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ABSTRACT

This thes is  begins wi th  some i l l u s t r a t i v e  background m a te r ia l  

concerning the d i s t r i b u t i o n ,  behaviour and chemical analys is  of  

S02 - The p o t e n t i a l  advantages o f fered  by sensor systems and 

remote monitoring when used in  conjunction w i th  or instead of  

convent iona l  lab o ra to ry  analysis  are noted.

A gas sampling system fo r  generating S02 atmospheres was 

developed using a d ispers ive  i n f r a - r e d  spectrometer as a means to  

detec t  S02 • This technique allowed gas samples to be prepared 

independently of the p ie z o e le c t r ic  c r y s t a l  sensor (PZC). Sorption  

of S02 on the apparatus surfaces was observed and the k in e t ic s  of  

desorption were in ves t ig a ted  using i n f r a - r e d  spectrometry.

A d escr ip t io n  of  the theory under l in ing  the use of  PZCs as mass 

transducers and as gas sensors is  included.  The behaviour of 

uncoated PZCs under humid condi t ions was in v es t ig a te d  and the 

response of coated PZC sensors to humidity is  discussed. A 

temperature compensation technique was developed to improve the 

performance of PZC sensors fo r  the detect ion  of  S02 .

The apparatus used includes a gas c e l l  to house the PZC, a PZC 

o s c i l l a t o r  and a temperature monitor .  The data a c q u is i t io n  system 

used was a purpose-bu i l t  i n t e r f a c e  rack operating under 

microcomputer c o n t ro l .  The data was stored on f loppy d isc .  The 

advantages th a t  such a sensor gives over e x is t in g  methods, with  

p a r t i c u l a r  re fe rence  to microcomputer contro l  and the output of  

data ,  are presented. As an i l l u s t r a t i o n  of  the technique,  another
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microcomputer was used to represent  the measured response with  

respect to temperature of  an uncoated PZC by a Four ie r  series  

equation and to compensate the PZC fo r  th is  temperature response.

Procedures fo r  coating the PZCs with  N .N .N * ,N ‘ - t e t r a k i s ( 2 - h y d r o -  

xyp ro p y l ) ethylenediamine (Quadrol) ,  in  order to adsorb S02 

s p e c i f i c a l l y ,  are discussed. C a l ib ra t io n s  of  the response of a 

PZC sensor to an i n j e c t i o n  of  a small  sample conta in ing  SÔ  in to  

a f lowing gas stream were car r ied  out .  The behaviour of  coated 

and uncoated PZCs to temperature was inves t iga ted  p r i o r  to the  

automatic compensation of measurements of  S02 concentrat ion with  

respect  to temperature.

The nature of the c a l i b r a t i o n  and the r e s u l t of temperature

correc t ing the PZC sensor suggest th a t  the C
M

ot/i on quadrol

adsorption process fol lows the Freundlich isotherm. General

suggestions are made about the implementation of m u l t i -param eter ,

run-t ime corrections  fo r  sensors. More s p e c i f ic  recommendations 

are made concerning the f u r t h e r  development of PZC sensors 

p a r t i c u l a r l y  t h e i r  correc t ion  fo r  temperature,  humidity and 

chemical  in te r fe r e n c e .
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In recent decades there has been growing concern over the 
p o ten tia l hazards of a l l  substances. This has occured within a 
wider appreciation of the need to consider in d u str ia l health and 
sa fe ty . the environment, land management, national health  
programs and in tern ation a l aid. Host chemicals have been found to 
be to x ic  given a su f f ic ie n t ly  high concentration and i t  i s  now 
recognised that even trace amounts of some have an adverse e ffe c t  
on ecosystems and the environment. The problem of analysing these  
chemicals i s  compounded by the continual massive growth in the 
number of known chem icals, a l l  of which are p o ten tia lly  harmful.

Within industry the need to maintain com petitiveness has resulted  
in an increase in the monitoring and control of process stream 
environments by se le c t iv e  chemical analyses. This has allowed 
b etter regulation  of stream composition and hence more economic 
operation .

These in i t ia t iv e s  have generated a need for b etter  an a ly tica l 
methods, methods that are more accurate, se n s it iv e  and se le c t iv e  
as w ell as being fa s te r , free from in terferences and from error.
The older ' wet * chemical methods are being replaced by new
instrum ental methods which are more economic and can d etect new
compounds. There is also a need for sensors for remote and
personal monitoring.



1 .1  SULPHUR DIOXIDE

Production and Uses

Sulphur dioxide gas (SO )̂ i s  widespread in in d u str ia l use, i t  i s  
produced by ox id isin g  sulphur containing m inerals. The most 
important use of S02 i s  as an interm ediate in the production of 
sulphuric acid. It i s  a lso  an interm ediate in the production of 
su lp h ite s , th iosu lp h ates, carbon disulphide and sulphur 
containing organic compounds. SÔ  i s  used as a reducing agent in 
the sugar, lea th er , paper and glue in d u str ies . S02 is  used as a 
fungicide and a b acteric id e  and at low concentrations is  a widely 
used preservative for foods. It i s  more to x ic  to undesirable 
micro-organisms than to d esirab le  ones and so i s  used exten sively  
in the brewing industry.

Dry liq u id  S02 i s  not a reducing agent but i s  a refr igerant and a 
u sefu l non-aqueous solvent for o i l  r e fin in g , preparative 
reactions and nuclear magnetic resonance spectroscopy. Other 
in d u str ia l processes that use S02 are starch production, non- 
ferrous metal refin in g  and leeching ores.

