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AT-cut piezoelectric quartz crystals coated with low vapor

pressure materials are evaluated as digital transducers in completely

digital detection systems for monitoring gas streams. Mathematical

relations describing the detectors are developed and tested. Specific

application is made to monitoring gaseous sulfur compounds com-

monly found in stack effluents of pulp mills.

It is shown that detectors formed by coating such crystals with

a liquid capable of dissolving the gas of interest exhibit reversible

characteristics with subsecond response times. Furthermore, if the

sorbate-sorbent interactions are physical the detector exhibits linear

response to varying concentrations of sorbate over the entire working

range. Curvilinear plots are obtained if there are stronger interac-

tions between the sorbate-sorbent pair. In the extreme case where

there is chemical reaction between the two, the detector becomes



irreversible, exhibits slow response characteristics, becomes

integrating in nature, and can be used as specific detector with very

high sensitivity.

Instrumentation for actuation and measurement of crystal

frequencies and for interfacing such detectors to digital computers

are developed and evaluated. It is shown that the above-mentioned

functions can be performed satisfactorily with inexpensive instru-

mentation designed around readily available integrated circuits.

A partition detector exhibiting reversible response character-

istics is applied to on-line data acquisition from a gas chromatograph

employing a large general-purpose, time-sharing computer and a

remote terminal. Employment of simple, inexpensive interfacing

along with the presently available computational facilities on the

Campus, permit inplementation of a completely automatic data

acquisition system. This approach, as an alternative to the use

of small dedicated digital computers, is worthy of serious consid-

eration.

Behavior of the partition detector as applied to gas chromatog-

raphy is described mathematically. It is shown that such a detector

is sensitive to carrier gas flow rates and therefore is a concentra-

tion detector rather than a mass flow type. Furthermore, since

this detector is sensitive to partition coefficient of the sorbate gas

it can be used for confirming identity of components suspected of

belonging to a known homologous series.
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APPLICATION OF PIEZOELECTRIC QUARTZ
CRYSTAL AS PARTITION DETECTOR

DEVELOPMENT OF A DIGITAL
TRANSDUCER

INTRO DUC TION

The interactive use of digital computers with chemical instru-

ments can be of great practical significance both in laboratories

engaged in routine analytical work and in those whose primary con-

cern is analytical research (1, 2). Such interaction has saved labor-

atory resources and will continue to improve the effective use of men

and materials. The nature of digital computer operation dictates

that input data be in a specific digital form. Consequently chemical

instruments to be interfaced must either be capable of generating

compatible digital data or an interfacing device must be employed

which converts analog signals to a digital form compatible with the

input stages of the computer. The latter approach has been used

extensively because most chemical transducers seem to be analog

in nature. Design of such interfacing is both difficult and expensive.

Therefore, in cases where it is possible to design chemical trans-

ducers whose output is digital due to their peculiar mode of operation

they should be considered timely, natural candidates for interfacing

with digital computers. The piezoelectric transducer is such a

device, although it can be used like an analog transducer also.

Since it is inherently digital it should be used strictly as a digital



device and part of a digital system.

Although some work has been done in the area of gas stream

analysis, mainly for monitoring moisture content of gases, no work

has been reported on the feasibility of applying such a technique for

monitoring sulfur compounds--sulfur dioxide, mercaptans, sulfides,

etc., in gas streams. The ready compatibility of such a transducer

with digital processing media, minimum maintenance requirements,

absence of any need for reagent replenishment, and ease of multi-

plexing with a central processor for multi-location service, make

the development of such digital transducers suitable for chemical

detection a highly attractive field.
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HISTORICAL DEVELOPMENT

Tracing back the various developments which led to the dis-

covery of piezoelectricity, one will note the year 1756 as a landmark

when Aepius established the electrical character of the phenomenon

observed in a heated "Ceylon magnet." He noted the opposite polari-

ties at the two ends of a heated tourmaline crystal. Later in 1824

Brewster introduced the term "pyroelectricity" to mean, in the words

of the Curie brothers: . . Those crystals having one or more axes

whose ends are unlike. . . have the special property of giving rise to

two electric poles of opposite signs . . . when they are subjected to

a change in temperature." A second phenomenon, much less common

among crystals than pyroelectricity, is the piezoelectric (piezein, to

press) effect first discovered in 1880 by the Curie brothers who failed

to make a clear distinction between it and pyroelectricity. Later

Hankel contended that piezoelectricity was clearly different from

electrical manifestations observed in heated crystals and that it

obeyed special laws of its own. He proposed the term "Piezoelec-

tricity" for the phenomenon of electrical manifestations resulting

from application of mechanical stress along specific crystallographic

axes in special crystals.

The phenomenon of piezoelectricity is observed only in certain

crystals such as quartz, rochelle salt, tourmaline, and others and is
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subdivided into "direct" and "converse" effects. Cady (3) has defined

the "direct" effect as: "the electric polarization produced by mechan-

ical strain in crystals belonging to certain classes, the polarization

being proportional to the strain and changing sign with it." The first

extensive theoretical treatment of piezoelectricity was published in

1910 by Voigt. However, the phenomenon remained a scientific

curiosity until World War I. In 1917 Paul Langevin of France and

A. M. Nicolson of the USA initiated work on utilization of the phe-

nomenon for underwater signaling and pick up of compressional

waves. In 1918 Nicolson and Cady developed the first crystal-

controlled oscillators. These developments were followed by exten-

sive experimentation especially on the part of Pierce of Harvard

who further developed the use of quartz crystals as the oscillating

element in resonator circuits. From this time on the revived interest

as a result of realization of the very expansive potential applications

of resonators together with development of high vacuum amplifying

tubes resulted in very widespread research being conducted both in

Europe and the USA. One of the many practical applications which

grew out of this revival of interest is in the extensive use of crystals

in communication systems. This, although the most familiar aspect,

is by no means the exclusive area of applications of such crystals.

Many devices have been invented especially in Germany, Japan, and

the USA which utilize the phenomenon of piezoelectricity for such
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diverse applications as the measurement of explosive pressures,

velocities, accelerations, forces, vibrations of machinery as well

as in the field of acoustics.

Applications of quartz crystal oscillators in the field of micro-

weighing and analytical chemistry is a much more recent occurrence,

however. Sauerbrey (4) developed a relationship between the weight

of metal films deposited on quartz crystals and the shift in the char-

acteristic frequency of the crystal. Based on this work, a multitude

of applications have been developed: monitoring thickness of vacuum

deposited layers (5), adsorption of gases on quartz (6), studies of

oxidation stability of elastomers (7) and so on.

King (8) has used these crystals as sorption detectors for

monitoring low levels of water vapor in gas streams. Guilbault (9)

has employed crystals coated with mercury salts for detection of

small concentrations of organophosphorous compounds. There are

no data available on feasibility of employing appropriately coated

crystals for monitoring or detection of sulfur compounds in gas

streams.

King (10) and Karasak (11) have investigated these crystals for

application in gas chromatographic detection systems but their

approach has been the same as employed with other gas chromato-

graphic detectors; viz, treating the transducer as an analog device

and using an analog recorder as data storage medium. No work has
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been done on taking advantage of the digital nature of the transducer

for direct link-up of the chemical system to the data processing

medium. Furthermore, no work has been reported on possible value

of such detectors in resolution of unresolved gas chromatographic

peaks or in the simultaneous detection of multicomponent systems.



THEORETICAL DEVELOPMENTS

Basic Frequency - Weight Relationship

It is the fundamental property of some crystals of special

crystallographic classes to manifest the electromechanical phenome-

non of piezoelectricity. Such crystals possess the special crystallo-

graphic geometry which enables them to produce polar axes when

subjected to properly oriented mechanical stress; they all lack any

center of symmetry.

Figure 1 shows an idealized quartz (SiO 2) crystal with its

mechanical and electrical axes labeled as y and x respectively. When

a slab of this crystal is cut and subjected to an alternating potential

it will vibrate in a manner determined by the specific orientation

of the axis of cut with respect to the mechanical and electrical axes

of the original crystal. An At-cut is obtained as shown in Figure 2

and has the properties indicated in Table 1. This cut is most suitable

for applications of interest in this thesis.

If a thin slab of an AT-cut crystal is subjected to an alternating

potential it will vibrate principally in the thickness-shear mode (3)

as shown in Figure 3. The requirement for sustenance of such

vibrations is establishment of a propagation wave with a node on

each surface of the slab, and zero or more nodal points inside the

thickness of the slab as shown in Figure 4. The fundamental equation
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Figure 1. Idealized quartz crystal.



Table 1. Common crystal cuts and their properties.

type of cut 1A2
remarks

X compressional, hi. fc, harmonics interfere,
thickness -controlled.
shear, less sec. modes than X, T. C. large
86 ppm.

AT 35° 15' low fc, clean fs, TC Oppm., flexure interferes.
BT -49° hi fc, clean fs, TC Oppm., flexure interferes.
CT +38° low fc.

DT -52° low fc.

ET 66°

FT -57°

AC +31 ° low fc, clean fs, TC 20 ppm.

BC -59° hi fc, clean fs, TC -20 ppm.

1 AZ:is the angle of cut as measured from z-axis; see Figure 2.
fc :frequency constant, KHz.rnm. (fxd)
TC:temperature coefficient
fs :frequency spectrum
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Figure 2. Orientation of an AT-Cut with respect to the main
crystallographic cuts.
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Figure 3. Mechanical motion of a crystal slab vibrating in
thickness-shear mode.
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h=1

h.=.2

Thickness

Figure 4. Establishment of standing waves inside the thickness
of a quartz crystal while in vibration.
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describing velocity of propagation of a wave, c, in any material of

density p and stiffness factor q is that of Young and Laplace:

c = (vp)1 /2

For undamped vibrations sustained within the confines of a thin

slab of AT-cut Eq. (1) becomes (Figure 4):

c = fh X = (2z/h)fh

fh = frequency of vibrations of the h'th

harmonic, Hz.

X = wavelength, cm.

z = thickness of slab, cm.

and h = overtone numb er.

Solving Eq. (2) for fh and combining it with Eq (1):

f = (h/2z) (013)1/2
1For an AT-cut quartz crystal 2 (q/p) 1/2 = 1670 KHz. mm. (3)

and p = 2.65 g. cm. -3. Thus, for the first overtone Eq. (3)

becomes:

f = 1.670/z= k/z

f is in MHz.

z is in mm.

and k = 1.670 MHz. mm.

Differentiating Eq. (4) with respect to z:

df = -(k/z2) dz

(1)

(2)

(3)

(4)

(5)



since from Eq. (4) z = k/f:

And

But

Then

df = -(fz/k) dz

dfpA = -(f /k)p-A° dz

p = density of quartz, g. cm. -3

(6)

(7)

14

2A := effective area of the crystal surface, cm,

p- A dz = dw

dw = infinitesimal mass change on the

surface of the oscillating crystal.

df = -(f2 /k. p A) dw (8)

which may be approximated to:

o f = -( /k. p A) Aw (9)

In Eq. (9) f is the frequency shift experienced by the crystal

due to deposition (or removal) of a mass equal to Aw on (or from) the

surface of the crystal.

The proportionality between f and Aw of Eq. (9) holds true

even when Aw is due to deposition of substances other than quartz on

the surface of the crystal (4). In such cases k. p will be somewhat

different than that for pure quartz. Substituting appropriate values

for k and p in Eq. (9), assuming the electrode diameter to be

5 mm., and f = 9.0 MHz. mass sensitivity offered by this technique

is 10-9 g. /Hz. For a given crystal one may write the following



working equation:
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of = m ow (10)

where m = -(f2/k p A) = constant.

Eq. (10) is the basic equation describing the frequency-weight

relationship and will be used time and again in developing other

relations hips.

Theory of Partition Detectors

If an oscillating quartz crystal has been coated uniformly with

some liquid X which has negligible vapor pressure under the condi-

tions employed and is capable of dissolving some gas Y such that at

equilibrium the following relationship holds over the concentration

range of interest between the gas and the liquid phase:

W = K W
y, x y, x y

= weight of gas Y dissolved per
y, x

unit volume of compound X

W = weight of gas Y per unit volume

of gas phase

and K = partition coefficient of gas Y in
y,x

liquid X (5).

and if a total volume Vx of liquid X exists on the effective surface of

the crystal, then combining Eqs. (10) and (11) one gets:
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,6f = m I< V W (12)
x x y

where of is the frequency shift due to

dissolution of Y in Vx ml. of liquid X.

If the detector volume, defined as that volume of space containing

WT gram of gas Y and at equilibrium with the liquid X, is VD Eq. (12)

may also be written as:

of = m Ky, x Vx (WT,/ VD) (13)

Eq. (13) describes the behavior of a partition detector at equilibrium

with the gas phase. It applies only to cases where the dominant

mechanism of solute pick-up is dissolution and not if other mechanisms

such as surface adsorption (if the coating were solid) are significant.

For such cases special mathematical relations may also be derived.

Theory of Partition Detectors as Applied to
Simultaneous Detection of Two Components

Suppose there are two gaseous components Y and Z present,

each in some concentration, in equilibrium with a crystal coated with

liquid X. Furthermore, let Dalton's Law of additivity of vapor pres-

sures hold and Raoult's Law of ideality of solutions be satisfied, then:

N =P /P° (14)
x Y Y

N =P /13°z, x z z

N = mole fraction of Yy, x

dissolved in liquid X



Since:
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N = mole fraction of Zz, x

dissolved in liquid X

N = (W /M )/((W /M ) + (W /M ) + (W /M ))
y, x y, x y y, x y z, x z x (15)

N = (W A V ' )/(( W /M ) + (W /M ) + (W /M ))z, x z,x z y, x y z, x z x x

if the assumption can be made that:

( Wx /Mx) )) (W /My,x y + (W )z,x z

then Eqs. (15) become:

Nye x = (Wye x /My
)/(Wx/Mx

) = (MxMy, x )/(My
W

x
)

N z, x = (1v1 W ) /(M w )
X Z, X Z X

Combining Eqs. (14) and (16):

Wye x = (MyWx )Py /(M xP°)y

Since from Eq. (10):

Wz, x = (M zWx )Pz /(Mx z13°)

of = m Wy y, x

of = Tn. W
z z, x

(16)

(17)

(18)

One may combine the appropriate members of the simultaneous sets

of (17) and (18) to obtain:



and

Qfy = (m My Wx
)P

y
/(M x13°y )

of = (mM W )P /(M P°)y z x z x z

AfT = Afy + Afz = kl Py + k2Pz

of
T,

= Total frequency shift due to

dissolution of Y and Z in X

18

(19)

(20)

of = frequency shift due to dissolution

of Y in X

and of = frequency shift due to dissolution
z

of Z in X.

If one uses two crystals with liquid coatings X and X' then one may

write:

AfT, x
Py + k2, x Pz

(21)
AF k P +k P

T, x' I, xt y 2, x' z

If the four constants of Eq. (21) are determined then, at least

theoretically, one should be able to analyze a two component system

by solving the simultaneous set of Eqs. (21).

Theory of Partition Detector as Applied
to Gas Liquid Chromatography

If some appropriate transducer is connected to a gas chromato-

graphic column the transducer output at the time of elution of a

component under appropriate conditions, will resemble that shown
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in Figure 5. The area under the peak is a measure of total mass

of the component responsible for the peak.

