, at high flow rates, the conversion
is low, and R is given by:

R = (knb)(1/u), for u large (14)

Therefore, plots of the steady-state current i(-) can be used to
identify the region of operation and the behavior of the system
as shown in Figure 4. The constants m and k can be obtained
from the steady-state data by plotting the inverse of the
steady-state signal per unit concentration (na/Vo)[l/i( ')I
versus u since

(rz/V,))(/1(oo)) (1/m)(1+u/kn b) (15)

Data acquired at a low flow rate can be used to determine m. To
determine the activation energy (AE), measurements must be made
at two or more different temperatures. The remaining parameters
Vo and ts must be determined by fitting transient measurements
to the theoretical expressions for i(t). The mathematical
expressions are simplified if the measurements are made in
either a fast or slow flow regime.

STEADY STATE RESPONSE TO CO

300-

($omos)
20

100-

0 .02 .04 04 O 'a
I/u (ce/mio

"
')

Figure 4. Steady-State Output Current Versus Inverse of the
Flow Rate u.
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2.4 Use of Periodic Filament Temperature Variations in the
Detection System.

From the above consideration, we are now prepared to
investigate how a periodic variation (e.g., sinusoidal) in the
filament temperature can yield information that can assist in
differentiating between different species that produce
detectable reaction products (C) from reactions with differpnt
rates (e.g., different rate constants and activation energies).
For simplicity in this analysis, we assume that the variations
in temperature T about To that are given, for example, by

T= AT sin(wt+ b) + T0  (16)

are sufficiently slow so that the solution for the steady-state
current (equations 15 and 13) is

i(oo) z mCaR (17)

where Ca = na/Vo is valid for all times during the temperature
cycle. This condition will be met if the period of the
modulation is much greater than t*.

We can write a two-term Taylor series expansion for The
steady-state current as a function of the filament temperatu.e
(T)

i(oo,T) i(oo) 1ro + di(oo) IT,, AT (18)dT

The first term on the right represents the dc current (idc).
The second term represents the ac current magnitude (iac) in the
small signal approximation in which all higher order terms in AT
have been omitted in equation 18. This approximation will be
valid provided

Sdi(oo) AT << 1 (19)

dr i(oo) dT

Differentiating equation 17, we obtain

AdToo IT, - m-, R (I -1) AE AT720
dT R(,;T T

15



Because 0 < R < 1 for any finite nonzero flow, it follows that
the derivative in equation 20 never vanishes; thus, there is
always an ac response. Because i(-) = idC, from equation 18, it
follows that

a (-R) AE AT (21)
idc RGT T

This ratio is independent of concentration and, therefore,
carries the qualitative information required to identify the
reacting species A. The ratio depends only on the flow rate,
AT, and AE. Therefore, it should be possible to distinguish
between reactions and components with different activation
energies.

The magnitude of the dc signal varies directly with R
(equation 17); whereas, the ratio of the ac to dc signal goes as
1-R. Therefore, at low conversions, the dc signal is reduced,
but the ratio of the ac to dc signal is increased. For a
typical case (AE = 30 kcal/mole, T = 900 K, T = 10 OC), we find
that iac/idc varies from 0.18 for 10% conversion to 0.10 for 50%
conversion.

The operating point [P. (u,T)] at which the ac signal is
a maximum can be determined by computing a second derivative and
setting it equal to zero

diac d2i (o) iP =0 22)

dT dT2

This yields a condition on the dc signal for which the ac signal
is a maximum:

MnC" 2RGT1
i(o)lP - 2 1AE (23)

The peak in the ac curve corresponds to a dc conversion ratio
slightly less than 50%:

1 R(,T
R Ip, = 2 E (24)

2 AE

For the previous numerical example Rip o = 0.45. The physical
significance of equation 24 becomes apparent by noting from
equations 5a and 5b that

Ta U (5-- (25)
Tres knb

16



Therefore, at Po, it follows that

a  -1/2+R GT/AE

Trea 1/2-R GT/AE -

For most practical values of T and AE, it follows that ta - 1 es
at P0 . Therefore, the ac signal is at its peak when the
characteristic reaction time approximately equals the residence
time.

2.5 Analysis of Gas Mixtures.

If there are independent noninterferring species present
and the system response to each is linear, gas mixtures can be
analyzed by the described detector system. It is more likely
that such approximations will be valid if low concentrations and
conversion ratios are maintained.