P ollu tion

SÔ  i s  an abundant atmospheric p o llu tan t. In certain  areas th is  
i s  largely  due to combustion, primarily of the f o s s i l  fu e ls  but 
also  of wood, tobacco, and other biomass. Thus the sulphur which 
i s  e s se n tia l to l i f e  i s  converted in to  a hazardous sp ecies .

Other atmospheric p o llu tion  co n sists  of the fumes extracted from
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and the e fflu e n ts  discharged by a l l  a c t iv it ie s  which e ith er  use 
or produce S02- In some of the processes such as o i l  refin in g  and 
the combustion of f o s s i l  fu e ls  a proportion of waste S02 can be 
recovered by flu e  gas d esu lphurisation .

Considerable q u an tities of S02 are released  in to  the workplace 
environment during these processes. In a l l  of them there i s  
p o ten tia l for on -lin e  S02 monitoring and monitoring of the 
in d u str ia l environment.

The remainder of the atmospheric S02 burden comes from natural 
sources of which there are three main types: b iogen ic, volcanic  
and marine. These sources mainly produce reduced sulphur sp ecies:  
H2S, COS, CS2> dimethyl sulphide and dimethyl d isu lphide. S02 
r e su lts  from th eir  air oxidation .

SO is  rapidly oxidised in the upper atmosphere to SO which 
combines with atmospheric moisture to form d ilu te  sulpuric acid 
mist that further reacts to form sulphate p a r tic le s  or f a l l s  back 
to earth as acid raid .

This ch a ra cter is tic  oxidation and variable m eteorological 
conditions causes a wide range of sub-ppm S02 concentrations to 
be observed over urban areas. Wherever S02 p o llu tion  i s  a 
problem, v i s ib i l t y  may be expected to decrease as r e la tiv e  
humidity increases due to sca tter in g  by aerosols.

Damage to Property

The release  of S02 in to  the atmosphere accelerates the weathering
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o f  m a t e r i a l s  such as s t e e l ,  s to n e  and b r o n z e .  Carbonaceous

m aterials used in buildings and sculptures are p articu larly  at 
r isk . In the prescence of moisture CaC03 i s  changed to CaSO ,̂ the 
volume of which i s  almost tw ice that of the o r ig in a l carbonate. 
Cracking and d is in tegra tion  of the surface layers r e su lts . This 
process d isfig u res  marble, lim estone, carbonated statuary and 
ancient murals painted on lime mortar, which becomes carbonated 
by the action of a ir .

T o x ic itv

S02 i s  an ir r ita n t  gas p articu larly  of the respiratory tra ct and 
i t s  e f fe c t  is  due to the formation of sulphurous and sulphuric 
acids on contact with m oisture. Acute poisoning i s  characterised  
by in tense ir r ita t io n  and d if f ic u l ty  with breathing. Chronic S02 
poisoning causes and aggreavates respiratory complaints [1 .1 ] .

E ffect on Vegetation

Chronic damage by S02 is  being in f l ic te d  on a g r icu ltu ra l, forest  
and ornamental vegetation with a resu ltant economic lo s s . The 
plants most se n s it iv e  to S02 are a lfa lfa ,  the grain s, cotton and 
others that have a high rate of p h ysio log ica l a c t iv ity  in th eir  
leaves with a correspondingly high rate of gaseous exchange. 
Plants are more su scep tib le  in spring and early summer when under 
favorable growth conditions the stomata are open for longer 
periods as the to x ic ity  of S02 i s  a function of the rate at i t  i s  
absorbed.
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This i s  an overview of SÔ  determinations that are of in te r e st  in  
four resp ects . F ir s t ly , as the ex istin g  methods used by industry 
upon which sensors w il l  have to enhance and improve. Secondly, as 
methods which can be used for absolute ca lib ration  of sensors in  
d iffer en t environments. Thirdly, to show the reactions and side  
reactions which may in ter fere  with the SÔ  determination under 
certain  conditions and, f in a l ly ,  as chem istries of SÔ  towards 
which novel coating m aterials and in teraction s of sensors could 
possib ly  be ta ilo re d .

Most chemical methods for S02 determination rely  on one of three 
p rin c ip les . Namely, acid-base, redox or spectrom etric deter­
mination. There are also a number of instrum ental methods.

In most cases gas phase S02 must f i r s t  be absorbed in to  so lu tion  
and th is  takes considerable time, in some cases up to 48 hours
[1 .2 ] depending on the concentration. Other disadvantages are 
that these methods give only an average concentration over the 
sampling time and during adsorption a number of side reactions  
can occur leading to errors. Most absorption procedures are 
e ith er  sp e c if ic  to , or have only been used w ith, particular  
determination methods and these are described in context. There 
i s  however one absorption procedure that has been used with many 
determ inations and w il l ,  th erefore, be described f i r s t .

S02 can be absorbed from a sample by passing the gas through 
water via a bubbler. A novel conductrim etric sensor has been 
described in which a gas-porous membrane separates the gas from

1 .2  EXISTING METHODS FOR SULPHUR DIOXIDE DETERMINATION
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d e - i o n i s e d  w a te r  [ 1 . 3 ] .  More u s u a l l y  d i l u t e  a l k a l i  s o l u t i o n  i s

used, but as SO„ i s  absorbed the pH f a l l s  and th is  could a ffe c t  2
the absorption e ff ic ie n c y . I t  i s  b etter , th erefore, to absorb in  
a buffer so lu tion  [1 .4 ] .  However, su lph ite  so lu tion s formed when 
SÔ  i s  absorbed in water or a lk a li are unstable and during the 
sampling process a su b stan tia l amount i s  oxidised by air  [1 .5 ] .