If the hypothetical transducer is replaced by the partition

detector and if conditions (flow rate, detector volume, and diffusion

coefficient of the component of interest in the liquid coating) are such

that one can assume approximate equilibrium one may then use Eq.

(13) to describe partitioning of the peak at any given time between the

carrier gas and the liquid coating present on the crystal. At any

instant t. (Figure 5) one may introduce two imaginary plugs closing

the inlet and the outlet of the detector thus confining a total volume

of gas F. mot. = VD inside the detector volume and in equilibrium

(approximate) with the responsive surface of the detector (12). Here,

F
-1 and ot. is

the time necessary to provide a total gas volume equal to the void

volume of the detector VD. Then, one may write:

&fi = m Ky, x Vx(WTi/VD) (22)

= frequency shift after equilibrium has

been attained following introduction

of the imaginary plug

W Ti
=- total weight of component Y present

in the detector volume at this time
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ti time

Figure 5. GeneraliLed response of a detector to an emerging
GC-peak.



The area under the rectangle of Figure 5 having dimensions

of. and At, is:
1

(a.= Af.)(At.)

But

At. = V
D

/F
1

where

F = flow rate of carrier gas,
3 . -1cm. mm.

Then

ma.= K V (W ./V )(V /F)y, x x D D

= mKy, x V
x(W ./F)

The same argument may be extended to the entire area under the

peak and upon summation total area under the peak A becomes:
n n

A = -.-j a. =mK Vx ,_,
(1/F)5' W

T
.Ay

1 y, x i
i=1 i=1

Since) W . = WT. where WT, is total weight of component Y
i=1

injected into the column:

21

(23)

(24)

(25)

(26)

Ay = mKy, x Vx (WT/F) (27)

Eq. (27) describes the behavior of partition detectors employed in

gas liquid chromatography under conditions of approximate equi-

librium.
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Theory of Partition Detector Response Time

In this section theoretical frequency-time relations are devel-

oped for both leading and trailing edges of a step input function.

These developments take into account only diffusion into and out of

the liquid coating and do not include any effects due to concentration

variations in the gas phase. Furthermore, for the sake of numerical

description the curves are obtained for hexane (solute) in squalane

(liquid coating).

Leading Edge

Assume a column of air of semi-infinite length saturated with

hexane in contact with one side of a crystal coated with a finite thick-

ness of squalane. The situation is illustrated in Figure 6a. Further-

more, assume the following boundary conditions:

(1) C = Co x 0 for any time t

( 2 ) C = 0 0< x < 1 and t < 0

(3)C+0 -4-C
0

0 <x<1 ast-0.00

At time t = 0 diffusion of hexane into squalane is allowed to start.

The problem to solve is what will concentration-time-distance

profiles of hexane in squalane look like. The solution to the problem

for the case of semi-infinitely long squalane column is given by

Crank (13) as:
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Figure 6. Case of a semi-infinite column of gas diffusing into a
thin layer of liquid.
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Co2C(x, t) = [1 -erf 24-rx] (28)

D = diffusion coefficient of hexane in squalane,

cm. 2sec. -1 = 1.6 x 10-6 2 -1cm. sec. at

36°C (14).

In the present case existence of a solid wall at x = 1 will result in a

reflection term which must be added to Eq. (28) (13). To obtain the

reflection term one uses the general solution to the diffusion equation

(13, p. 12) with proper integral limits as follows (Figure 6b):

co

e-
2/4

DtC (x t) -
1 ' 2q Tr Dt

de
21-x

21-x
= Co/[1-erf ]

and the sum will be:

Co 2i -x ,
C (x, t) =

2
[2-erf - erf 1

24FX

(29)

(30)

To obtain concentration-time profiles one assumes a fixed value of

x
1

and calculates C(xl, t) for various points in time. Figure 7 shows

such a plot for x =1. This plot shows that for this detector 98% of

response will be attained in less than 100 milliseconds.
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Figure 7. Theoretical response plot for the leading edge of a
step input.



Trailing Edge

This problem is similar to the case of a thin layer electro-

chemical cell which has been solved by Hubbard (15). His case has

the following boundary conditions and is illustrated in Figure 8a:

C(x, 0) = Co for 0 < x </ and t 0

C(0, t) = C(/, t) = 0 t > 0

The equation describing this system is:

CC

ov

m=1

1 Sin ,2_/ -1) M exp ( -(2m-1 )22Dt)
2m-1 1 2
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(31)

Since Eq. (31) is symmetrical with respect to x = f /2 the same

equation should also apply if a plane is inserted at x = /12 dividing

the cell into two equal halves (13, p. 13). Doing this but retaining

the old coordinate system one obtains the situation presented in

Fig. 8b which is exactly the case of interest here. Figure 9 presents

the concentration-time plots of this case for two points on the x-co-

ordinate: half way down the thickness and at the bottom of the liquid

coating. According to these plots 98% of response should be attained

in less than 0.1 m. s.
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Figure 8. Case of (a) a thin-layer electrochemical cell, and
(b) dissolved gas diffusing out of a thin liquid layer.
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EXPERIMENTAL SECTION

This section is discussed under four separate headings:

1 - Design and construction of instrumentation

2 - Design and construction of transducer and associated apparatus

3 Experimental methods and procedures

4 - Experimental set-up.

Design and Construction of Instrumentation

Instrumentation was developed with an effort to optimize cost-

performance since the ultimate purpose of this development was

incorporation into practical instrumentation at low cost. Design

details of each instrument follow.

The Piezoelectrometer

This is a specialized frequency actuater-counter. It will

activate two 9. 0 MHz. crystals, count either frequency digitally or

count the beat frequency of the two crystals, display the resultant

frequency on an array of eight cold cathode readout tubes and provide

this information at an output plug for interfacing with appropriate

storage medium. The block diagram of the instrument is presented

in Figure 10. The detailed circuitry follows:

Oscillator, Mixer and Filter Circuits. The oscillators are two



I & 2:Crystal Oscillators

5 &6: Wave Shapers

7:Schmitt Trigger

8:Clock
10:Counter Control Circuitry

Figure 10. Block diagram of the Piezoelectrometer.
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identical modified Pierce crystal oscillators providing an output

sine wave of approximate amplitude of 1.5 volts p-p (Figure 11).

The exact output swing of the oscillators is a function of the kind of

crystal, its drive level, its Q, etc. With an RCAFT 243, chanh.

352, 7725kc pressure mounted crystal the output swing was measured

at 1.5 and 1 . 9 volts p-p for the reference and the sample oscillator

respectively; whereas, with a home made crystal it was 1.0 v. p-p

for the reference circuit. The crystals look out into 22 pf shunted by

47 kfl. The outputs of the two circuits are squared by two Schmitt

triggers whose outputs are typically 3.2 volts.

The two frequencies are mixed in an FET mixer using two

JFET's as active elements. The output of the mixer includes, among

other components, the beat frequency of interest. This output is fed

into an LC low-pass filter which shorts out all of the high frequencies.

Pertinent equations and data on the filter circuit are (16):

c = 1/(2 II fcR) ; L IT R/ 11 fc

R is the resistive load into which the filter looks and is the resistive

input impedance of the following emitter follower in parallel with

O. 5 MO.

R = rbb, -1-(1-Fa)rd
+(l+p) RE2-..-10.-Fp)R

k

For the transistor used t.t., 30 and 3x10
5 ohms.

And therefore: RinZ 2x10 512.
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.01
sample oscillator
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2.2
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_L

2N 5129

.5

.01
.47_191

T I 2N47
3819

reference oscillator

T,

1

mixer
4.7

47

32

100

.01

T T

_

Figure 11 a. Oscillator and mixer circuits for the Piezoelectrometer.
All resistors and capacitors are in lq2 and µf respec-
tively unless stated otherwise.
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Freq.,KHz. (c)

Figure llb. Filter stage of the Piezoelectrometer. (a) Schematic.
(b) Test set-up. (c) Performance data. All resistors
capacitors and inductors are in KR flf, and p.h respec-
tively unless stated otherwise.
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and fc = 172 Tr Rc ;,))2x10 5 Hz.

The filtered beat frequency is amplified by two stages each composed

of an emitter follower and an FET amplifier. The output of the second

stage is squared and fed into the clocked gate for counting.

Clock Circuits. The clock circuit uses the 60-Hz. line fre-

quency as time base (Figure 12). The 60-Hz sine wave is squared

via the Schmitt trigger in front of FF1 and is divided down through

8 JK-flip flops to provide a 0. 5 -Hz. square wave which is used as

1 - second time base. Truth table for one of the flip flops is shown in

Table 2. From this output the following waveforms are derived to

perform various functions:

Gating: the output of FF8 is fed into one of the inputs of a

2-input NOR-gate whose other input is connected, through a three

position rotary switch, to either of three signals: a) the output from

the reference oscillator, b) the output from the sample oscillator,

or c) the output from the mixer circuit. Thus, the output of the

NOR-gate is 1 - second "bursts" of square waves corresponding to

the output of either one of the oscillators or their beat frequency.

Note that these "bursts" appear every other second followed by

1-second zero output. This signal constitutes the input to the counters.

Resetting: to reset the counters a 1÷0 transition is required.

This is provided by circuitry IC.2a, R3C2, and Q
1.

Ideally, the

reset spike should terminate before introduction of any input to be
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8

+3.6

IC2a
.01 R3

QI

1.5

4.7
Q2

+ 3.6

10 10

C2 47 ,
R4

ICI

0 0
From Mixer Counter Reset

Input

O
Print Blank'

Figure 12. Clock circuitry of the Piezoelectrometer.
All NOR-gates are FilL 91427 and all Flip Flops
are Fp.1_, 92328.
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counted. Since the reset signal is derived from output of FF8 it

becomes imperative to make the spike as narrow as possible.

Furthermore, since the reset signal must have a finite width for

the counters to respond a compromise must be made between the

width of the reset signal and the allowed error resulting from this

finite width. The time constant of the differentiator circuit used

is t =WC where R' is the parallel combination of R3 and R4 + hie,

of Q
1.

The maximum error introduced from this source for a beat

frequency of 5x105 Hz. is about 6 Hz. which is quite negligible.

Blanking: as indicated in Figure 13 blanking is performed

during the 1 - second counting time. The signal is the output Q of

FF8 buffered by means of Q2 and IC2b so it can drive all of the eight

display tubes.

Printing: the print circuitry was designed for use in connection

with the Hewlett Packard digital printer Model 562 A which prints on

the positive transition of the print command, amplitude 6-40 volts and

duration greater than 20 p.s.

Table 2. Truth table for ilL923*

Set(s) Clear(c) Output (Q)
H H X
H L H
L H Ln

L L X

*X is the output state at time n
H = High
L = Low
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FF8,Q

FF8,0

gate
input

counter
input

kdiffe re ntiator
output

reset
command

blanking
command

print
command

I.-- count .0 ;reset

Figure 13. Timing diagram for the Piezoelectrometer.
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Counters. The output from NOR-gate IC1 is fed to the input

of the first unit of a series of 8 decade counting units (DCU's). Each.

DCU counts up to decimal 9 and on the tenth count transmits a carry-

over to the next DCU, resetting itself to zero to start counting cycle

upon arrival of the eleventh input pulse. Operational details of a DCU

are described below.

Operation of a Decade Counting Unit: Each DCU is made up of

four master-slave flip flops (LU322B and LU321A), a binary to

decimal decoder composed of four NOR-gates (LU380A), ten driver

transistors (2N3877), three switching transistors (2N5129), one

cold-cathode display tube, eleven resistors, one capacitor, and one

diode. In order to understand the operation of a DCU one needs to

appreciate the workings of a master-slave flip flop.

A master slave FF is basically made up of two FF's having been

connected by means of two NAND-gates (Figure 14). When the clock

input of the FF goes to the "1" state the slave-FF is disconnected

from the master-FF (outputs of both G1 and G2 become "1" and

hence G3 and G4 become unaffected by changes in the output of the

master-FF), at the same time the master-FF is enabled thus trans-

ferring the information available at J, K inputs to the output terminals

of the master-FF (Q1 and Ui). At the fall of the clock pulse the

inputs (J and K)are disabled. GI and G2 are enabled and the output

of the master-FF is transferred to the slave-FF. Sd and Rd



Sd

MASTER

K

T 0

G3
I 0Q

_ J

oQ

J K On+I

O 0 Qn

I 0

O I 0

I 60

Sd Rd

O 0
0

* Q=6=1

t NO CHANGE

Figure 14. Functional diagram and Truth Tables for a typical master-slave
JK- Flip Flop.
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over-ride all other inputs and set and clear the flip flop upon 1 -to-

zero transition respectively (see the Truth Tables in Figure 14).

The output states of the four flip-flops in a DCU are given in

Table 3 for a sequence of 10 clock pulses. Note that clocking is

affected on the negative going edge of the clock pulse waveform.

Also note that the output of four flip flops is in the form of +8421

Binary Coded Decimal (BCD). The BCD-to-decimal decoder consists

of four NOR-gates gated in the fashion shown (Figure 15). The output

of each NOR-gate is in the "1" state for two consecutive decimals

(one even and one odd) except 01 whose output is in the HI state

for decimals 0, 1, 8, and 9. Furthermore, Q11
is ON for all odd

numbers whereas Q12 is ON only for even numbers. When Q 11
or/

and Q12 are OFF the display tubes can not carry any current since

the path to ground is disconnected. When either Q
11

or Q12 is

turned on (by the action of FF1) a path to ground is provided. Now,

if one of the driver transistors has a "1" at its base (resulting from

a HI on the output of the appropriate NOR-gate of FF4) it will conduct

and thus its collector (which is connected to one of the numerals of the

cold-cathode tube which make up the cathodes of the tube) becomes

shorted to R8 or R9. This will complete the circuit and the potential

difference existing across the two electrodes of the display tube is

now sufficient to ionize the gas inside the tube thus the appropriate

numeral will glow. Since the output of each NOR-gate or FF4 is



Table 3. Truth Table for the FF's of DCU's.

Decimal
In

FF1

J K Q

FF2
In J K Q

FF3

In J K Q
FF4
In J K Q

0 0 1 1 0 0 1 1 0 0 1 1 0 0 0 1 0

1 1,0 1 1 1 1 1 1 0 0 1 1 0 1 0 1 0

2 1,0 1 1 0 0 1 1 1 1 1 1 0 0 0 1 0

3 1,0 1 1 1 1 1 1 1 1 1 1 0 1 0 1 0

4 1,0 1 1 0 0 1 1 0 0 1 1 1 0 0 1 0

5 1,0 1 1 1 1 1 1 0 0 1 1 1 1 0 1 0

6 1,0 1 1 0 0 1 1 1 1 1 1 1 0 1 1 0

7 1,0 1 1 1 1 1 1 1 1 1 1 1 1 1 1

8 1,0 1 1 0 0 0 0 0 0 1 1 0 0 0 1 1

9 1,0 1 1 1 1 0 0 0 0 1 1 0 1 0 1 1

10 1,0 1 1 0 0 1 1 0 0 1 1 0 0 0 1 0
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Figure 15. A decade counting unit (DCU). All resistors are
in KO. Other components are described -in the
text.
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connected to the transistor drivers of two consecutive numerals and

Q11 and Q12 will be ON only one at a time simultaneous glow of

more than one numeral cannot take place. Also, for numerals 8

and 9 Q13 is turned ON thus grounding the bases of Qi and Qz.