2.5.1 Constant Filament Temperature.

A sensitivity Sij (ampere per parts per million) for the

species i at temperature Tj and flow rate uj can be defined as:

ii (0)

Sij c , I IT,u, (27)

where Ci = ni/Vo is the concentration of species i. General-izing our previous result (equation 15) yields:

Si ( = mi(1+uj/k nb)-' (28)

If the term Sij is determined for each species, under a set of
flow rate and temperature conditions, the total steady-state
response at condition j is

1,.(00) G" cstj

To solve for the concentration of each species (C1 , i - 1,...n),
calibration measurements must be made to determine S ,tr n
different sets of conditions j = 1 .... n. The sensitivity S,. is
a square matrix that can be inverted to find the Ci. Tc inv'ert
S, the coefficients for Sij must be different for different
species (i = l,...,n) at the same conditions (fixed j) and be
different for the same species (fixed i) at different condi-
tions. Also, elements of Sij must be large enough tc permit
accurate computations.

17



2.5.2 Periodic Variation of Filament Temperature.

Generalizing equation 20 to several independent species
indicated by the subscript "i," and using equation 13 for R, we
obtain an expression for the total ac response at conditions
(uj,Tj):

iaci (oo) AT C. sij (30)

where

F AE u/k ib
sij =  i + n 1)2 (31)[TRT2 (u/kinb I ) T=Tj.u=uj

The factor sij is dependent on the temperature, u, and AE,. To
ensure that we can solve the system of equations, sij must obey
the same restrictions as Sij.

3. MODEL VALIDATION

Figure 5 shows the response of the eiectrochenical
sensor to 20 ppm CO/air gas mixture (CO sensor, ND, model 110,
Pittsburg, PA). The sensor gave a response time constant of
5.71 s, a sensitivity of 3.75 A/ppm, and operates consistently
with the model proposed (Figure 1 and equation 3a). Data for CO
taken at different flow rates agreed with equation 15.1-3 In
Figure 6, the response of the electrochemical sensor is shown at
different frequencies of the filament temperature cycles of the
reactor filament when a benzene air mixture is introduced. The
amplitude of the temperature cycle is from 650 to 870 OC. The
oscillation is damped due to the slow sensor response (Figure 3)
or to the slow filament response at the higher frequencies. At
low frequencies, the steady-state response i(-) is nearly
achieved at each temperature extreme.

*0Jt

Figure 5. Sensor Response to CO. Solid line is best

exponential fit of the form of equation 3a.
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An experiment similar to that shown in Figure 6 was
performed for HCN in which the amplitudes at the top and bottom
of the peaks (called "A" and "B," respectively) were studied. A
consequence of the sensor model is that the signal should be
proportional to the concentration whenever di/dt = 0 (Section
2.1). This condition is met at the peaks and valleys. The
model is validated by the observations (Figure 7), and linear
response is obtained for this sensor system even though it is
not at steady state.

FREOUENCY (Hz)

so 0.5 0.4 0 3 0.2 0.1 0.05 0.025

601
SENSOR r w
OUTPUT50..

Figure 6. Electrochemical Cell Response to 511 ppm Benzene/Air
at Different Filament Frequencies with Square Wave
Power Input, Temperature Variation Between 650 and
870 OC, u = 120 cm 3/min, Vo = 1 cm 3 .

30- A

20-

4

10-
0 AA

01
0 2b 0 40 6 6 100 120

HCN (ppm in Air)

Figure 7. Linearity of Transient Part of Sensor Response VerS5LS
Concentration of HCN. "A" and "B" represent peaks
and valleys, respectively.
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The steady-state detector response versus temperature is
shown in Figure 8 for 512 ppm of benzene. The curve represents
the best fit of equation 15 to the first 5 data points. The
drop in response at high temperatures is not predicted by the
theory, but the theory is valid at the lower temperatures. Areductio. in oxidation rate at increasing temperature suggests a
more complex reaction mechanism than can be explained by
Langm-ir-Hinshelwood kinetics.13 The theory could be extended
to include these mechanisms, but it is easier to restrict our
discussion to temperatures below 700 *C where our model is
operative.

308

SBEST FIT

ZL Ea-33.7 kool/mola
A=. 54 X IJe /
A.I1.584 X We(

z

0 108 / EDPE ENTALL DATA

0
400 550 700 850 1000

TEMPERATURE C0C)

Figure 8. Current Versus Temperature Data for 511 ppm Benzene.
The solid line is the best fit to equation 15.

Assuming the data for benzene is representative of other
species, equation 15 can be used to simulate the steady-state
sensor response to changes in the reaction rate due to changes
in AE (i.e., species) and the filament temperature (i.e., rate
constant). In Figure 9, the calculated steady-state current isplotted as a function of temperature for three different
chemical species that have three different AE. A response of50/pA represents 100% conversion of A to C (m = 0.5 A/ppm). The
position of the i versus T curves is very dependent on AE. This
dependency suggests the possibility of discrimination between
species with different reaction rates.
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Figure 9. Calculated Current Versus Temperature Curves for
Three Different Activation Energies (AE), u =
1 cm 3/min, A = 1.5 x 106 cm 3/mole/s.