This oxidation can be overcome by absorbing in formaldehyde 
so lu tion  [1 .5 ] which gives r is e  to the stab le  hydroxymethy- 
sulphonate ion . However low sampling rates must then be used to 
avoid frothing and foaming.

Not only i s  th is  a general purpose absorption procedure but in 
addition equivalent standard so lu tion s can be prepared e a s ily  in  
the laboratory using sodium m etabisulphite or sodium hydroxy- 
mcthylsulphonate.

Acid Base Methods

The a lk a li method has been widely used in air p o llu tion  stu d ies . 
Air is  passed through standard d ilu te  a lk a li and the excess 
a lk a li i s  determined by t it r a t io n . Although rapid, the method is  
subject to considerable error in certain  environments because a l l  
acid ic  components such as hydrogen chloride and hydrogen flu orid e  
in ter fer e  p o s it iv e ly  and ammonia n egatively . An a ltern a tive  is  to  
measure the su lph ite  d ir e c tly  using ion chromatography [1 .6 ] .  A
gas sensor has been developed in which CM

Ol/i d iffu ses through
permeable silicone-rubber membrane in to a thin film
e le c tr o ly te containing b isu lp h ite  ions. The subsequent incre
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i n  pH i s  sensed by an i n t e r n a l  e l e c t r o d e  L 1 . 7 ] .

As an a ltern a tive  to elim inating oxidation one can promote i t !  
S02 reacted with d ilu te  hydrogen peroxide i s  oxidized under 
neutral or ac id ic  conditions to sulphuric acid , under a lk a li  
conditions to sulphate. For example a passive monitoring badge 
has been used in which S02 i s  absorbed in de-ion ised  water and 
then reacted with peroxide [1 .4 ] .  The sulphate so lu tion  can then 
be determined by a number of methods: ion chromatography, 
titr im etry . gravimetry or conductrimetry.

Unfortunately, any acid or a lk a lin e  gas in ter feres  in most cases. 
A p r e f ilte r  can remove soluble s a lts  and sulphuric acid mist from 
gas phase samples, however, many f i l t e r  m aterials a lso  remove 
most of the S02 [1 .8 ] and i f  i t  i s  permitted to c o lle c t  any 
quantity of m aterial, the resu ltin g  f i l t e r  cake may remove S02 as 
w ell. Since N02 is  only slowly soluble in water there is  more 
chance of i t s  in terference with more e f f ic ie n t  gas c o lle c to r s .  
For example the addition of a second id e n tic a l stage capable of 
absorbing 8 5 .8Z of the incoming S02 and 2 8 .BZ of the incoming N02 
w il l  increase the overa ll c o lle c tio n  e f f ic ie n c ie s  to 98. OZ and 
4 9 .OZ resp ective ly  and decrease the ra tio  of S02 to N02 from 
3 : 1 to 2 : 1. The same argument applies to lowering the rate of 
sampling.

Measurement of changes in conductivity have been employed c h ie fly  
in auto-analysers for the measurement of low concentrations of 
S02 in a ir . The gas commonly passes over a countercurrent of 
sulphuric acid/hydrogen peroxide absorber which passes to a
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s m a l l  volume f lo w  c o n d u c t i v i t y  c e l l  t o  g iv e  a r a p id  measurem ent

[1 .9 ] .  A ltern a tiv ely , a ir i s  blown in a fin e  je t  over the surface  
of a small volume conductivity c e l l  which i s  replenished  
p er io d ica lly  [1 .1 0 ].

Conductrimetry i s  in terfered  with by anything which can d isso lv e  
in water or weak acid to y ie ld  ion s. Because of th is  lack of 
s p e c if ic i ty  a knowledge of the le v e ls  of other contaminants is  
necessary to judge the S02 le v e l .  Many of these problems can be 
overcome by using ion chromatography [1 .4 ] .

An International Standard has been described in which hydrogen 
peroxide so lu tion  is  used as the absorbent in the determination  
of S02 with the resu ltin g  sulphuric acid being determined by 
titr im etry  using e ith er  an ind icator or a potentiom etric end­
point d etection  [1 .113. The t itr im e tr ic  method, when combined 
with a number of d is t i l la t io n  procedures [1 .6 , 1.12, 1.13, 1.14, 
1.15] has become a standard method for the determination of 
free and bound S02 in fo o d stu ffs .

The gravim etric determination of S02 using absorption in a lk a lin e  
hydrogen peroxide has a lso  been used for food stu ffs [1 .1 4 ]. 
Barium sulphate is  precip itated  by the addition of barium 
c h lo r a n ila te . However in terferen ce from p articu la te  sulphate and 
S03 as w ell as time consuming drying have lim ited  the use of 
th is  determination although i t  i s  prefered in the presence of 
oxides of n itrogen. An a ltern a tiv e  method in which the sulphate 
ions are p recip itated  by barium perchlorate and the excess ions 
are determined by the thorin spectrophotometric method has been

18



Redox Methods

In the iodine oxidation technique, iodine so lu tion  functions as 
both oxidant and absorbent. The S02 i s  commonly trapped in an 
excess of iodine so lu tion  and the remaining iodine i s  then back- 
t itr a te d  with standard sodium thiosulphate using starch ind icator
[1 .1 3 ]. Other iodim etric t itr a t io n s  involve adding iodine to a 
starch -iod in e c o lle c tin g  so lu tion  to match the or ig in a l colour 
[1 .15] and drawing the air sample through a starch-iod ine  
so lu tion  u n til the blue colour i s  ju st removed.