The Q-output of FF4 is connected to the input of the succeeding

DCU. In this fashion a serial display of eight digits is provided.

Power Supply. The power requirements for the systems are:

Voltage (volts) Current (ma)

+5. 0 800

+3. 6 300

+9. 0 5

+196 30

It was important to prevent interference from various parts of the

instrument through the power supply. Therefore, the modular

approach was taken and three different Voltage regulators

(U5R7723393) were used to provide +5.0, +3.6, and +9.0 volts

(see Figure 16 for details and Table 4 for evaluation data).

The U5R7723393 consists of a Reference amplifier (see the

functional diagram, Figure 16a) Al which provides a reference

voltage of 7.15 volts typical at the Vref. This reference voltage is

fed to the non-inverting input of an error amplifier through the

appropriate resistor network and the regulated output is taken from

V0 connected in the proper fashion to the inverting input of the error
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(a)

(b)
out ref 4 RI +R2

Figure 16. Power supply employing an IC voltage regulator.
(a) Functional diagram of the regulator.
(b) Typical low voltage circuitry.
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Table 4. Power supply evaluation data.*

I (ma) V (volts)

0.00 5.01

4.55 5.01

5.02 5.01

5.60 5.00

6.35 5.00

7.20 5.00

9.50 5.00

12.50 5.00

17.50 5.00

24.00 5.00

47.50 5.00

53.00 5.00

59.00 5.00

68.00 5.00

78.00 5.00

85.00 5.00

110.00 5.00

150.00 5.00

230.00 5.00

468.00 5.00

765.00 4.99

790.00 4.99

*For +5.00 volt terminal using a 2N1936 as series-pass transistor,
I measured with a Weston VOM and V measured with DVM. At max.
current no ripple was observed at the +5.00 terminal using an oscil-
loscope in the 0.05 v/cm range.
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amplifier. Since, the error amplifier maintains the two inputs at

the same potential the output will assume the value dictated by

employing a proper resistive network and Vref. If large currents

are required appropriate series-pass power transistors are added

to the circuit to meet the current requirements.

Peripheral Circuitry

Two interfacing elements were designed to make the Piezo-

electrometer compatible with the Hewlett Packard Digital Printer

Model 562A which accepts +4221 BCD and with direct computer

link-up. The two interfacing elements are distinct and will be dis-

cussed separately.

+8421 -to- +4221 Converter. The output of the Piezoelectrorneter

is +8421 BCD; that accepted by the printer is +4221 BCD. Using TTL

elements a converter was designed which accepts the +8421 BCD of all

the eight digits of the counter portion of the Piezoelectrometer and

provides +4221BCD for the printer. Truth tables for the two BCD

systems are given in Table 5. The functional diagram of the con-

verter (for one digit) is given in Figure 17. The entire interface

required 16 exclusive OR's, 16 OR's and 8 AND's (all 2-input).

The Boolean identities are also given in Figure 17.

Parallel-to-Serial Converter . In order to eliminate the need

for manual manipulation of data and to make possible direct data
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G2 1,Dp

Ap=Ac, Bp:(DcOCc)()Bc, Cp=Dc+Cc,Dp=Dc+(CcBc)

Figure 17. Functional diagram and Boolean expressions for
one of the eight identical units of the code converter.
Excl. OR: 58241A; OR: LU3R4A; AND: LU306A.
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Table 5. Truth Table for the two codes.

+8 4 2 1 +4 2 2
DECIMAL D C B A D C B A
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acquisition by the digital computer via the teletype or magnetic tape

a parallel-to-serial converter was developed. This interfacing

element hooks up between the counter and the teletype terminal such

that the counter output may be directly punched in ASCII Code on the

teletype paper tape, or be recorded on magnetic tape, or be directly

transmitted to the central digital computer via telephone lines.

The basic function of the instrument is conversion of parallel

BCD characters to serial eleven-level ASCII Code which is compatible

with the input code of the central digital computer. The eleven-level

ASCII Code consists of a train of ONE's and ZERO's eleven bits long,

each bit being 9.1 m. s. in duration. Figure 18 illustrates the wave-

form in ASCII Code for decimal number 9. A mark corresponds to

high level (5 ma current flowing) and a space corresponds to low

level (no current flowing). The appropriate combination of marks

and spaces in bits P1 through P4 defines individual numeric charac-

ters (words) and those in bits P1 through P7 defines alpha-numeric

characters. The first bit of a byte is always a space (P
0

) signaling

beginning of information flow. P9 and P10 are always marks signaling

termination of a word. Table 6 lists the ASCII representation of

decimals 0 through 9. By proper combination of P1 through P8 one

may extend Table 6 to include alpha as well as numeric characters.

The last row in Table 6 is the ASCII code for generating a space

(blank).



mark

space PO PI P2 P3 P4 P5 P6

start k BCD 01
I

information

alphanumeric
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I
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Figure 18. Current waveform for ASCII representation of decimal 9.



Table 6. ASCII representation of decimals 0 through 9*

Decimal
PO0 P1 P2 4

P
5

P6 P7 P8
9

P10

0 0 0 0 0 0 1 1 0 1 1 1

1 0 1 0 0 0 1 1 0 1 1 1

2 0 0 1 0 0 1 1 0 1 1 1

3 0 1 1 0 0 1 1 0 1 1 1

4 0 0 1 0 0 1 1 0 1 1 1

5 0 1 0 1 0 1 1 0 1 1 1

6 0 0 1 1 0 1 1 0 1 1 1

7 0 1 1 1 0 1 1 0 1 1 1

8 0 0 0 0 1 1 1 0 1 1 1

9 0 1 0 0 1 1 1 0 1 1 1

space 0 0 0 0 0 0 1 0 1 1 1

0 is the same as SPACE
1 is the same as MARK
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Principle of Operation: Since the counter outputs are available

in form of parallel BCD (+8421) one needs to scan the outputs of the

DCU's available (8 digits in the case of the Piezoelectrometer) start-

ing with the most significant digit, serialize the BCD for each digit

(starting with the least significant bit; i. e., 2°), insert the start

space in front of the serialized BCD, and follow it with the appropri-

ate bits corresponding to P5 through P10.
Such a waveform when

fed to the input of the teletype should cause the teletype to print the

intended word.

Figure 19 shows the various parts of the instrument in block

form. Figure 20 presents the schematic and functional diagram of

the instrument less the power supply. The heart of the system con-

sists of three 4-bit static shift registers which perform the function

of serializing the parallel information. A description of the operation

of the various circuits follows.

Clock: The bit duration for ASCII Code is 9. 1 m. s. A simple

astable circuitmade of two capacitively cross-coupled n-p-n transis-

tors whose output is a square wave is a satisfactory clocking element.

The waveform duration can be easily adjusted to 9. 1 m. s. by appropri-

ate adjustments made on the two 100K potentiometers. For the pres-

ent purposes this clock is quite satisfactory. The output duration was

checked over a one-week period and no significant variation (in the

decimillisecond range) in its duration was observed. Furthermore,
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the clock output is directly compatible with the remainder of the

circuitry.

Shift Registers: in its parallel mode of operation each one of

the shift registers functions as follows: with the Parallel Enable

(P. E.) input low (less than 0.8 volts) the four parallel inputs of the

shift register (P's) are enabled and data transferred to the respective

Q-outputs of the device upon the 0 -1-1 transfer of the clock (the shift

register operates as a simple master-slave D-FF).

When the P. E. is high (2.0 volts positive or higher) the device

performs a one-bit-per-clock shift towards the Q
0

output. Each shift

register has a Master Reset (M. R.) input which when low resets all

of the outputs to low. The JK inputs to the first FF of the shift

register are available which function like inputs of a D-FF. The

clock input is internally buffered in order to decrease loading of

the clock.

Operation of the Instrument: see Figure 20. The operation is

described for the manual mode; the automatic control circuitry will

be described later. In the manual mode the start and stop functions

are performed by two temporary-contact switches. SW1 (block

numbered 5 in Figure 20) has a Normally Open Contact (N.0) and a

Normally Closed one (N. C. ) and is the Reset Switch. SW2 has a

single Normally Closed (N. C. ) contact and operates as the start

push-button.
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Assuming that the instrument is in the preset condition (the

stop push-button has been pressed) the outputs of the shift registers

are all low, M. R. is low; P. E. (output of the 8-input NAND gate 01)

is low; the 4-bit binary counter C
1

is preset to Zero, the decimal-

zero-output of the one-of-ten decoder Di is high making the contents

of IN1 (block 2) available to the shift registers. SCR1 is conducting

and the 09-output is high (corresponding to a MARK).

When the start button (SW2) is pressed a 1 is placed at the

input of the OR-gate which will initiate the unstable state of the one-

shot (made of Q and Q ). This state lasts for about 15 m. s. If this
3 4

occurred during the 0 of the main clock the QI of G2 will swing to

state 1 (if it occurred during the 1 state of the clock then the swing

will take place upon the 1 -÷ 0 transfer of the clock). Since R2 be-

comes 1 when the clock is 0 the outputs Q
2

and Q2 will not be affected.

However, the subsequent 0 1 transition of the clock will reset Q0

to 0 which turns SCRI OFF. The very same 0 -÷ 1 transition of the

clock will transfer the data from P's of the three shift registers to

their respective Q's thus placing the start SPACE on which will

appear at the output of Q9. Some 15 m. s,. after the start of the cycle

the output of the ONE- shot will settle to its stable state and will isolate

the outputs of G2 from clock pulses. The instant C21 becomes SCR
2

turns ON removing both the master reset and the reset from counter Cl.

From here on the output of Q
9

will assume the constants of Q
0

of the

shift register. By this time the output of Cl will have shifted to 1. The
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0 1 transitions of the next eleven clock pulses will shift the contents

of Q1 to Q11 one bit at a time to the right. The 0 1 transition of

the twelfth clock pulse will place a 1 at Q0 (1 is the original content

of Q11) at which time the output of G1 becomes 0 and the input of

C1 swings to 1 which registers one count in C1. The decimal -1

output of the decoder Di becomes high making the data in IN2 avail-

able to the inputs of the shift registers. At the same time the inputs

of the registers will be enabled and the next 0 1 transition of the

clock will transfer the data into the Q's of the registers thus starting

the next cycle. Each data transfer cycle takes 12 bits (a bit is

9.1 m. s. long) or 109.2 m. s. This continues for nine cycles

the last of which contains the ASCII Code for generation of

space (blank). At the termination of the ninth cycle the decimal-

9 output of D1 should become high. However, since this is

diode-coupled to the reset input of C
1

the counter will be reset

to zero at the end of the ninth cycle. At this time G
1

-output

is 0, and contents of IN1 are at the inputs of the registers.

The next 0 - 1 of the clock will start a new cycle. The tele-

type prints eight digits followed by a space each time inputs IN1

to IN9 are scanned by the counter C1 - decoder D1 combination. Since

the contents of IN' are dumped out first, the most significant digit

must be connected to IN1.

The instatnt the manual stop push-button (SW1) is pressed its
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N.C. contact will turn SCR2 OFF resetting the counter and the

registers, and its N.O. contact turns SCR1 back ON (output of Q6

had turned ON one clock pulse after the one-shot settled to its stable

state) which makes the output of Q9 high for as long as the instrument

is in reset (standby) condition.

The instrument has two modes of control: 1) manual and 2)

automatic. The automatic control circuitry requires a 0 1 transi-

tion of a start command signal in order to start the cycle but has

internally provided stop pulse waveform which places the instrument

in the standby condition after completion of one complete scan of the

nine inputs. The operation of the automatic control circuitry (Block 6)

is as follows (see Figure 21 for waveforms): The print command

used is a 9-volt square wave of 1-second duration. The duration

of the print command is of no special significance as long as it lasts

long enough for the circuitry to respond. The 0 -,°1 transition of

the print command causes a positive going pulsed output to appear

at the output of Q11. The time constant for the differentiator circuit

(assuming 8.2 K is small compared to parallel combination of Q11

input resistance and the 150 K resistor) is 2.2x10-8 x8.2x10 3

1.8x10 -4 second. This pulse acts in the same manner as described

for the manual start signal. In the automatic control mode the

stop signal is derived from decimal-8 output of the decoder Di.

The decimal-8 output turns on prior to the time that the space code
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(1N9) is to be loaded into the registers and stays on until the space

code has been shifted out of the registers. The trailing edge of this

square-wave is used to place the instrument in the standby condition.

Q16' Q17'
and Q18 form an amplifier circuit which drives the

normally conducting transistor Q15 with a differentiator input.

Since Q15 has been biased into saturation the leading edge of the

input square wave will have no significant effect on its output. How-

ever, since the base of Q15 is normally about 0. 6 volts positive with

respect to ground, a negative going pulse of magnitude equal to or

greater than 0.60 volt will turn Q15 OFF. Assuming V

0.25 volts, ic = 4.75/1K = 4.75 ma. ; current through the 3.3K

resistor is 4.4/3.3 1.3 ma. of which 1.3-0.07 = 1.23 ma passes

through the base-emitter junction. This gives an hFE = 4.75/1.23==i 3

which means that the transistor is in saturation. Furthermore, the

input resistance of Q15 is roughly equal to hFEx0.026/IZ 80 r which

gives a time constant of about 80x10-7 = 8. Ox106 seconds for the

input differentiator of Q15. As a result of Q15 turning OFF with the

trailing edge of decimal-8 square wave a positive-going pulse of

short duration appears at the output of Q12 simultaneously with a

negative going pulse of the same duration at the output of Q13. These

two pulses reset the registers, the counter, and make the output of

Q9 high as described earlier.

The instrument has a character-per-word selection switch
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which enables the operator to select the number of digits printed out

in each cycle. The options available are: 8, 6, and 4 characters per

word. When the instrument is in its normal 8-character-per-word

mode the circuitry of block 7 is simply bypassed. When operating

in either of the other two word lengths the input X is connected to

the decoder output corresponding to either 6 or 4; at the same time

the Q9-output is connected to the input 8 of the OR gate. At the

beginning of each transfer cycle the input A is high. This state will

remain unchanged until X becomes high at which time the output of

Q19 will assume the output of Q9. Thus there will be a transmission

of either 4 or 6 characters per word depending on which range was

selected.

The power supply for the instrument is a 1.5 amp +5.00 volts

highly regulated power supply designed around the ..t.A.723 operational

voltage regulator and its detailed design has been described in connec-

tion with the Piezoelectrometer, MJ-1.

Improved Frequency Counter

In evaluating various crystal coatings a frequency counter
7capable of short-term counting stability of 1 part in 10 is necessary

so that one may evaluate thin coatings with reversible characteristics.

Since a commercial frequency counter (Heath Universal Digital

Instrument, EU-805) had become available at this time which
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satisfies this requirement it was used as part of the sub-system

described below.