Figure 10 illustrates a simulation of the sensor
response to a mixture of species with the AE (AE = 25, 35, and
45 kcal/mole) used in Figure 9. Because it is assumed that the
chemicals give independent responses, Figure 10 is simply the
sum of the individual curves from Figure 9. When the
derivative, with respect to temperature, is taken of the mixture
curve, a "spectrum" is obtained with peaks corresponding to
different activation energies (Figure 11). The peak heights
correspond to the magnitude of the ac sensor response, and the
location of the peak identifies Po and To at whicn the sensor
exhibits the greater temperature dependence for the species wit.h
that particular AE o (equations 20 and 22). This kind of
"spectrum" could be generated experimentally by modulating the
temperature in a sine wave while also ramping the temperature
from low to high and using phase sensitive detection to monitor
only the modulated sensor response.

Modulation of the filament temperature about % should
not produce a modulated sensor signal for species with AF
significantly different from AE o . This is illustiated in Figur,
12 where the temperature is modulated in a sine wave about To
for a species with a AEo of 33.7 kcal/mole (and A - 1.5 x 106
cm 3/mole/s). The calculated sensor response shows very little
ac component for compounds with AE of 25 and 40 kcal mhe. 'hi
absolute current scale depends on the sensitivity of the sens)r.
The conversion rate of AE : 25 kcal/mole is 0.99; and at AE
33.7 kcal/mole, the ac signal is a maximum.
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Figure 10. Calculated Steady-State Sensor Response to a Mixture
of Species with Activation Energies of 25, 35, and
45 kcal/mole (from Figure 9).
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Figure 11. Derivative of the Response Curve in Figure 10 with
Rcsp-ct o Temperature T. The derivative is
proportional to the magnitude of the ac sensor
response to a small sinusoidal variation of the
filament temperature.
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Figure 12. Calculated Response of Sensor for Activation
Energies from 25 to 40 kcal/mole. The filament
temperature varies sinusoidally from 690 to
710 IC with a period of 2 s.

The simulations have assumed that the pre-exponential
term is the same for each species, and the differences in rate
constants are due solely to differences in activation energies.
This is obviously not always a valid assumption. One can also
expect the pre-exponential term A to vary from species to
species, which will also cause the current versus temperature
curves to shift. However, the greatest discrimination with
temperature variation will result from differences in AF becdus,
AE appears in the exponent of the rate constant. The ac simLila-
tions assume that temperature variations are sufficiently slow
that equation 15 remains valid (i.e., steady-state currents art
observed). This assumption was made for mathematical simplicity
and could be eli.inated by use of equation 11.

4. CONCLUSIONS

A model has been constructed to analyze the ctt
current from a detection system that includes a m.,dn:,t .r
concentration and a detector. Specific responsesi h&',, ,
discussed for a system consisting of a reaction chambe: wrII, I
heated catalytic filament and an electrochemical sensor. The
parameters required to apply the theory can be obtained by
system operation at different flow rates and temperati;rs.
Theory predicts that periodic modulated reactionraes can rA-

use in identifying and quantifying gases alone and An mixtur!):.
Initial data for our detector system with HCN and ben.z.ee cfnd
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computer simulations confirm certain aspects of the model and
outline its limitations. In particular, it appears possible to
determine concentrations using appropriate measurements taken
before steady state is reached. Therefore, by using the
approach proposed, the response time for concentration measure-
ments from a given sensor can be reduced. A "smart" sensor that
cycles rapidly at high concentrations can immediately detect
dangercus situations; whereas, one that cycles slowly at low
concentrations achieves maximum sensitivity. The measurement
accuracy may be reduced using ac methods if the dc signal/noise
ratio is excellent. On the other hand, if significant low
frequency noise or drift is present, the use of synchronous ac
detection may be more accurate.

More extensive experimentation will be required to
validate and refine the model so that practical applications can
be realized for various concentration-modulated systems. Some
potential advantages of using nonsteady-state responses from a
detector for chemical analysis include faster response, greater
dynamic range, and the ability to carry quantitative and
qualitative information about several species on a wave form
type output. The filament/catalyst and electrochemical sensor
system may be too slow to explore the full potential of the
approach outlined herein.

The computer simulations and theoretical analyses appear
to indicate that the appropriate choice of filament temperature,
amplitude of temperature modulation, and flow rate will result
in the "filtering out" of responses from all species with
significantly different rate constants than that of a selected
compound to be detected by the sensor system. Experiments are
now required to determine the actual variability of k and AE
from species to species. A more general sensor response model
should be incorporated into the theory, and faster
modulator/detector pairs should be studied to validate the above
arguments.
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