There are several disadvantages to using iodine as absorber. 
Some iodine i s  invariably lo s t  by evaporation in to  the passing 
air stream, therefore a blank is  necessary which is  somewhat 
dependent on temperature. A ltern ativ ely , about 251 potassium  
iodide i s  added to s ta b il iz e  the absorber but then some of th is  
iodide can be air oxidized to iod in e.

A ltern ativ e ly , absorption takes place in a lk a li , which is  then 
a c id if ie d  and the lib erated  sulphurous acid determined with 
standard iodine so lu tio n . The iodine t itr a t io n  to a starch end­
point has been used d ir e c tly  analyse S02 in wine, but, a more 
accurate end-point has been obtained poten tiom etrica lly  [1 .1 3 ].

An a lk a li  absorbed S02 so lu tion  or wine can be run in to  a c id ifie d  
iodine so lu tion  and t itr a te d  with th iosulphate or a c id ifie d  with 
hydrochloric acid and the aqueous S02 titr a te d  with iodate . The

p u b l is h e d  as a B r i t i s h  S ta n d a rd  [ 1 . 2 ] .
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advantage of these methods i s  the s ta b i l i ty  of the standard 
so lu tion  compared with an iodine so lu tion  that must be 
standardised d a ily .

D ilute permanganate so lu tion  has been used to absorb and ox id ise  
S02 . a c id ifie d  potassium dichromate so lu tion  a lso  q u an tita tive ly  
ox id ises S02 and can be used for i t s  determ ination.

These redox methods su ffer  p o sitiv e  in terferen ce from other 
reducing substances in the atmosphere (hydrogen sulphide, 
organics etc) and negative in terference from ox id isin g  agents (eg 
free halogens, N02 , organic peroxides and ozone). The 
in terferen ce of N02 w il l  again depend on the c o llec tio n  
e ff ic ie n c y . The method i s  perhaps preferable in the presence of 
s°3.

S02 has a lso  been determined e lectro ch em ica lly , which is  free  
from many in terferen ces a ffec tin g  other redox methods, for 
example amperometrically by d if fe r e n t ia l  pulse polarography
[1 .1 6 ]. S02 has been determined by flow in jec tio n  an alysis using 
both potentiom etric determination by an io n -se le c t iv e  electrode  
[1.173 and amperometric detection  [1 .183 . In the la t te r  method 
the S02 was oxidised with a glassy-carbon e lectrode in the w all-  
je t  configuration and determined in wines. A d iffu s io n  c e l l  
pulse-damped a su b stan tia l background noise and elim inated most 
in terferen ces increasing the d etection  l im it .  However, the 
electrod e was only stab le  for one day at a time.
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C o lo r im e t r y  and S p e c t ro m e try

Measuring the absorption c o e ff ic ie n t  of a coloured sulphonate in  
the range 560-580 nm is  the only inherently  sp e c if ic  method for 
determing SO .̂ However, in terferen ces can s t i l l  occur because of 
side reaction s.

One such method uses the S ch iff reaction  which has been developed 
in to  the most se n s it iv e  ‘wet chem ical’ method for the 
determination of SO. free from the in terferen ce of SO. and H.S. 
Urone and Boggs [1 .19 ] describe the co lorim etric method, the 
reagent is  fuchsin bleached with acid and having formaldehyde 
added. S02 i s  absorbed in a lk a li and on adding the reagent gives  
a r ed -v io le t  colour. However, anionic w etting agents in ter fere  in 
the reaction; th e ir  presence may be detected because they react 
slowly with the fuchsin reagent and do not depend on the presence 
of formaldehyde. Thiols also in te r fe r e . The problem of protecting  
the co llec ted  su lph ite  from air oxidation long enough to permit 
the f in a l reaction i s  a disadvantage and was in vestig a ted .

It had been suggested that the su lp h ite  complex with sodium 
tetrachlorom ercurate( I I ) was highly r e s is ta n t to oxidation . West 
and Gaeke [1 .20] absorbed S02 in th is  so lu tion  as a stab le  non­
v o la t i le  complex, which was in i t i a l l y  thought to be d isu lp h ito -  
m ercurate(II), but subsequently proved to be d ich lorosu lph ito - 
m ercurate(II). However, the su lp h ite  complex is  broken down on
addition of the colour developing reagent showing that the
coloured sulphonate is  more sta b le . Thus SO2 i s  s t i l l able to
p artic ip ate in the S ch iff reaction The advantage of th is
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c o lle c tio n  method i s  that the sampling rate may be as high as 
5 1/min, with no lo ss  due to decreased e ff ic ie n c y  of absorption. 
"They also  found that hydrogen sulphide p rec ip ita tes  mercuric 
sulphide, which must be removed by f i l t r a t io n  or cen trifu ga tion .