The crystal oscillator circuit used here is the same as those

used in the Piezoelectrometer with the following component modifica-

tions: Q1 = 2N3563; R
1

= 8.2 K; C = 0.1 µf; power supply = 2N6,

Burgess activator. The oscillator output is fed into a source follower

which acts as buffer stage between the oscillator and the counter

(Figure 21).

Relay Interface

When the remote terminal is activated (which must be done at

the computer center before any communication between the terminal

and the computer can take place) the Computer Center provides a

constant current source capable of sinking 5 ma into the terminal.

In order to transmit some code to the computer one disrupts this

flow of current in an appropriate fashion (see the section on P-S

Converter). In order to be able to transmit data from the instruments

and maintain simultaneous communication via teletype the scheme of

Figure 23 was adopted. This set-up allows data transmission at

teletype speeds only. In this arrangement the teletype is used for

transmitting various FORTRAN statements (all programming in this

work is done in FORTRAN IV) and the P-S Converter-SW1 combina-

tion for data. When the P-S converter is in standby position Q is
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Start Command

0

011-Output

Decimal 8
109.2 m. s.

Q12-Ouipui

013-Output

6a

Figure 21. Timing diagram for the Automatic Control Circuitry
of the Parallel-tc -Serial Converter.
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Figure 22. Oscillator and buffer stages of the improved frequency
counter. All resistors are in KO,
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SWI:mercury-wetted relay ,11.0.

Figure Z3. Interfacing the counter to the computer for on-line
operation.
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turned on and SW1 is closed permitting normal operation via tele-

type.

Design and Construction of Transducer and
Associated Test Apparatus

Gas Handling Apparatus and Transducer Housing

All static experiments (in contrast to gas chromatographic) for

SO2' and organic sulfur compounds were carried out using the glass

apparatus of Figure 24. The main portion of the apparatus consists

of a 500 ml. flask A, 1/2" I. D. columnCLl, crystal housing B, and

manometer MI all made entirely of Pyrex glass. The rest of the

apparatus is also made of Pyrex glass except for some connecting

tubings which are either tygon or vacuum tubing. The amount of

tubing used is kept to as short a length as possible. Operation is

described in appropriate section under Experimental Results and

Discussion.

Gas Chromatographic Detector

Mechanical data and diagrams of the detector parts are given in

Figure 25. Figure 26 shows the detector assembled except for the

crystal assembly and the base plate. The detector volume defined

by the Teflon plates B and gasket D and confined within the cut made

in Teflon gasket C has a calculated value of 0.4 ml. and is just large
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Figure 24. Gas handling apparatus.
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A: Bross Side Plate

B: Teflon Side Plate

C:Teflon Cavity Spacer

D: Teflon Gasket

E: Brass Base Support

F : Crystal Assembly

G :Inlet & Outlet Teflon

Tubing

Figure 25. Mechanical details of the GC-detector.
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Teflon Cavity Spacer

Teflon Side Plate

Brass Side Plate

Detector Cavity

Teflon Inlet

Figure Z6. CC-detector partially assembled.



69

enough to accommodate the crystal and its electrode clips conveni-

ently. Gas enters from one of the Teflon tubes G and exits from the

other one. The tubes G are screwed inside the brass plates A and

side plates B until the tip of each tube just touches the inside wall

of the detector volume. Mechanical data on a typical crystal and its

assembly are given in Figure 27.

Response Time Apparatus

In order to study response time characteristics of the partition

detector the apparatus of Figure 28 is used. This apparatus attempts

to introduce a step input function into the detector. For operational

procedure see the appropriate section under Experimental Methods

and Procedures.

Experimental Methods and Procedures

Coulometric Deposition of Microgram
Quantities of Gold and Silver

In all coulometric work the apparatus described by Caton (17)

was employed. The electrolytic cell used is a three-electrode unit

as shown in Figure 29. The agar bridge was saturated with KC1 for

gold electrolysis but with NaNO
3

for silver deposition.

Preparation of Gold Standards. The method employed is similar

to that recommended by Harrar et al. (18). 99.999% purity gold was
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10 mm.

1.35 cm.

ry 0.5 cm.

Spring Clip

Figure 27. A typical AT-cut quartz crystal assembled.
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Teflon
Coupler

Mechanical
CoUpler

500ml. Flask

100 ml.Fluid

Figure 28. Response time apparatus.
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VI:Dead Volume
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Ref. Electrode

Test Electrode

Agar
sat. with KCI

or NaNO 3

Catholyte

Aux. Electrode

Anolyte

tN
2

Figure Z9. Electrolytic cell used in coulometric experiments.

Detector Inlet Tubing
Col. Out let

Detector Wall
Teflon Block

Figure 30. Diagram showing fitting between GC unit and detector.
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washed in dil. HNO 3'
rinsed with dist. water; dried with a N2

stream, and 0. 201174 ±0.000002 g. was weighed on microbalance.

The metal was then dissolved in 1 ml. HNO
3

+ 3 ml. HC1 (both conc. )

and the solution diluted to 100 ml. with 1F HC1.

Preparation of Silver Standards. Silver standards were pre-

pared from reagent grade AgNO
3

according to Skoog and West (19).

Electrolysis Procedure for Deposition of Gold for Recovery

Studies. For each run 10 ml. of 0. 5F HC1 was pre-electrolyzed at

0.480 volts vs. S. C. E. until electrolysis current fell below 21.La.

Then 1 ml. of gold standard solution and 5 drops of 0. 5F sulfamic

acid were added and electrolyzed until current dropped below 2 fla.

From the number of coulombs passed during electrolysis recovery

figures were calculated. The cathode was platinum screen and the

anolyte was 0.5F H2SO4.

Electrolysis Procedure for Deposition of Gold on Crystals. All

crystals used in the coulometric experiments had their stainless steel

clips rendered nonconductive by a coat of nail polish lacquer. The

electrolysis solution employed had the following composition:

sample cell: 5 ml., 0. 1 F HC1+5 drops 0. 5F sulfamic

acid

5 ml. distilled water

10 ml. standard gold solution

(201.174 mg gold/100 ml. )



74

counter cell: 0.5F H
2
SO4

Prior to addition of gold standard solution pre-electrolysis was

carried out as described above; the crystal surface was cleansed

with detergent solution followed by dilute HNO3 rinse and final

rinsing with dist. water. The crystal was then placed in the cell

and electrolysis carried out without stirring until 9.0426x10-3

coulombs were transferred (this corresponds to 3.07675x 10-3 mg

gold deposited). The crystal was rinsed with dist. water, dried

gently with Kimwipes, placed in the air current from heat gun

operating at room temperature and frequency readings were taken.

The same procedure was repeated with the same solution until the

entire calibration curve was obtained.

Electrolysis Procedure for Deposition of Silver for Recovery

Studies. For each run 10 ml. of 0.8F NaNO 3+0.05F HC1O4 was pre

electrolyzed at +0. ZOO volts vs. S.C. E. until residual current fell

below 10 4a. One ml. of standard silver solution was added and

electrolysis carried out until current fell below 10 p.a. Cathode

was platinum screen. Anolyte employed was the same as the

catholyte less silver standard solution.

Electrolysis Procedure for Deposition of Silver on Crystals.

Prior to the actual electolysis 20 ml. of background electrolyte was

electrolyzed at +0.200 volts vs. S. C. E. until a residual current of

10 t.ta was observed. 2 ml. standard solution of silver containing
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7.474 mg. silver was added. The remaining steps are the same as

described for gold.

Preparation of Crystal Coatings

Crystal coatings evaluated in this work are listed in Table 18.

in general, the following procedure was employed in depositing a

given amount of coating on the surface of each crystal: a known

solution of the coating in a volatile solvent was prepared. A given

volume of this solution was placed on the surface of the crystal

(usually both surfaces are coated) using a 0.25 ml. Hamilton syringe

and the solvent allowed to evaporate. The crystal was then placed

in an air oven at about 70° C for several hours. This accomplishes

two functions: first, it helps spread the coating to a uniform layer

(10) except for the cases where coating is a solid at oven tempera-

ture. And second, since usually an overdose of coating was applied

which resulted in overloading of crystals it helps evaporate part of

the coating re-establishing oscillatory action of the crystal. Crystal

frequencies before and after coating were measured, The volume of

solution placed on each surface is between 2 and 10 p.l.

Equilibrium Evaluation of Coatings

A typical run is as follows (see Figure 24): dry N2 is introduced

via ST1 with ST5, 6 and 11 open and all others closed. With the crys-

tal in housing N
2

flow is continued until stable frequency reading
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is obtained at which time ST5 and 11 are closed off and N2 flow is

stopped. A certain volume (in the range 1-1 0 ml, and in 1 ml. incre-

ments) of pure gas under test or a premixed dilution of the gas in

N2 is injected into housing ,B via P2 by means of a gas tight Hamilton

syringe. The system is then allowed to come to equilibrium which

is taken as the time when 10 consecutive frequency readings are

within f 1 Hz. of each other (20 second interval). The equilibrium

frequency is then recorded. A second 1 ml. increment is introduced

and another frequency is obtained. This is continued until five or

more datum points are recorded.

Preparation of Pure SO2 Gas. Primary source of SO2 is a

pressurized tank (Matheson Gas Products, anhydrous grade) which

is connected to the system at point Ti. With Tl, T2 and ST1 2

closed, ST9 and 8 open; and ST4 open between Tube E and ST8

vacuum is applied until manometer M2 indicates maximum vacuum

(final vacuum reading is typically better than 0.1 mm. Hg). At this

point ST8 is closed and pure SO2 is let in via Tl the pressure being

monitored with M2 until atmospheric pressure is reached at which

point T1 and ST9 are closed. The gas present in gas collection

tube F is taken as pure SO2. To withdraw a certain volume (usually

1 ml. at a time) of pure gas a gas tight syringe is introduced into F

via septum P3 and the appropriate amount of gas is withdrawn.

Preparation of Known Mixtures of SO2 and N2. In two instances
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it was deemed necessary to prepare parts per million concentrations

of SO2 in N2. To prepare these concentrations the main system is

first thoroughly flushed with N2. ST6 and ST1 are then closed off

and vacuum is applied to flask A. After vacuum is established a

known volume of pure SO2 is injected into the system via septum PI

and the pressure inside the system is brought to atmospheric with

N2 through ST1. The mixture is allowed to equilibrate for two hours

and its concentration is calculated from the volume of the system and

that of pure SO2 injected.

Determination of Volumes of Main Flask A, Crystal Housing B,

and Gas Collection Tube F. The volume of gas collection tube F was

determined using two methods: 1) filling the tube with dist. water

and measuring the volume of water using volumetric flasks and

burettes; and 2) filling the collection tube with a known concentration

cf KHP and titrating the solution with standard NaOH. The results

are shown in Table 7.

Volume of main flask A including Cli with ST1, 2, and 3 closed

was determined by connecting the gas collection tube F to the main

flask at ST2, applying vacuum on the system made of A, Cl1, Ml, and

F (ST1, and 6 are closed); closing ST2 and repressurizing to atmos-

pheric pressure; reopening ST2 and calculating the volume of the

main system assuming ideal gas law and knowing final equilibrium

pressure and volume of tube F. Various small corrections such as
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the extension of ST3 and so on were made by measuring various

dimensions and calculating the correction factors.

Volume of the crystal housing B was determined by weighing it

dry; filling it up with dist. water and reweighing. Density of dist.

water was measured by weighing a 100 ml. volumetric flask before

and after filling with distilled water.

Table 7. Data on volumes of various parts of gas
handling apparatus.

Part Volume, cm3

F 274.1 ± 0.21 273.6 11.02

A 872

B 84.8 1 0.2

See Figure 24 for identification.
1Determined by measuring volume of water.

2Determined titrimetrically.

Evaluation of GC-Detector

The gas chromatographic unit used in this work is a Carle Basic

Gas Chromatograph with a 1 -m Carbowax 1 540 and a 1 -m DNP

(dinonylphthalate) column. In this work the column and inlet tem-

peratures are set at about 620 C while the thermal conductivity detec-

tor block is at a somewhat higher temperature. The partition
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detector is connected to either of the column outlets by means of a

Teflon block bored to fit snugly over the inlet tubing of the detector

and the column outlet (Figure 30). The partition detector is left

without temperature control.

Measurement of GC-Detector Response Time . In Figure 28

N
2

flows continuously into tubes A and B at a predetermined flow

rate. The stream flowing into the detector is switched between pure

N2 (B) and N2 saturated with n-pentane (A) by manually turning

either of the two stopcocks as fast as possible (about 2 seconds per

rotation) while the detector frequency is being continuously monitored.

Experimental Set- Up

The generalized experimental data acquisition system is shown

in Figure 31. Block A represents the crystal housing and chemical

system used. In coulometric experiments it is two crystals, one used

as reference and the other as sample crystal. In these experiments

block B is the Piezoelectrometer and the data transmission-storage

system is that marked II. In experiments on evaluation of coatings

block A is the crystal housing B of Figure 24 with only one crystal,

block B is the improved frequency counter described earlier; and

block I is used for data storage. In gas chromatographic

experiments block A is the GC-detector described in page 65, Part

I; block B is the improved frequency counter; and either block I or II



Transduce

Crystal Actuat-
or

Measuring

Circuit
B

Code

Converter

P-S

Converter

Digital
Printer

1

D I

Relay

Interface -1t4

Teletype

CDC-3300
System

Figure 31. Generalized experimental data acquisition system.
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is employed for data storage-processing depending on the nature of

the experiment. In all gas chromatographic experiments the output

of the thermal conductivity detector present in the GC-unit is also

monitored on a Heath Model EUW-20A servo-recorder.
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RESULTS AND DISCUSSION

Experimental results obtained in this work, their interpreta-

tions, implications, and applications are discussed in four separate

parts as outlined below:

1 Evaluation of the Piezoelectrometer and Test of Basic Theory.

2 Evaluation of Environmental Parameters,

3 Evaluation of Crystal Coatings for Sulfur Compounds, and

4 Applications of Partition Detectors in Gas Chromatography.

In the discussion pertaining to the Piezoelectrometer a new

approach to its design is also presented.

Part I - Evaluation of the Piezoelectrometer
and Test of Basic Theory

In this section are presented evaluation data on the Piezoelec-

trometer as well as data confirming applicability of Eq. (10) over

a wide frequency range.

Evaluation of Deposition Techniques

Recovery data on gold and silver standard solutions are pre-

sented in Table 8. Relative standard deviations in all cases are

better than 1 %; whereas, error figures vary from 1.4% to 0. 3 %.

In all cases weight recovered is greater than weight taken which

indicates less than 100% current efficiency. All data on gold have



Table 8. Data on recovery of gold and silver.

Element Trial # Weight Taken Weight Recovered Rel. Stnd. Dev. Error*
mg mg

Gold 1 2.01174 2.032+0.001 0.444 1.4
2 2.037
3 2.045
4 2.053
5 2.032

Silver

1 0.40235 0.4054 0.291 1.0
2 0.4060
3 0.4076
4 0.4082
5 0.4060

1 0.04024 0.04009 0.571 0.3
2 0.04061
3 0.04046
4 0.04031
5 0.04009

1 3.737 3.749 9.8 0.46
2 3.749
3 3.756
4 3.774
5 3.741

% error = (true value-mean measured value) /tune value x 100
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been corrected for background current assuming a constant back-

ground charge accumulation of 0.5 chart division. The discrepancy

in percent error at different gold levels is most probably due to

differences in length of deposition time (longer for more concen-

trated solutions).

Crystal Calibration Data

Table 9 presents the data obtained on two crystals for gold and

silver. The same data are also plotted in Figure 32. The equatiQns

of the best fitting straight lines are obtained using least square

analysis by means of program *SIMLIN. The fact that in both cases

high degree of linearity is obtained indicated validity of Eq. (10) over

the wide range of frequencies tested as well as proper performance

of the Piezoelectrometer over this frequency range. The listed

standard deviations show a high degree of stability of the system.

Subsequent work with various crystals has shown; however, that

not all crystals have as wide a range as shown in Table 9. The

range is dependent on the past history of the individual crystal

espceially the thickness of electrodes deposited on the crystal.

At some point a given crystal will stop oscillating due to it being

overloaded. Furthermore, examination of relative frequency shifts

for gold and silver indicates that the constant of Eq. (10) is not the

same for the two cases which is to be expected (20).
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Table 9. Analytical data for deposition of gold and silver on 9.0
MHz. quartz crystal.

Weight Deposited Element Mean Frequency
Shift
Hz.

O. 0
5.2

10.4
15.6
20. 8
26. 0
31.2
36.4
41.6
46.8
52. 0
57.2
62.4
67. 6
72. 8
83.2
93.6

104.0
114.4
1 24. 8
135.2
151.1
166. 7
182.3
197.9

O. 0
15. 2
31.1
46.2
61.7
76. 8

Gold

Silver

-3605
5428

14624
22166
28988
37637
44446
51847
59098
66351
73297
8011 4
86052
93370

100648
113596
1 27600
139840
152532
166142
178258
197289
214977
234056
254824

3047
9691

16623
24008
31854
38639

Number of measurements per point for gold > 30
Number of measurements per point for silver = 10
% rel. Stand. Dev. for all < 0.1
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deposited gold and silver.
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Absolute Stability of Piezoelectrometer

Data of Table 9 indicate that the instrument performance is

quite satisfactory for the beat frequency range measured if one is

interested in stability relative to the absolute measurement. How-

ever, at very low beat frequency variations; viz., tens of cycles per

second the absolute variations in the beat frequency become appreci-

able. The main source of variation in frequency measurements with

this instrument is the time base which is derived from the 60-Hz.

power line. This was confirmed using the time base from the

Piezoelectrometer to control the counting period of the Heath UDI

(mode; events count) and comparing the frequency reading obtained

for some known frequency of a source (radio frequency generator,

Haw lett Packard Model 606A) with that obtained from the Heath UDI

used in frequency counting mode (in this mode a highly stable crystal

oscillator is used as time base). Over a 3-hour period the variations

observed were 0.07% for the Piezoelectrometer time base and 0. 005%

for the Heath frequency counter. This means that if the beat frequency

were around 20,000 Hz. the observed variations due to time base

instability would be about 14 Hz. which is significant if the frequency

shift of interest were of the same order of magnitude (which is the

case with many reversible coatings).
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New Approach to Design of the Piezoelectrometer

In the instrument that was built a combination of analog (mixing,

filtering, and amplification) and digital counting techniques were

employed. Design of filters, mixers and proper amplifiers is not

a task for the novice and makes proper design of such an instrument

a rather delicate task. A much simpler approach (but more expensive

at the present) is application of up-down counters which eliminates

all of analog design problems and substantially reduces the number of

components used. Figure 33 illustrates the basic ideas involved.

Basically, the counters count the frequency of reference oscillator

for a certain length of time (up counting), then the reference is cut

off via the appropriate FET switch and the sample switch is opened

at which time the counters count down the frequency of sample oscil-

lator from their initial count status which was determined at the end

of up-counting cycle. If the down counting period is the same length

as the up-counting time, at the end of down-counting cycle the counters

will have registered the difference between the two frequencies, i.e.

the beat frequency.

Part II - Evaluation of Environmental Parameters

In order to use such a transducer for detection of various gases

one needs to evaluate the effects of such parameters as: temperature,
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pressure, flow rate, and thermal conductivity of the medium on

crystal frequency.

Effect of Temperature

The crystals employed in this work are all AT-cut which have

a temperature dependence as shown in Figure 34 (3). Although the

effect of temperature is quite small over the ambient temperature

range for most precise detection work especially if large temperature

fluctuations are expected one needs either thermostating or compen-

sation by means of a reference crystal.

Effect of Pressure

This part of the study was undertaken to determine the extent

to which these crystals are stable in a pressure variant system thus

determining the effect of environmental pressure fluctuations on

crystal frequency. The experimental set-up used is that of Figure

31 with block A being the crystal housing B of Figure 24 and the

associated vacuum system, block B being the improved frequency

counter, and block I used as storage medium.

Prior to a run the system is flushed with N2 for about an hour.

With ST1, 2, and 11 (Figure 24) closed off vacuum is applied in either

of two fashions: 1) ST3 is opened as fast as possible simulating a

step input, or 2) a slow leak is introduced into the system via ST3
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Figure 34. Effect of temperature on frequency of AT-cut crystals.
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simulating an equilibrium situation. At the termination of evacuation

cycle N2 is allowed in via ST1 either quickly (step input) or gradually.

It was found that during each experiment room temperature fluctua-

tions were so small that thermostating was not required.

Step Function Response

A typical frequency-time plot in N2 is shown in Figure 35. A

sharp peak always appears during the first 10-seconds of the evacua-

tion cycle, followed by a gradual increase in frequency as evacuation

proceeds to completion. This initial peak is quite reproducible in

magnitude (Table 10) and is also always present in a fast repressur-

ization cycle (but in opposite direction) although not quite as repro-

ducible in magnitude (most probably due to inability to reproduce the

repressurization step). The magnitude of this peak can be correlated

quantitatively with the behavior of a 2-second response time thermis-

tor element placed in the same position as the crystal. A precali-

brated thermistor (GB31J1 R
25

0^-61K) was used in the circuit shown

in Figure 36. Behavior of the thermistor output as a result of step

evaluation is plotted (in terms of temperature) in Figure 37. Flow

dependence of the thermistor was determined to be about 1.5 my. per

-1lit. min. of helium (helium has a thermal conductivity x 6 that of

N2). If the thermistor output change is assumed to be due to temper-

ature changes due to removal of the gas this temperature change
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Figure 35. Frequency-time plot of step evacuation for a
gold-plated AT-cut quartz crystal.
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circuit for monitoring thermistor output.
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should be 8. 3°C (from data of Figure 37). Such a temperature change

in the environment of an AT-cut crystal will result in 4 ppm increase

in crystal frequency which for our crystal should be 36 cps. total.

This predicted frequency shift agrees with the observed 38 Hz.

frequency change to within 5%. Thus, one tends to attribute this

sudden peak to temperature variations in the crystal as a result of

application of sudden vacuum. This is further confirmed (at least

qualitatively) by the observation that the fast repressurization step

always resulted in a frequency shift in the opposite direction which

also agrees with the behavior of the thermistor. One must; however,

recognize the fact that flow rate of the gas as a result of application

of vacuum will also affect the outputs of both the crystal and the

thermistor and that perhaps both these factors are responsible for

the observed phenomenon.

Table 10. Reproducibility data on initial peak in
the frequency-pressure plots.

Cycle # of, Hz.

1 38

2 36

3 38

4 40

mean 38
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Simulated Equilibrium Response

In order to obtain frequency pressure plots slow evacuation-

pressurization cycles (each cycle taking about 500-600 seconds)

were performed. A typical run is as follows: with the crystal in

N2 atmosphere (pre-flushing for at least 1 hour) a slow leak was

introduced via ST3. Frequency readings were taken at predetermined

pressure points. After vacuum limit was reached ST3 was closed

and a slow N2 leak was introduced via ST1, frequency data being

taken in a manner as before. Figure 38 shows the effect of evacua-

tion-pressurization on crystal-frequency. From these data one

arrives at the following qualitative conclusions:

1 - evacuation has the effect of increasing the frequency of oscilla-

tions.

2 - the magnitude of of over the entire pressure range is quite

small (less than 100 Hz. ).

3 - some degree of irreversibility is involved in repetitive cycles

of evacuation-pressurization, and

4 - application of one atmosphere pressure after an evacuation

cycle does not result in stable frequency output for quite some time.

Various factors that could affect frequency of a crystal as a

result of pressure reduction are:

1 - nitrogen desorption: if a monolayer of N2 were adsorbed on
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the electrode and if application of vacuum resulted in desorption of

such a monolayer the frequency shift due to this effect would be about

13 Hz. (assuming an effective area of 16.2 R. per nitrogen molecule).

This effect or desorption of any other gas could not explain the much

larger frequency shifts observed.

2 - changes in acoustic impedance of the medium; since acoustic

impedance of the medium affects the rate of energy loss of a vibrating

crystal one should expect a change in both amplitude and frequency
.1./

of oscillations. In fact, radiation impedance of a fluid is (ITU

(6) wherel is the viscosity and the density of the fluid. In a gas,

density is directly proportional to pressure while viscosity is inde-

pendent of it. Therefore, the rate of energy loss should be directly

proportional to the pressure of the gas. Furthermore, since an

increase in rate of energy loss results in a decrease in both fre-

quency and amplitude an increase in pressure should decrease the

frequency of the oscillator. However, the observed frequency-

pressure curves are far from linear and therefore this cannot be

the only mechanism involved.

For the purpose of using the crystal as a partition detector one

need not concern himself with small fluctuations in pressure; how-

ever, drastic changes should be avoided.
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Effect of Gas Flow Rate

From the data of Table 11 it appears that flow rate (in the range

tested) has no significant effect on crystal frequency. This in agree-

ment with work already reported in literature (10).

Effect of Thermal Conductivity of the Medium

In order to study this effect one uses non-adsorbing gases of

widely different thermal conductivities. Streams of N2 and He were

alternatively switched into the system of Figure 24 via ST1 and the

frequency monitored. From data of Table 12 one concludes that

there is no significant effect of thermal conductivity of the gas on

crystal frequency.

Short-Term and Long-Term Stabilities

Data on long-term stability of these crystals are presented in

Table 13. Also at room temperature of 23-24° C the frequency

variation was 14 Hz. in 50 minutes as compared to 12 Hz. when

thermostated at 32°C for the same period.

Part III Evaluation of Crystal Coatings
for Gaseous Sulfur Compounds

In order to convert a quartz crystal into a partition detector

one must coat the crystal surface with a liquid capable of dissolving
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Table 11. Effect of flow rate on crystal frequency.'''

Flow Rate,
ml.

Freq., Hz.

0 9002780
34 79

148 80
740 79-80

1418 80
1630 80
21 20 80-81

Measured in nitrogen stream

Table 1 2. Effect of thermal conductivity of medium on crystal
frequency.

Gas Thermal Conductivity
cal. /s. cm. 2

(° C/cm. )x10-6

Freq., Hz.

100% N2 60. 34

1 2. 7% N2 + 87.3% He

9002793-4

9002794

Thermal Cond. of He = 352.10

Table 13. Long-term stability data.

Time Freq., Hz.

09 50
1050
11 50
1300
1440
1600
1705

9001800
1811
1810
1812
1809
1809
1811
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the particular gas of interest. Sensitivity of such a detector will

then depend on the partition coefficient of the gas in the coating

employed as well as the amount of coating applied. From Eq. (13)

one can develop a sensitivity expression, defined as the shift in

frequency of the detector per unit concentration of the component to

be detected, as follows:

S = of /( W
T

/VD) r m° K ° Vy, x x
(32)

where S = sensitivity, Hz. /conc.

The actual units for S depend on what units are used for the concen-

tration term giving numerical values for S that are convenient to use.

To enhance sensitivity of such a detector one can manipulate one or

both factors of Eq. (32); i.e. K and V . However, application
y, x x

of too heavy a coating on the surface of the crystal will prevent it

from oscillating. Therefore, the amount of Vx applied must be

judiciously selected. Furthermore, the heavier the coating the

more sluggish the detector response. But, at such coating thick-

nesses as useful in this work sluggishness should not be too great a

factor (thicknesses employed are typically 0.1-1.0 micron).

Selection of the proper coating requires a knowledge of Ky, x

Since such data are not available for SO2 and are at best scarce for

organic sulfur compounds in liquid phases that possess the proper

physical properties for this work it is desirable to measure these
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values. Utilizing Eq. (13) one should theoretically be able to

directly measure the partition coefficient of any gas in a given

liquid coating if one knows the exact values of m and Vx by plotting

of vs. W
T

/VD. However, as shown for the case of gold and silver

m takes different values for different deposits and must be deter-

mined using the gas of interest and some coating for which K

is known.

Ys x

Also, precise knowledge of Vx,
which is required for

precise determination of K is quite difficult to obtain due to
y, x

the fact that: 1) the amount of liquid coating used is in the micro-

gram range and therefore difficult to determine with high degree of

accuracy, and 2) with the crystals employed in this work which have

electrodes partially covering the quartz surface it is difficult to

confine the liquid coating to the electrode area.

On the other hand, using theoretically developed equations one

may arrive at some approximate values for Ky, x The following

equation derived by Littlewood (21) gives approximate values for K
y, x`

(33),
K

"Sr, x
f.:--1pRT/("YMiPa)

where Po
2

= vapor pressure of solute at

temperature T°K

R = universal gas constant

-y = activity coefficient of solute X

in solvent Y

and M1 = molecular weight of solvent Y
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For the present purpose this equation is useful only if y can be

assumed to be constant over the concentration range of interest since

an actual knowledge of y is quite difficult to obtain. Furthermore,

for polar solute-polar solvent systems this equation does not neces-

sarily hold (21). Table 14 lists values of partition coefficients

calculated using Eq. (33) and measured for some solutes in didecyl

phthalate (21).

Since Eq. (33) was developed for an ideal solution it does not

take into account any interactive effect between the solute and the

solvent molecules which is obviously very significant in real solutions

especially in solutions made of polar components. Nevertheless, to

gain a rough insight into the sensitivity of various liquid coatings

Eq. (33) is a helpful tool. Some calculated partition coefficients for

SO2 in various liquid coatings are listed in Table 15. Employing

Eq. (13) and assigning the following numerical values: m = 1000 Hz. /

13 ,,;',15 (Table 15); and Vcarbowax400 = 10-5cm3 (10 1.1,g coating)

one obtains:

Af = (1. 5 x10 Hzg -1 cm 3 )W
T

/VD
SO2

3If W
T

/VD = 3 x 10 5gcm (1% SO
2

by volume) then:

Af = 45 Hz. /%S02
SO2

This shows that subparts per thousand concentrations of SO2 can be

measured. One should emphasize that the above calculations are
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Table 14. Calculated and measured partition coefficients for some
compounds in didecyl phthalate.

Compound at 105° C a
calculated measured

n- hexane 26.7 27. 0
cyclohexane 36. 6 52. 0
methanol 17.4 1 2, 6
ethanol 24.8 20. 9
n-heptane 53.4 57. 6
n-octane 132.1 121. 0
n-nonane 240.0

p = R. T/M
1 2

Po
2

= 52801. 5/P°' P°
2

is in Torr.
pp =a=Ky, x

Table 15. Calculated partition coefficients for SO2 at 25° C.