Para-rosanilirie hydrochloride was found by West and Gaeke to form 
a more se n s it iv e  and more stab le  colour developing reagent than 
basic fuchsin , which i s  an impure mixture of rosan ilin e  and para- 
rosan ilin e  hydrochlorides. Nitrogen dioxide in ter fer e s  i f  i t s  
concentration exceeds 2 ppm and colour development i s  prevented 
completely i f  more than B ppm is  present. Ozone a lso  in ter feres  
as do certain  p a r ticu la te s , notably iron , which can be removed by 
f i l t e r in g  the incoming a ir , but th is  produces the same problem of 
caking as above. These p rin cip les have been used as the basis for 
automatic analysers for the continuous analysis of atmospheric 
SO •̂ Numerous m odifications in the co lorim etric reagent have been 
made subsequently. The addition of N.N-dimethyl formamide makes 
the colour more in tense [1.21'J. I t  was shown that the 
in terference of nitrogen dioxide could be reduced by treatment 
with a number of substances, but that the best r e su lts  appeared 
to be achieved with sulphamic acid [1 .223 .

A passive monitoring badge has been developed using th is  
procedure in which the gas permeates through a s il ic o n e  membrane 
in to  the absorbing so lu tion  [1 .4 ] .  The captured S02 was la te r  
determined by the West-Gaeke procedure. A number of flow  
colorim eters have been developed using sim p lified  reaction  
schemes. The method has recen tly  been applied to the d irect  
determination of SÔ  in food stu ffs by flow in jec tio n  analysis
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[ 1 . 7 ] .  An I n t e r n a t i o n a l  S ta n d a rd  s p e c i f y i n g  t h i s  method f o r  th e

determination of S02 in ambient a ir  i s  in preparation [1 .2 3 ].

In related  stu d ies , S02 was determined by chemiluminescence 
during oxidation with potassium permanganate, a fter  absorption in  
sodium tetrachlorom ercurate so lu tion  [1 .2 4 ]. I t  was thus shown 
that the ozone in terferen ce ar isin g  in the West-Gaeke method was 
due to the in h ib itio n  of dye development and not the fix a tio n  of 
SÔ  as disulphitom ercurate. The su b stitu tion  of 1-naphthyl- 
ammonium chloride for para-rosanaline hydrochloride produced a 
fluorom etric version (ex c ita tio n  342 nm, emission 442 nm) of the 
S ch iff reagent [1 .2 5 ] . The s e n s it iv ity  i s  two orders of magnitude 
b etter than the colorm etric method.

These West-Gaeke based methods use to x ic  mercury compounds. This 
has recently  been overcome by absorbing in morpholine so lu tion  
and then measuring the absorption at 560 nm spectrophoto- 
m etrica lly  [1 .2 6 ].

In another recent method S02 was absorbed in a pH 7 phosphate 
buffer and was then determined with 5 ,5 '-d ith io b is  (2 -n itro -  
benzoic acid) at 412 nm [1 .2 7 ].

There are several granular ge ls that change colour when exposed 
to small amounts of S02> for example ammonium vanadate on s i l i c a  
g e l. The concentration i s  estimated by colour comparison. 
Impregnated f i l t e r  papers may a lso  be used for the detection  of 
S02> For example a starch, potassium iod id e, potassium iodate and 
g lycero l reagent, which is  is  stained purple by S02.
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Another commercial passive monitor for S02 contains a s tr ip  of 
phenolsulphonephthalein impregnated paper. The colour changes 
from red-purple to  yellow on reaction  to SÔ  and a d irect reading 
of the length of sta in  in m illim etres i s  related  to the 
concentration [1 .4 ] .

These d irect reading methods are not se n s it iv e  enough to measure 
S02 in ambient clean a ir  so absorption is  s t i l l  necessary. 
However, they are usefu l for d etectin g  and roughly determining 
S02 in f ie ld  t e s t s .

Other Instrumental Methods

A conventional double beam UV spectrometer can operate at
213.8 nm where S02 absorbs strongly [1 .2 8 ]. A d irect reading 
fluorom etric approach to sulphur dioxide measurement has a lso  
been reported [1 .2 9 ] .

S02 can be determined by a number of other laboratory 
instrum ental techniques. A chemiluminescence method in which S02 
enhances the luminol/N02 reaction  has been described [1.30] but 
i s  in terfered  with by H ^, e th y l mercaptan and ozone. 
Chemiluminescence during the permanganate oxidation of S02 has 
also  been used in conjunction with flow in jec tio n  an alysis  
[1 .3 1 ]. S02 in a ir  has been determined in  real-tim e by a
hydrogen-rich flame photometric method, which uses separation on 
a GC column [1 .3 2 ], but the response i s  not lin ea r .

A gas chromatographic method has been developed to
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measure the gas in food headspaces. The column separated CÔ . S02 
and water which were then determined by an e le c tr o ly t ic  
conductivity  detector [1 .3 3 ].

Conclusion

A variety  of methods have been suggested and developed for S02 
because the determination i s  of widespread ap p lica tion . It  must 
also  be noted that for sp e c if ic  ap p lications the in terferen ces  
with a method may be of minor or of no importance. These 
reactions form the basis of future p o s s ib i l i t ie s  for sensors for 
S02 . For in stan ce, the formation of a stab le  mercury complex may 
form the basis of a device where S02 replaces a larger ligand  
giving a mass am plification  of the kind reported for HCN [1 .3 4 ]. 
The m ercury(ll) complex has already been used as a sp e c if ic  
p ie z o e le c tr ic  cry sta l coating for S02 [1 .35] but a sensor 
containing tox ic  mercury(II) compounds may be unacceptable in  
many circumstances.
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1.3 SCOPE OF THIS WORK

This th e s is  describes work carried out at the Trace Analysis 
Laboratory, Chemistry Department, Imperial C ollege, London,
SW7 2AY b c h  w een . O c t o b e r '  1 9 %  l  a n d  h / o v e s n b e . r ’ I 9 % i f .