Compound Molecular
Weight

3 (cc/g)

Dinonyl Phthalate

Carbowax 20M
Carbowax 400

SAIB

Triethanolamine

Tricresyl Phosphate

418

20000
400

847

149

368

14. 6

O. 3
1 5. 2

7. 2

41. 0

16. 6

= 3040 torr; 3 =25 SO,
623701 x 298/3040 x = 6113.9/M1
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approximate at best and could be off by as much as an order of mag-

nitude.

In the above discussion it was assumed that there are no chem-

ical reactions between the solute and the solvent. However, if such

reactions take place the theory involved becomes one of chemical

stoichiometry and the resulting detector will exhibit irreversible

response characteristics and act as an integral sensor. For detec-

tors to be used for continuous monitoring of gas streams (which is

the main objective of this work) such coatings are undesirable even

though their sensitivity may be orders of magnitude greater than

coatings that exhibit reversible response characteristics.

Reversibility is but one of the required properties of these

coatings. They must possess the following properties as well:

1 - extremely low vapor pressure: since the amount of coating

applied is so small slightest evaporation of the coating will have

two devastating effects: first, it will result in frequency drifts

which may entirely overshadow small frequency shifts due to

solute-solvent interaction; and secondly, it will continually alter

the detector characteristics (Eq. (13)). From this point of

view, the best coatings are those liquids developed for high

temperature gas chromatography. Figure 39 shows plots of

frequency vs. time for two crystals coated with two com-

pounds having widely different degrees of volatility. The
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Figure 39 Frequency stability of a liquid coated crystal as a function
of time for two different coatings.
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two crystals were subjected to the same nitrogen flow rate.

stability: the coating should be stable with respect to such

factors as absorption of atmospheric oxygen or other constituents,

interaction with light and so on.

3 - Ease of application: although various methods can be used to

apply a coating it must be remembered that application of any adhe-

sives or bonding agents will have two undesirable effects: it will

alter the intended properties of the coating material due to partial

exposure of the bonding agent and it will result in a reduction in

maximum amount of coating that can be applied. Of the various

techniques the simplest and most readily adaptable is deposition

of the coating from a volatile solvent. Using this technique one

gains the added advantage of being able to control V . Furthermore,

after the solvent has evaporated the coating must have the property

of spreading to give a uniform layer. Such property is most easily

realized in heavy organic liquids having low surface energies. With

all the coatings used in this work (except carbowax 20M) it was found

that subjecting them to temperature of 60-70°C overnight resulted

in a uniform spreading. The coating, however, did not always

cover the entire surface and this was mainly responsible for lack

of better reproducibility of coating thicknesses.

A second convenient method is dipping the crystal into a solu-

tion of the liquid coating in a volatile solvent; then pulling out the
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crystal and letting the solvent evaporate. Figure 40 and Table 16

show linearity and reproducibility of such coatings obtained in solu-

tions containing different concentrations of Carbowax 20M. The main

drawbacks in this technique are poor reproducibility and inability to

deposit a predetermined amount of liquid coating on the crystal

surface. Furthermore, in cases where a heavy coating is desirable

solubility of liquid coating in the solvent could become a problem.

Of these two methods the former was selected mainly because

one can deposit as thick a layer as one desires. Each coating is

always followed by measurement of the frequency shift due to the

coating so that sensitivities of various coating materials can be

compared. This shift is referred to as af-coating

Determination of Average Frequency
Shift for Various Liquid Coatings

In order to be able to correlate sensitivities of various liquid

coatings one must normalize all sensitivities to unit Vx (or some

multiple thereof). This may be done via either normalization to a

given Afcoating (assuming all coatings have the same Afcoating per

microgram) or if Vx is known via normalization to unit Vx. Since

all the coatings were applied using the same technique as discussed

previously reproducibility as well as variations in Afcoating for two

different liquid coatings were determined. The solutions were
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Table 16. Data on reproducibility of coatings by dipping technique.

Solution Concentration
g/50 ml.

Afcoating, Hz. Mean f Hz.coating

0.0837

0.1972

0.3880

479
960
750

1011

1031
1975
2835

4597
29 01
3057

800

1947

3 51 7
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always deposited using the same 0.25 ml. Hamilton syringe whose

volume per drop for CH2C12 was determined to be 2.8 41/drop

(CH
2
C12 and CHC1

3
are the only solvents used) and was assumed

to be the same for chloroform (this assumption is correct to about

10%). Table 17 shows the measured frequency shift due to applica-

tion of one drop (2.8 IA. ) of a solution of SAIB is CH2C12 and of

squalane in CHC13. Reproducibility is better than 5% relative stand-

ard deviation for both and after normalization to unit quantity agree-

ment between Afsqualane and fSAIB is within 8%.

Table 18 lists the liquid coatings used in this work together

with their pertinent physico-chemical properties.

Evaluation of Liquid Coatings for SO2

The coatings tested in this work are subdivided into two groups:

1) those exhibiting reversible characteristics, and 2) those that are

at least partially irreversible. The criterion of reversibility used

in this work is the ability of the coated crystal to recover to within

98% of its original frequency upon removal of the input function.

1 Reversible Case: results of evaluations of six coatings are

listed in Table 19. The same data normalized to 100 lag of liquid

coating are presented in Table 20 and plotted in Figure 41. For

the purpose of normalization of these data the assumption is made



Table 17. Data on reproducibility of coatings by drop method.

Compound Run # Afcoating, Hz. &faverage, Hz. Cr

SAIB 1 3585 3784 4. 6
2 4012
3 3790
4 3750

AfSAIB
SAIB = 792 Hz. /1.1g.

Squalane 1 1230 1199 3. 7
2 1195
3 1231
4 1138

Afsqualane/lIg. squalane = 728 Hz, /4g.

2.78 41 SAIB/drop ; 0.04298 g/25 ml. ; 1 drop added in each case

2.78 µl squalane/drop ; 0.01482 g/25 ml.; 1 drop added in each case



Table 18. Some properties of liquid coatings used.

Name Formula Vapor
Pressure
micron

State M. W. Solvent Comments

Carbowax 400

Carbowax 20M

Dinonyl Phthalate

Polyphenyl Ether

c/3 ' -Oxidipropionitrile

SAI B

Triethanolamine

Amine #220

Squalane

CH2OH f CH2OCH2 j- CH2OH
7-8

CH2OH { CH2OCH2 CH2OH
455

C
6
H4(CO

2C 9H19)2

[ -0l n

CN- CH2CH2OCH2CH2CN

C H
14

0
3

(CH
3
CO

2
)
2
((CH

3
) CHCO 2)6

12 2

(CH
2 OH) 3N

C17H35 (N2C2H4)C2H5OH

C
30

H62

10
5

5
5x10

8x10
-2

<<
11

10 g/m1.*

3x10
-1-1.5x10 +1

<1C

liq.

solid

liq.

liq.

liq.

liq.

liq.

lig.

400

20 M

418

124

847

149

483

C&M

C&M

C&M

C&M

C&M

C&M

C&M

C&M

P

P

p

extrapolated from data of S. J. Hawkes (22).

P = Polar

I = Intermediate

N = Non-polar

C = Chloroform

M = Methylene chloride



Table 19. Experimental frequency shifts of crystals coated with various liquid coatings for different concentrations of SO2.

Liquid coating of
coating

Hz.

Temp.,
oC

Al, Hz.

1 2 3 4 5 6 7 8 9

None 24.5° 2 6 8 10 12 14 15 17

Polyphenyl Ether (6-ring) 5387 25.5 5 10 16 23 29 35 41 47

Dinonyl Phthalate 1953 25.0-25.5 8 17 25 32 42

Carbowax 400 8165 24.3-24.5 76 149 218 279 340 398 453 504

Carbowax 20 M 5754 25.5 13 26 39 52 63 75 86 95

SAIB 24909 24.8-25.0 68 133 200 265 330 392 456 520

13(31-thddipropionitrile 2124 24.8-25.0 10 20 31 42 52

10*

ml. SO2 injected into housing B (Figure 24).



Table 20. Data of Table 19 normalized per 100 4g of coating.

ml. SO2 Carbowax 400 Carbowax 20M -Oxidirpopio-
nitrile

SAIB

1 798 1 71 358 207

2 1387 344 716 406

3 2030 51 5 1109 610

4 259 7 687 1503 808

5 3165 832 1861 1007

6 3705 991 1196

7 421 7 1136 1391

8 469. 1255 1586
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that fcoating coating = 760 Hz. (average of the experimental

values of Table 17). Although a detailed analysis of the molecular

explanation for the observed effects are quite complex some qualita-

tive comparisons with the simplified theory of Eq. (33) are obvious.

In the case of Carbowax 400 and Carbowax 20M the observed trend

should be expected for Carbowax 20M is a solid at room temperature

but Carbowax 400 is a liquid. Since they are both strongly polar one

may expect large deviations from ideality perhaps explaining, in

part, the observed skew in both plots. The fact that w-oxidipropio-

nitrile exhibits large sensitivity can also be explained by the strong

polar nature of the liquid coating. Apparently presence of hydroxyl

groups in Carbowax increases its sensitivity over that of pp, -oxidi-

propionitrile.

All of the liquid coatings plotted in Figure 41 respond reversibly

to SO2 concentrations. Reversibility tests were run as follows: after

a certain amount of SO2 was introduced into the crystal housing (B

of Figure 24) and stable readings were obtained the system was

flushed with N2 and frequency output was monitored. In all cases

presented in Table 19 the final frequency after sufficient N2 flow

reached to within 98% of the original frequency. Figure 42 presents

reversibility data for SAIB at 22. 5 °C. The linear part of the plot

simply shows crystal response to various concentrations of SO2.

The curvilinear portion indicates 100% reversibility. Time scale
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Figure 41. Response plots of liquid coated crystals to
various concentrations of SO2 in N2 (see
Table 20).
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Figure 42. Reversibility plot of SAIB-coated crystal
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Figure 43. Response time characteristics of SAIB-coated
crystal placed in housing B of Figure 24 to
SO2 injection.
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of the plot should not be taken as too significant since it depends

very largely on experimental conditions such as flow rate, detector

volume and so on.

Response time of the system was tested by application of a

step input which was simulated by adding a given volume of pure SO2

via P2 (Figure 24) and monitoring time dependence of frequency

shift. Results are plotted on Figure 43. This figure indicates the

response time characteristics of the system containing the large

volume B and is by no means any indication of response character-

istic of the crystal and the coating alone (also see response time of

GC-detector and theoretical calculations of response time).

Effect of Temperature on Sensitivity

According to Eq. (32) sensitivity of partition detectors is

directly proportional to K . Partition coefficient of a gas in ay, x

liquid coating is a complex function of temperature and can be

approximated by Eq. (33). Combining Eqs. (32) and (33) one arrives

at Eq. (34):

S = ( Vx(Rph ) )
( T /P°2) ( 34)

This equation indicates that S is directly proportional to T/P 2.

It has been shown that Po varies with temperature according to

Eq. (35):

In (P2 = (A /T) +B (35)



Figure 44 shows validity of Eq. (35) for SO2. Combining Eq. (34 )

and Eq. (35) one obtains Eq. (36):

S = eA/T

120

(36)

where H is the appropriate constant. Knowing constant A which is

obtainable from vapor pressure-temperature plots one may calculate

the S vs. T plot (Figure 45). For SO2 A is calculated (from Figure

44) to be 3274.7. Using this value and Eq. (36) one can calculate

the ratio of frequency shifts at any two temperatures:

ST
= (T2eA/T2)/(TieA /T

1 )

If t
1

= 22. 5 °C and t2 = 0.0oC then:

S 273 /S 295. 5
= 2.29

(37)

To test the validity of Eq. (36) frequency shifts for various concen-

trations of SO2 at 0 °C and 22. 5 °C in SAIB were measured and the

ratios were calculated for each concentration. The results are

presented in Table 21. These ratios agree quite well (within 2. 3%)

with the predicted ratio of 2. 29. Considering the simplicity of the

equations used and the assumptions that were made in derivation of

these equations this is a remarkable agreement between theory and

experiment.
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Figure 44. Straight-line relationship between log P and 1T
for SO2 (data from ref. 23).
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Table 21. Effect of temperature on sensitivity of partition detector.

Ml. SO2 added of0
/nf22.

5o
mean

0. 5 2.40 2.34 1.7

1. 0 2. 32

1. 5 2. 30

2.0 2.36

2.5 2.34

2 - Partially Reversible Case: detector sensitivity and reversi-

bility are two factors that must be compromised in any actual

development since they cannot be separated. The coatings described

in Part 1 above are all reversible and satisfactory for applications

where parts per thousand sensitivity is satisfactory or if lower

temperatures can be tolerated and maintained. However, other

applications often require sensitivities much better than those

feasible with such coatings. It is likely that one could find coatings

that offer this special requirement but at the expense of reversibility.

These coatings function on the basis of their adsorptive properties

or special chemical reactions between adsorbent and adsorbate

and may even offer the unique advantage of selectivity if properly

chosen. With respect to SO2 two such coatings were evaluated:

triethanolamine (TEA) and Amine #220. Figures 46 and 47 present
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Figure 46. Sensitivity and reversibility plots of TEA-
coated crystal for SO2 in N2.
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Figure 47. Sensitivity and reversibility plots of Amine ##220
coated crystal for SO2 in N2.
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data on sensitivity and reversibility of these coatings. The solid

curves are plots of frequency shift vs. concentration of SO2 in parts

per million (ppm); whereas, dashed curves show degree of reversi-

bility of the coating. The reversibility curves were obtained by

flushing the system with N2 at 148 ml. /min. and monitoring crystal

frequency.

It is known that SO2 forms 1:1 complexes with pyridine (24)

as well as aliphatic amines (25). Therefore, it is not surprising

that crystals coated with TEA or Amine #220 (c-17,13,5"--
c_vi,-oH.t,i

)

I

respond to very low concentrations of SO2. Considering Figure 47

for Amine #220, the number of moles of the Amine applied is about

4 x 10-8 (from Afcoatng ; m. w.
i Amine

= 341), On the other hand

each 4.4 ppm of SO2 corresponds to about 1. 5 x 10-8 moles (at

room temperature). If a 1:1 complex was formed one should expect

a linear relation in the frequency-concentration curve for the first

2-3 additions of SO2. A linear relation is observed for the first

two increments which indicates that the linear portion of the curve

corresponds to an actual chemical reaction forming a stable 1:1

complex. The fact that the curve bends drastically shows that

either the first two additions completely cover the exposed surface

of the reactive material making further reaction very time dependent

or that the curved portion is simply due to some physical attraction

between the complex and the free SO2. The latter suggestion is
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supported by the additional experimental evidence that flushing the

system with N2 brings the crystal frequency back to the point between

the linear part and the curved portion of the graph.

A similar argument may also be advanced for the case of TEA.

Although TEA has quite a high vapor pressure (Table 18) apparently

not much of it is removed during this time as evidenced from plot

of Figure 48. Another evidence in support of the hypothesis that the

interaction between SO2 and these amines is chemical rather than

simple dissolution is the very slow rate of equilibrium as seen in

Figure 49 for TEA.