It was shown ea r lier  that SÔ  i s  a usefu l in d u str ia l chemical 
but must be monitored as a hazardous p o llu tan t. Some procedures 
for determining SÔ  were described. The disadvantages of these  
methods are sampling and c o lle c t io n , which make them 
inappropriate for rapid monitoring. Although the speed and 
accuracy of analyses may be improved by using automation and 
instrum ention, the sampling problems are not overcome. This point 
is  d iscussed in Chapter 3 with reference to the analysis of 
c ig a re tte  smoke. The measurement of SÔ  by an infra-red  
instrument i s  then demonstrated.

Automated systems allow m ultiple determinations to be carried out 
but they are expensive and analyses have to be sequential giving  
r ise  to long to ta l analysis tim es. An a ltern a tive  approach would 
be to use small, cheap, sensors a llocated  to ind iv idual 
channels. Microcomputer control of such sensors, operating in the 
on -lin e  real-tim e mode, normally allows sign als to be acquired 
from each sensor in a time resolved manner. Investigatin g  
multichannel detection  is  outside the scope of th is  work, the aim 
being to develop a s in g le  sensor for S02 which can be combined 
e a s ily  with other sim ilar sensors in to  a multichannel system.

In Chapter 2 the phenomenon of p ie z o -e le c tr ic ity  i s  explained and 
the use of p ie z o -e le c tr ic  cry sta ls  (PZCs) as chemical sensors is
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described mathematically. To summarise, when mass is  coupled to  
the e lectrode surface of a PZC a proportional decrease in  
frequency occurs. For the cry sta ls  used in th is  work the mass 
s e n s it iv ity  i s  predicted to be 1100 Hz per pg. S e le c t iv ity  
towards a sp e c if ic  gas i s  achieved by coating the cry sta l with a 
substance that p re feren tia lly  adsorbs the sp ecies of in te r e s t .  
The absorption laws on which q u an tita tive  spectroscopy i s  based 
are a lso  sta ted .

Instrumental d isp ersive  in fra-red  spectrometry was employed in 
Chapter 3 to va lid ate  gas d ilu tio n  procedures for the production 
of standard S02 atmospheres and to in v e stig a te  the gas r ig  
c a p a b ilit ie s  for dynamic sampling. The phenomenon of sorption and 
desorption of SÔ  from polymer m aterials was in v estig a ted . Then 
the gas r ig  was used to prepare S02 concentrations for 
ca lib ratin g  PZC sensors.

Chemically modified PZC mass transducers could be used in an on­
lin e  sensing ap p lication . They have been shown to be highly  
se n s it iv e  in particu lar circum stances. However, they are not yet 
availab le  in a form w ell su ited  to routine in d u str ia l use. They 
are not in tr in s ic a l ly  se le c t iv e  towards sp e c if ic  gas m olecules, 
th is  i s  achieved by a chemical m odification and these processes 
need further development to improve s e le c t iv ity  and long term 
performance.

However, for th is to be achieved, the short and long term
behaviour of the PZCs in response to humidity at p articu lar
temperatures must f i r s t  be understood, so that water vapour and
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t e m p e r a t u r e  l i m i t s  can be s e t  f o r  t h e i r  p r e p a r a t i o n , s t o r a g e  and

a n a l y t i c a l  envi ronments .  This w i l l  ensure t h a t  r e p r o d u c i b l e  

behav iour i s  ob ta in ed  from uncoated PZCs which w i l l  y i e l d  

m eanin gfu l  r e s u l t s  when m o d i f ie d .

In  Chapter  4 a microcomputer c o n t r o l l e d  system t h a t  measures the  

f requency  and the  tem pera ture  o f  a PZC i s  d escr ib ed  and i n  

Chapter  5 i t  i s  used to  demonstrate  and i n v e s t i g a t e  th e  humid ity  

and tem pera ture  e f f e c t s  on uncoated c r y s t a l s .  S t r a t e g i e s  are a ls o  

developed to  l i m i t  these  e f f e c t s  and g u i d e l i n e s  f o r  accep tab le  

hum id ity  and asso c ia ted  tem p era tu re  l i m i t s  are  g iven  to  ensure  

t h a t  these  parameters do not  a f f e c t  the long term r e p r o d u c i b i l i t y  

of  the sensors.

Water vapour commonly i n t e r f e r e s  when m o n i to r in g  w i t h  a coated  

c r y s t a l  sensor and the base frequency  of  a PZC i s  a f u n c t i o n  o f  

te m p e ra tu re .  I t  i s .  t h e r e f o r e ,  d e s i r a b l e  to  c o r r e c t  f o r  changes 

i n  hum id ity  in  the a n a l y t i c a l  envi ro nment .  Such c o r r e c t i o n s  can 

only r e a l i s t i c a l l y  be ap p l ie d  i n  r e a l - t i m e  by using a d ed ic a ted  

i n - l i n e  microcomputer as demonstrated by F i e l d e n ,  McCallum,  

Stan ios and A ld er  [ 1 . 3 6 ] .