Evaluation of Liquid Coatings for Organic Sulfur Compounds

Since frequency shift of a coated crystal is directly proportional

to the partition coefficients of the dissolved gas and the partition

coefficients of various members of a homologous series are related

in quite a predictable manner (see section on GC-detector) one only

needs to evaluate a given crystal coating for one member of a

homologous series and, if desired, calculate the crystal response

for other members. In this work one member of organic sulfides

and one of mercaptans were used for evaluation of two liquid coatings;

viz, SAIB and Carbowax 400. The main reason for selection of these

two coatings lies in their desirable physical characteristics making
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Figure 48. Time stability of TEA-coated crystal. Crystal
was subjected to a 1\12 flow rate of 148 ml/min.
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them good coatings for this work. The results are presented in

Table 22 and are plotted in Figure 50.

Part IV - Application of the Partition Detector
in Gas Chromatography

The Gas Chromatographic Detector (GC-detector) was devel-

oped with the ultimate goal of developing a totally digital system for

handling of gas chromatographic outputs. This section contains two

parts: 1 - development and characterization of the detector, and

2 - application of the detector in on-line acquisition of gas chromato-

graphic data. Each section will be discussed separately.

Development and Characterization of GC-Detector

The liquid coating used in this work is squalane unless other-

wise indicated and the solutes employed are alkanes C 5-C8 and

benzene. All chemicals are either Phillips 66 pure grade or analyti-

cal reagent grade. The data acquisition system employed is described

under Experimental Set-up. Mechanical data on the detector are

presented in the Experimental Section. In all work except where

flow rates had to be known the Helium flow rate was kept around 10-

15 ml. /min. (this range contains the optimum flow rate) but was not

measured. Experimental details for the gas chromatograph are

described under Experimental Methods and Procedures. Mathe-

matical developments for the detector are described under



Table 22. Data for n- butyl mercaptan and ethyl sulfide on two coatings.

Concentration*
(laPt)

SAIB f, Hz. Carbowax 400

experimental
n-BM EtS

Normalized**
n-BM Et-S

experimental
n-BM

Normalized
n-BM

0. 59 49 232 32 487

1.13 43 204

1.18 95 452 50 760

1.77 137 650 65 988

2. 26 83 394

2.36 179 850 79 1185

2.95 93 1413

3.39 126 598

4. 52 167 - 797

nn-BMppt x 1000nnn-BM N2

760 Afexpt'l
** = 1 6 021 AfnormalizedAfSAIB = Af x 100 = 76000 x Af; expttl Af coating coating

AfCarbowax 400 = 5305
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Figure 50. Response of SAIB- and Carbowax 400-coated
crystals to organic sulfur compounds.
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Theoretical Developments.

Test of Validity of Eq. j221: Eq. (27) was developed assuming

that the solute-solvent system is at equilibrium during elution of a

peak. However, it is well known that the process of gas-liquid

chromatography is not an equilibrium situation. Since the partition

detector also functions on the same principle as gas-liquid chroma-

tography one may question the basic assumption underlying develop-

ment of Eq. (27). One should recognize, however, that if the flow

rate is sufficiently slow compared to the partition equilibrium time

constant (see theoretical section on time constants) the system should

approach equilibrium and Eq. (27) should apply. The following was

undertaken to test validity of Eq. (27). In each part of the following

tests all paramets of Eq. (27) are kept invariant except the one under

test.

Its.22-0daciLlity.2.2cLaaaLisy21112e Detector: n-pentane,

n-hexane, and n-octane were used to test linearity, range, and

reproducibility of the detector. Results are tabulated in Table 23

and are plotted in Figures 51 and 52. Figure 53 shows plots of

hexane peaks reconstructed from the frequency data for four different

runs. From data of Table 23 it is clear that in most cases repro-

ducibility is about 3%. Since all these data were obtained by injecting

a 1 Ill. sample using a 10 Ill. syringe (Wahl-Henius, WHI-10) 3%

relative standard deviation is quite reasonable. Data headed E of



Table 23. Analytical data for n-pentane, n-hexane, and n-octane on squalane partition detector. *

Solution
composition

1

EAf
2 3 4

Eo f
mean

96 Cr

1

PealcA f
2 3 4

Peak
mean

f cr

10 P + 90 B 137 147 114 139 13.4 26 28 28 27 3.7

30 P + 70 B 424 452 438 4.5 82 87 85 4.3

60 P + 40 B 787 814 832 811 2.8 155 158 165 159 3.3

80 P + 20 B 1195 1161 1178 2.1 205 208 207 1.0

100 P + 0 B 1422 1407 1387 1405 1.3 253 248 252 251 1.1

10 H + 90 B S76 540 537 551 4.0 85 90 80 85 5.9

30 H + 70 B 1724 1804 1735 1824 1772 2.8 274 287 273 278 278 2.3

SOH + 50 B 3125 2896 2976 2967 2991 3.2 477 445 458 452 458 3.0

75 H + 25 B

25 0 + 75 P 10208 10208

10 0 + 90 P 4598 4407 4503 6.7 370 347 359 4.5

8 0 + 92 P 3355 3317 3336 1.0 326 275 300 12.0

5 0 + 95 P 1942 1907 1925 1.3 165 161 163 1.8

2 0 + 98 P 743 743 62 62

*
P : n-pentane
H : n-hexane
B : benzene
O : n-octane
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Figure 51. Plots of peak area vs. injected sample volume.
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are obtained simply by summing up the frequency readings under

a given peak and subtracting the baseline. This sum is taken to be

a measure of the peak area which should be directly proportional to

the mass of the component responsible for the peak (Eq. 27). Data

under the heading Peak of are simply maximum frequency-shift

readings due to a given peak. From data of Table 23 it appears that

both methods have about the same precision. From data for the

best-fitting straight lines (Figures 51 and 52) it appears again that

both methods give about the same scatter in the slope but that coeffi-

cient of correlation for hexane and octane is slightly higher for the

summation method; whereas, for pentane it seems to be the reverse.

It seems that there is really no significant advantage of one method

over another except that the peak height method is less time consum-

ing when data are processed manually. Therefore, for analytical

work either method should be satisfactory. For the purpose of

detector characterization; however, the summation method is used

throughout since it is a measure of total amount of solute present in

the entire peak. The number of points per peak was always greater

than the theoretical minimum of eight points (26).

Dependence of A on K in order to establish this dependence
Y,x

a known weight of n-pentane, n-hexane, and n-octane were injected

separately into the column. Using the same detector (fixed V ) A 'sx y

were, measured by the summation method. Since data on V Is for
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these compounds are available (27) at temperatures other than that

of the partition detector (which is somewhere between room tempera-

ture and 65°C) first it must be established that if one plots V 's at

T1 vs. the respective values at T2 one obtains a linear relationship.

If this is established then one does not need to know exactly the

operating temperature of the detector as long as it is within the

limits of the tested temperature range.

Values of V at 80 and 100°C are obtained from literature (27)
g

for C2, C4, C6, C8, and C10 alkanes. A plot of ln(V ) vs. carbon

number provides a straight line from which one obtains V atg, C5

80 and 100°C. Using the relationship 1nV = -(A1-1/RT) + C (28) and

the data at 80 and 100 °C one calculates values of Vg, Cx
for other

temperatures. These data are listed in Table 24. Figure 54 presents

the appropriate plots for three widely different temperatures. In all

cases, there is good linear correlation between response and V .

Furthermore, the correlation is highest at 50°C which is closer to

the real detector temperature than the other two.

Dependence of A on Vx; according to Eq. (27) A increases

linearly with increasing amounts of coating. The experimental data

plotted in Figure 55 were obtained on crystals with SAIB coated on

only one surface (that facing the detector inlet). Appropriate correc-

tions for the exposed uncoated surface were applied by measuring

uncoated crystal response to the same amount of hexane and taking



Table 24. Vg's for some hydrocarbons.

Name Temperature, °C
25 50 80 100

n-pentane 80 40.1 20.1 13.5

n-hexane 275.5 118.9 50.2 30.7

n-octane 2645 854.1 279 145

*Values at 80 and 100 degrees are from ref. 27,
others are calculated.
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half of the resultant of as the correction factor (of/side = 90 Hz. ).

The error bars appearing in Figure 55 with each point are one stand-

ard deviation for each measurement (for the frequency axis 1 o- = 4. 6%,

Table 18; for x-axis 1 o- was calculated from two measurements per

point).

Dependence of A on Flow Rate: Figure 56 shows plots for

such a relationship for hexane and benzene on squalane. Table 25

lists the actual flow rates used. These flow rates were measured

using a home-made soap bubble flowmeter (28, p. 93). The listed

data are averages of three measurements unless indicated otherwise.

The flow range selected was about the optimum operating point for

the column,

Detector Response Time: as shown theoretically detector

response time for the case where diffusion into and out of liquid

coating is the only retarding mechanism is of the order of milli-

seconds. However, the observed response characteristics of the

detector are a function of detector dead volume, flow rate of the

carrier gas and diffusion coefficient of the solute in the carrier gas.

The observed response behavior of the system employed in Figure

28 is plotted in Figure 57. Dead volume for this apparatus is 1.2-

1.5 ml. Also in the theoretical development for the trailing edge

the assumption was made that C(1, t) = 0 which is not the case in

practice. Therefore, in evaluating response characteristics of



Table 25. Effect of flow rate of carrier Gas on Ay.

Flow rate
ml/min.

1

Benzene
Ay

hexaneFlow rate

4.0+0.2 0.250 13679+2184

6.6±0.1 0.1520 7709+123

11.4+0.1 0.0878 5061+143 2606±103

17.2+0.1 0.0582 2825+34 1372+19

25.4+0.1 0.0394 2107+77 1055+54

*+ corresponds to 1 Cr for three measurements
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such a detector one must evaluate the behavior of the entire system

rather than the surface characteristics alone. From these data and

the theoretical developments one concludes that sub-second response

times can be obtained using small detector volumes.

Application of Partition Detector in On-Line
Acquisition of Gas Chromatographic Data

The purpose of this section is to demonstrate the feasibility

of on-line acquisition and processing of gas chromatographic data

employing the partition detector and a remote terminal connected to

a time-sharing general purpose computer. The experimental set-up

used is that shown in Figure 31 with block II used for data transmis-

sion and processing. In this experiment data are acquired on-line

and stored in computer memory bank. Anytime after termination

of data-acquisition phase stored data may be processed. This,

however, is not the only manner in which hardware-software may

be arranged. One may, by proper software arrangement, perform

both acquisition and processing of data on-line or even acquisition,

processing, and outputting may be done simultaneously. For a

clear understanding of the system this discussion will be divided

into two sections: 1 Hardware Functions, and 2 Software Func-

tions.

Hardware Functions: to run a typical experiment one prepares

a scratch block in the computer memory bank by typing the following
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sequence of commands:

# JOB NUMBER, USER NUMBER

# EDIT

] TAPE

Now the computer is ready to accept data, To initiate data acquisi-

tion one simply presses the start button on the front panel of the P-S

converter switching the Mode-Switch from Manual to Automatic at

the same time (in standby condition the Mode-Switch is in Manual

Position). This operation may be done anytime during a GC run.

As data are transmitted to the computer a hard copy is also obtained

on the teletype. To terminate data acquisition one simply turns the

Mode-Switch to Manual pressing down on the stop push-button switch

at the same time. This action places a 1 at the output of the P-S

converter which keeps the relay closed. To save the acquired data

one then performs the following steps on the teletype:

press alt mode

FILE, NAME

Data are now filed under NAME.

Software Functions: this program was written to perform the

following functions: 1 search for gas chromatographic peaks,

rejecting noise peaks, 2 - identify each peak as to its nature, calcu-

lating various identification parameters, 3 - calculate the amount of

each component present in the mixture using predetermined
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calibration plot, and 4 - plot the raw data and print the results.

The flow chart for AREAGC is given in Figure 58. The program

locates a peak if a minimum of three subsequent points are ascending

using the same criterion for peak termination (except descending).

To test for noise peaks it compares the Afpeak with a preset minimum

value and rejects it if fpeak is less than or equal to the preset mini-

mum. After it has located a peak it calculates the corresponding

retention time and adjusts it with respect to n-pentane (n-pentane

is used as reference and must always be present in each sample).

It then identifies each peak by comparing its adjusted retention time

with a set of adjusted retention times pre-filed in the reference file

(called DAT). Having identified each peak it calculates the compo-

nent's retention index as well as concentration of the component

responsible for that peak (program AREAGC is reproduced in Appen-

dix A).

File Requirements: this program employs three separate data

files called: DAT (LUN 01), AD(LUN 05), and DATT(LUN 02). The

following is a description of each file. All three files are reproduced

in Appendix A.

DAT: this file contains reference data for all components that

may be present in a given sample as well as all alkanes used in calcu-

laging retention indices.

AD: this file contains the information for labeling of the plots.
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DATT: this file contains gas chromatographic data as trans-

mitted by the instrument. The file has a maximum field width of 72

characters and must be terminated with the number 9999.

Program Execution: to execute program AREAGC one proceeds

with the following commands:

# EQUIP, 1= DAT

# EQUIP, 2= DATT

# EQUIP, 5= AD

# EQUIP, 4= PLOT

#LABEL, 4/NAME

# FORTRAN, I = AREAGC, R

One may eliminate the need for the first four command statements

by incorporating CALL EQUIP subroutines in the program.

Results: a typical computer plot is presented in Figure 59.

The information on retention indices and concentrations is outputted

on teletype and the plot is produced by the Calcomp 1627 II drum

plotter.

System Evaluation: the system described here has, like any

other system, advantages as well as drawbacks and limitations.

Following is a list of significant advantages of this system over

others and its various limitations:

1 - Basic advantage of this system is that it is made entirely

of digital subsystems including the chemical transducer thereby

avoiding all limitations inherent in interfacing analog components
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to digital data processors. Since it uses a general purpose computer

it does not require dedicated small computers. This system does

not possess the disadvantages associated with memory limitations

of small computers and can be satisfactorily employed for execution

of various complex programs. Since all interactions are performed

via FORTRAN compiler no experience in machine language is re-

quired. The system is quite inexpensive (less the computer1!) since

it requires no specialized piece of equipment except the detector

block and perhaps the P-S converter.

2 - There are certain limitations in the present system part

of which may be eliminated by adopting more sophisticated hardware

and software combinations that are readily available. The most

basic of these is the number of data points per peak which of course

depends on the nature of the peak and column characteristics. In

the present system data are acquired every two seconds one of which

is used for accumulation of counts and the next for transmission of

accumulated readout. Using shorter count-times (such as 0.1 second)

will solve part of the problem. However, it will in turn decrease

sensitivity of the detector by the appropriate factor. T his point

must be settled by considerations of the particular needs and require-

ments of the actual experiment. The length of time allocated to

data transmission depends on the speed of data transmission inter-

face. Since teletype is used in this system transmission speed is
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that of teletype (10 characters per second). Operating at this speed

the minimum display time is about one second since the P-S converter

has to scan over 9-input gates. However, this limitation could be

overcome by one or both of the following modifications: 1 - trans-

mission at speeds higher than teletype speed. This requires special

high speed transmission channels and interfaces at the Computer

Center, and 2 modification of the P-S converter to scan over

smaller number of input gates which will then limit the number of

digits that can be serialized.