In  t h a t  work the e f f e c t s  o f  w ater  vapour on a PZC d e t e c t o r  f o r  

to lu e n e  d i - i s o c y a n a t e  were c o r r e c te d  w i t h  an i n - l i n e  m ic ro ­

computer c o n t r o l l e d  in s t ru m en t  t h a t  measured the  f requency  of  two 

d i f f e r e n t l y  coated c r y s t a l s .  The c o r r e c t i o n  procedure assumed 

t h a t  the responses were l i n e a r  and a d d i t i v e ,  however,  e m p i r i c a l  

c a l i b r a t i o n  was employed as p r e d i c t i o n s  based on l a b o r a t o r y  

measurements f a i l e d .  Such l i m i t a t i o n s  could be overcome by using
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more s o p h i s t i c a t e d  data h and l ing  procedures and m u l t i - p a r a m e t e r  

c o r r e c t i o n  a l g o r i t h m s .

In  p a r a l l e l ,  th e  e f f e c t  o f  tem p era tu re  on p a r t i c u l a r  P2C sensors  

has been i n v e s t i g a t e d  as a p recu rso r  to  implement ing  the  l a t t e r  

c o r r e c t i o n .  I t  i s  shown t h a t  a n o n - l i n e a r  tem p era tu re  c o r r e c t i o n  

o f  a PZC sensor f o r  SO  ̂ i s  f e a s i b l e  by the nove l  approach of  

combining an i n - l i n e  microcomputer  c o n t r o l l e d  da ta  a c q u i s i t i o n  

system w i t h  o n - l i n e  data process ing and c o r r e c t i o n .

At the end o f  Chapter  5, i t  i s  demonstrated t h a t  w i t h  m ic ro ­

computer technology i t  i s  p o s s ib le  to  determ in e  the  therm al  

response over th e  e n t i r e  e x p e r im e n t a l  range very  e a s i l y .  In  

Chapter  6 a data  a n a l y s i s  procedure i s  descr ib ed  and 

demonstra ted.  The procedure uses a F o u r i e r  s e r i e s  and produces an 

equat io n  f o r  the  therm al  response as a 21 term s e r ie s  f o r  use in  

the  c o r r e c t i o n  process.  The p r a c t i c a l  im p le m enta t io n  of  these  

procedures and c o r r e c t i o n s  i s  a lso  cons id ered .

In Chapter  7, s e n s i t i v i t y  and p a r t i a l  s e l e c t i v i t y  f o r  S02 i s  

achieved by a chemical  m o d i f i c a t i o n  which i n v o l v e s  co a t in g  the  

c r y s t a l  w i t h  N,N,N' ,N‘ t e t r a k i s  2 -h yd ro xyp ro p y l  e t h y le n e  diamine  

which p r e f e r e n t i a l l y  adsorbs S02 - A number o f  c o a t in g  methods are  

d esc r ib e d .  L o g - l i n e a r  p l o t s  were obta in ed  f o r  dynamic 

c a l i b r a t i o n s  and i t  i s  suggested t h a t  t h i s  i n d i c a t e s  a p a r t i c u l a r  

a d so rp t io n  process.  Using th e  F o u r i e r  s e r ie s  d e s c r i p t i o n  of  a PZC 

t em pera ture  response,  a tem p era tu re  co r r e c te d  s t a t i c  d e t e r ­

m in a t io n  o f  S02 i s  o b ta in ed .
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I t  i s  concluded in  Chapter  8 t h a t  by i n c o r p o r a t i n g  a m ic r o ­

computer i n t o  a PZC sensor system, s o p h i s t i c a t e d  data h and l ing  

procedures f o r  the d eco n vo lu t io n  o f  the  frequency  changes due to  

t em p era tu re  from those due t o  SO  ̂ c o n c e n t r a t i o n  have been 

implemented p r o v id in g  a c o n s id e r a b le  advantage over e x i s t i n g  

i n s t r u m e n t a t i o n .  The f a c t  remains t h a t  the  S02 c o n c e n t r a t io n  

cont inues  to  vary w i t h  t e m p e r a tu r e ,  i t  i s  b e l i e v e d  t h a t  t h i s  i s  

due to  the  ab so rp t io n  pro cess .  Methods to  make the data  

process ing i n - l i n e  are discussed along w i t h  suggest ions as to  the  

im p le m en ta t io n  o f  a m u l t i - p a r a m e t e r  n o n - l i n e a r  c o r r e c t i o n  f o r  

sensors.  The long term aim being to  o b ta in  r e a l - t i m e  r e s u l t s  in  

the r e a l  w o r ld .
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CHAPTER 2 

THEORY

3 if



I n  t h i s  c h a p t e r  t h e  t h e o r e t i c a l  b a s i s  o f  p i e z o e l e c t r i c  c r y s t a l

sensing i s  co ns id ered .  The e f f e c t  o f  p i e z o e l e c t r i c i t y  i s  

d escr ib ed  as are the  m a t e r i a l s  t h a t  e x h i b i t  p i e z o e l e c t r i c  

p r o p e r t i e s  and th e  reasons why they  do so. The p i e z o e l e c t r i c  

c r y s t a l s  (PZCs) used i n  t h i s  work are d escr ib ed  w i t h  t h e i r  

methods o f  p r e p a r a t i o n .  The use o f  PZCs as f requency  d e te rm in in g  

components o f  o s c i l l a t o r s  and t h e i r  use as mass sensors i s  

e x p l a i n e d .  The Sauerbrey equat io n  i s  d e r iv e d  i n  a form which 

d e scr ib es  t h e o r e t i c a l l y  the  r e l a t i o n s h i p  between f requency  and 

d epos it ed  mass when using PZCs to  determ ine  the  c o n c e n t r a t io n  of  

gas phase spec ie s .