A more serious limitation which is characteristic of all time-

sharing systems is the limited word capacity of the buffer registers

allocated per terminal. In the OS-3 system which uses a PDP-8

for temporary storage of data from terminals not being serviced

this capacity is 200 words per terminal. Thus if a 5-digit data

set (4 digits plus one space per datum point) is transmitted at 2

seconds per datum point 40 points will fill the buffer register and

if it is not serviced fast enough further incoming data will be lost.

The speed at which each user is serviced depends on such factors

as remote terminal traffic, batch job traffic and so on which fluctuate

considerably depending on the time of the day and the day of the

month. So far this difficulty has not been encountered in this work

but it must be considered when adopting such an approach.

Software used in this work was not designed to provide optimal
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package for processing of data. Much more sophisticated software

is already available and may be used if desired. The software used

here is, however, adequate for the type of results obtained.

Applications in Multichromatographic Systems: since the

partition detector itself is quite simple and inexpensive to construct

multiplexing multichormatographic systems to a central processor

may be attractive. A typical two-chromatographic arrangement is

presented in Figure 60. In this arrangement two oscillators maintain

vibrations of the two crystals while the data acquisition system

samples the two frequencies alternatively. To accomplish this,

prior to start of a count cycle the reset pulse (from the counter)

sets the state of the D-flip flop turning on one of the two transistors

thus connecting the output of one of the two oscillators to the counter.

This alternates every time a new count cycle is initiated. Once data

are acquired (or alternatively simultaneous with data acquisition) it

is a simple matter to reconstruct each chromatogram in a different

location in the computer memory.

The single drawback in using multichromatographic systems

in the manner described and at teletype speeds is obviously the

limited number of datum points per peak depending on relative

narrowness of the peak compared to sampling time.
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CONCLUSION

Results of experiments carried out with widely different coating

materials indicate that AT-cut crystals employed in this work have

widely varying ranges over which oscillations are sustained. Some

can be used over a range of deposition thicknesses of several orders

of magnitude whereas others are quite limited in their useful working

range. If the coating material is stable and has low vapor pressure,

of the type commonly used as stationary phase in high temperature

gas chromatography, the resultant detector is highly stable. If the

coating material interacts reversibly with the sorbate the detector

is fast reversible but not as sensitive as if there were strong chem-

ical interactive forces between the sorbate-sorbent pair. The

latter then lacks reversibility and is much slower than the former

type.

If the nature of the interactive forces, whether physical or

chemical, between the sorbate and the sorbent is known the behavior

of the detector can be predicted mathematically with a high degree

of accuracy and the extent of control desired over such factors as

temperature can be determined quantitatively. The actual nature

of the coating material employed depends on the particular applica-

tion for which the detector is being designed. If coatings with

reversible characteristics are employed the resultant detector may
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be used for continuous monitoring of gas streams. However, inter-

fering components present in appreciable amounts must be eliminated

before the gas stream enters the detector housing if the detector is

used in a non-dispersive system. On the other hand, it should be

quite possible to overcome the difficulties associated with existence

of multicomponents by incorporating a column capable of separating

the components before they enter the detector volume. Successful

application of such a system requires further research however. If

the detector is to operate in a multicomponent system coatings

exhibiting specificity with respect to the sought-for component must

be employed. However, it must be recognized that such coatings

exhibit strong chemical interactions with the sorbate and therefore

the detector characteristics will be largely irreversible and response

will be slow. On the other hand, sensitivity will be enhanced by

orders of magnitude.

One novel application for partition detectors is their use in

gas chromatographic detection. Results of experiments conducted

in this work as well as work reported in literature show that such a

detector offers some interesting features that should prove desirable

in special applications. The fact that this detector relies on dissolu-

tion of the gaseous component into a liquid stationary phase and that

the degree of dissolution of members of a homologous series in a

given liquid is quite predictable may be used to confirm presence of
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some suspected member of such a series in an unknown. Alterna-

tively, a knowledge of sensitivities of this detector to some members

of a homologous series can be effectively used to predict its sensi-

tivities to other members of the series. In fact, if the proper

parameters are known, sensitivity of the detector to any gaseous

component can be predicted entirely theoretically. Other features

of interest in this detector are its ease of construction, lack of

necessity for any chemical reagent, combustion material or radio-

active source and lack of extensive maintenance requirements,

If properly selected, bleeding of the coating material can be kept

to a minimum. However, this is a definite problem that could

adversely affect detector performance.

The most significant advantage of this detector, which has not

yet been explored adequately by others, is its inherently digital

nature. Application of such a transducer to interfacing chemical

instruments to digital data processors and storage media will elimi-

nate the problems associated with analog to digital conversion.

Furthermore, the high frequency nature of the transducer should

prove advantageous in remote operations calling for modulation of

an RF carrier with signal information.

Simplicity of instrumentation involved has been shown by inter-

facing the detector to a large, general-purpose digital computer

operating on time-sharing mode for on-line data acquisition and
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processing of gas chromatographic peaks. The results indicate that

if the time-sharing capability exists such an approach could result

in satisfactory implementation of automatic data handling systems.

Of course, limitations such as small buffer memory of switching

facilities must be resolved. The significant advantages obtained in

such a system over use of small computers are; almost unlimited

core available for execution of sophisticated software, availability

of advanced programming languages such as FORTRAN which would

not necessarily be available with small computers, lack of any need

for localized computer facilities and therefore elimination of expen-

sive redundancy. In the present form, the system has some

serious limitations however. The fact that high speed data terminals

are not currently available limits the maximum number of datum

points per peak which for fast eluting peaks is a serious drawback.

And the limited buffer size of the switching facilities could result in

loss of data. However, these limitations are easily resolvable if

such a system is adopted.

The real time capability of such a system for control applica-

tions has not been investigated and deserves serious attention. If

such a centralized time-sharing system is to be adopted it must be

capable of real time interaction for control applications. It does not

seem that such a feature would be difficult to implement even with

the facilities presently available on this Campus.



162

Results of evaluation tests performed with the Piezoelectrome-

ter indicate that this type of approach to instrumentation could be

satisfactory if a more stable time base were used. However, a

better approach to design of such an instrument is that outlined

under New Approach to Design of the Piezoelectrometer. This

approach avoids all problems associated with design of analog

circuitry and is basically a better alternative since it will be used

as part of a digital system. One should recognize that instrumenta-

tion involved must be designed around the particular application at

hand and all that has been tested or suggested in this work is to be

taken merely as guidelines for research oriented type of instrumen-

tation.
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APPENDIX A

SOFTWARE FOR PROCESSING 0 F GAS
CHROMATOGRAPHIC DATA
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PROGRAM AREAGC

0S3 FORTRAN VERSION 2.1 11/11/71 1033
PROGRAM AREAGC

crms PROGRAM READS DATA FILED IN LUNOI,SEARCHES FOR GC PEAKS REJ
CrING

CNOISE PK. WITH PK. -HT. SMALLER OR EQ.TO A PRESET MIN. THEN IT CA
XULATES

CPK. AREAS,RETENTION INDICES AND CONC OF EACH COMPONENT .THE FIRS

CFIVE POINTS ARE USED to CALCULATE AN AV. BASELINE AND ARE NOT IN
LUDED

DIMENSION RTR(10),P(10),I4(500),RET(10),IPEAKC(10),RTC(10),
(10)

1,XN1(10),XN2(10),CONC(10),XIIX(10),XNAMEI(ID),XNAME2(10),IA

2.4(AA(10)
CWRITES HEADING ON LP

WRITE(61,400)
400 FORMAT(5(COMPOUND1,44X,'RET.INDW,4X.'CONO.(MICROLIT./MIC

0.I T.

10F SAMPLE)'//)
READ(1,200) M,RTC5,RTC6,RTC7,RTC8,RTC9,RTC10,ERORAMIN

CREADS LUNO1 FOR REF. DATA ON HYDROCARBONS
IFCEOF(1)) GO TO 199

200 FORMAT(I2,7,5.0,I3)
DO 33 I01,M

33 READ(I,300) XNAME1(I),ANAME2(I),RTR(I),P(I)
CREADS REF DATA ON ALL PKS. THAT MUST BE SEARCHED FOR IN THE SAM')

E L
CINCLUDING ALL HYDROCARBONS

300 FORMAT(2A8,F5.0,F6.0)
J=0
MM=0
II=0
DO 88 I=1,5

CESTABLISHES AV. BASELINE
IXX=FFIN(2,06,72)

88 II=II+IXA
IAV=II/5
IX(1)=IA4...FFIN(2,06,72)

I=I
77 IPEAK=0

7 K=I+1
L=K+1
DO 5 I=KoL

CREADS TWO POINTS AT A TIME,ESTABLISHES END OF FILE
IX(I)=IAVFFIN(2,06,72)
If=-4X(I)
IfY=If+IAV
IF(Iff.EQ.9999) 99,5

5 CONTINUE
I=L
IF(IX(I).GT.IX(I.1).AND.IA(I1).Gr.IA(I...2)) 6,7

crEsrs FOR BEGINNING OF PK.
6 IF(IA(I-..2).GT.IX(I3)) 8,9
8 IPEAK=IPEAK+IX(I)+IX(I-.1)+IX(I*2)+IA(I..3)

16=1-.3
IO=IX(I.3)
GO TO 10

9 IPEAK=IPEAK+IX(I)+IX(I..1)+IX(I.2)
IG=I2
IO=IX(I-2)
GO TO 10

10 I=I+1
IXCI)=IAV..FFIN(2,06,72)
IPEAK=IPEAK+IA(I)
IF(IX(I).GT.IA(I1)) 10,11

11 IGG=I-1
IF(IX(I-1).LE.MIN) 77,87

87 J =J +1
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PROGRAM AREAGC (Cont.)

053 FORTRAN VERSION 2.1 AREAGC 11/11/71 1033

GG=IGG
RET(J)=2.0*GG

CCALCULATES UNADJUSTED RETENTION TIME
h(J)=IX(IGG)

13 K=I+1
L=11+1
DO 12 I=RAL
IA(1)=IAV+FFIN(2.06,72)

12 IPEAK=IPEAK+IXCI)

INIACI).LT.IX(/+1).AND.I4(1+1).LT.IACI+2)) 13.15
CTESTS FOR END OF PK.

15 ID=I+IG
IY=I0+IA(I)
fI=If
f=fI/2.
ff=f*ID
Iffieff
IPEAKC(J)=IPEAK+Iff
IF(J.E(4.1) 16.17

16 RT5=RET(J)
17 RTC(J)=RET(J)+RT5+RTC5
GO ro 77

99 DO 19 IslaJ
DO 19 K=1.01
RD=ABS(RTCCI)+11111(K))

CIDENTIFIES UNK. PKS.

IFCRD.I.F.EROR) 18,19
19 CONTINUE

GO ro 20
18 MM=MM+1

AN1C1)=ANAMEI(K)
AN2(I)=XNAME2CK)
PEAKC=IPEAKC(I)
CONC(I)=PEARC/P(K)
GO TO 19

20 DO 26 2=1,NN
uclirc(r).L.r.arceo 21.22

21 RTT=RTC5
TT=RTC6
Ns5

23 R=RTC(I)/RTT
aft.ruRrr
AR=ALOG10(R)
ARR=ALOG1O(RR)
KIIX(I)=(100*AR/ARR)+100*N

26 CONTINUE
GO TO 28

22 marccz).Lr.arc7) 24..25
24 RTT-RTC6

TT=RTC7
N=6
GO TO 23

25 IF(RT0(I).LT.RTC8)225,226
225 arr=arc7

TT=RTC8
N=7
GO TO 23

226 IFCRITCI).LT.RFC9)227.228
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PROGRAM AREAGC (Cont.)

053 FORTRAN VERSION 2.1 AREAGC 11/11/71 1033
227 RTTRTC8

TT FITC9
N.8
GO TO 23

228 RTT.RTC9
TT.RTC10
N.9
GO TO 23

28 WRITE(61,100) 01N1( 1),XN8(I).XIIACI).CONCCI),1.1,NN)
100 FORNATC1J62A8,2X.F6.0,17X.F6.3)

CPLOTTING OPTION
CALL AXISXYC4.8.5.1.,110.4.500.00.#0..0.,0.,50.,10)
CALL PLOTXYC0..0..0,10)
I -0

32 1.1+1
30.31

31 X.X+1.
YsIXCI)
CALL PLOTXYCX.f.0.10)

CLABELING OPTION
GO TO 32

30 X - -2.

DO 14 I.1.10
JO-X+10.
READC5.50) IAC1)

50 FORMATCA4)
CALL PLOTXYCX.20..0,0)

14 CALL LABEL(4.1.0,IA)
READ(5.60) CIA(K).11.11.3)
IF(EOF(5)) GO TO 199

60 FORMATC3A4)
CALL PLOTXYC40...+40.80,0)
CALL LABEL(12.1,0sIA)
( - -5.

DO 29 1.1,9
Y.Y+50.
READ(5,50) IAC1)
CALL PLOT/Cf(+1..(,0,0)

29 CALL LABELC4,1,3.IA)
READC5,70) CIA(K),K.1.5)
IFCEOFC5)) GO TO 199

70 FORMATC5A4)
CALL PLOTXYC-41...1500.0,0)
CALL LABELC20,1,3,IA)
DO 85 I.141
XAAC1).XN1(1)
XAA(2)14N2CI)
Y.ZCI)+25.
X.RET(I)/2.
CALL PLOTXY(X.Y.0.0)

85 CALL LABELC16.1.3,XAA)
CALL AXISXYCO,LX,LY.XTIC,XL,YL.XLOW,YLOW,XORG,YORGAYTIC,NNT

199 STOP
END

NO ERRORS FOR AREAGC

P 03153 C 00000 D 00000



FILE DAT LUNO1

3FIN.DAT

JUST
00001:03003.2007.2018.0044.4093.7226.5006.0010
00002:PENTANE 003.20662.0
00003:CYCLOHEXANE 019.77310.7
00004:BENZENE 093.75749.0

FILE DATT LUNO2
JFIN,DATi

JUST
00001:004837 004845 004845 004845 004845 004846 004846 004847 004845
00002:004807 004759 004793 004823 004836 004842 004842 004812 004650
00003:004412 004380 004512 004653 004744 004794 4818 004832 004837
00004:004841 004843 004844 004844 004845 004845 004845 004845 004846 0
04846
00005 :004846 004846 004847 004846 004846 004846 004846 004846 004844 0
04840
00006:004826 004799004750 004680 004598 004526 004499 004531 004607 0
04690
00007:004752 004793 004816 004830 004836 004840 004841 004842 004844
00008:004845 004845 004845 004845 9999

FILE AD LUNO5

3FIN9AD

1LISt
00001: 20
00002: 40
00003: 60
00004: 80
00005: 100
00006: 120
00007: 140
00008: 160
00009: 180
00010: 200
00011:TIME,SECONDS
00012: 50
00013: 100
00014: 150
00015: 200
00016: 250
00017: 300
00018: 350
00019: 400
00020: 450
00021: FREQUENCY SHIFT,H1.
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