The bas is  of  i n f r a - r e d  ( I R )  ab so rp t io n  i s  b r i e f l y  s t a t e d .  Beer 's  

r e l a t i o n s h i p  between c o n c e n t r a t io n  and absorbance, which must be 

proven f o r  an IR system to  be used q u a n t i t a t i v e l y ,  i s  d e r iv e d  and 

i s  m o d i f ied  f o r  the case where c o n c e n t r a t io n  v a r i e s  w i th  o p t i c a l  

path l e n g t h .
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2 . 1  THEORY OF PIEZOELECTRIC CRYSTAL SENSORS

P i e z o e l e c t r i c i t y  was f i r s t  p o s i t i v e l y  i d e n t i f i e d  by P i e r r e  and 

Jaques C ur ie  i n  1880 [ 2 . 1 ,  2 . 2 ] .  They d iscovered  t h a t  when s i n g l e  

c r y s t a l s  o f  c e r t a i n  c r y s t a l l i n e  substances were deformed in  

p a r t i c u l a r  d i r e c t i o n s  e l e c t r i c  charges appeared on t h e i r  su r faces  

w i t h  t h i s  charge d is a p p e a r in g  when the pressure  was removed. They 

l a t e r  showed t h a t  these c r y s t a l s  become s t r a i n e d  when sub je c ted  

to  e l e c t r i c  f i e l d s .

P i e z o e l e c t r i c i t y

P i e z o e l e c t r i c i t y  i s  the e l e c t r i c  p o l a r i t y  r e s u l t i n g  from the  

a p p l i c a t i o n  of  mechanical  p ressure  to  a d i e l e c t r i c  c r y s t a l .  The 

r e s u l t i n g  d i s t o r t i o n  o f  the  c r y s t a l  s t r u c t u r e  ( f i g .  2 . 1 )  

separates  the charge cen t res  of  o p p o s i t e l y  charged ions g i v i n g  

r i s e  to  a d i p o l a r  c r y s t a l  ( f i g .  2 . 2 ) .  The e l e c t r i c  p o l a r i s a t i o n  

produced i s  p r o p o r t i o n a l  to  the  ap p l ie d  s t r e s s .

The c r y s t a l  i s  obta ined  as a slab  or bar  w i t h  e l e c t r o d e  m a t e r i a l  

ap p l ie d  to  two p a r t i c u l a r  o p p o s i te  fa c e s .  I f  m echan ical  pressure  

i s  a p p l ie d  to  an i s o l a t e d  PZC the  p o l a r i s a t i o n  g ives  r i s e  to  a 

v o l t a g e  d i f f e r e n c e  across the  e l e c t r o d e s ,  and i f  the e l e c t r o d e s  

are sh o r t  c i r c u i t e d  a pulse o f  charge can be observed d u r in g  

l o a d i n g .  This  i s  the p r i n c i p l e  o f  e l e c t r o n i c  gas l i g h t e r s  where 

the sh o r t  c i r c u i t  occurs a f t e r  i o n i s a t i o n  o f  th e  gas by the  

(h ig h )  v o l t a g e  d i f f e r e n c e .  I f  the f o r c e  i s  r e v e r s e d ,  so i s  the  

p o l a r i s a t i o n .  Conversely,  a p p l i c a t i o n  o f  a v o l t a g e  d i f f e r e n c e  

across the  e l e c t r o d e s ,  r e s u l t i n g  in  an a p p l ie d  e l e c t r i c  f i e l d .
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p r o d u c e s  a d i s t o r t i o n  i n  c e r t a i n  d i r e c t i o n s  i n  t h e  c r y s t a l ,  w h e r e

the  s t r a i n  i s  d i r e c t l y  p r o p o r t i o n a l  to  the  f i e l d  and changes sign  

as the  sign o f  the  f i e l d  i s  revers ed ;  f i g .  2 .3  shows t h i s  

s c h e m a t i c a l l y  w i th  some e x ag g era t io n  f o r  ease o f  i l l u s t r a t i n g  the  

concept .  This r e c i p r o c a l  r e l a t i o n s h i p  i s  r e f e r r e d  to  as the  

p i e z o e l e c t r i c  e f f e c t .  The g en e r a t io n  of  p o l a r i s a t i o n  under  

mechan ical  s t ress  i s  known as the d i r e c t  p i e z o e l e c t r i c  e f f e c t ,  

and the  p roduct io n  o f  mechan ical  s t r a i n  by an e l e c t r i c  f i e l d  

i s  c a l l e d  the  converse p i e z o e l e c t r i c  e f f e c t .  I t  i s  the converse  

p i e z o e l e c t r i c  e f f e c t  t h a t  i s  used in  t h i s  work.

P i e z o e l e c t r i c  M a t e r i a l s

C r y s t a l l i n e  q u a r tz  i s  the  p r i n c i p a l  p i e z o e l e c t r i c  m a t e r i a l  used 

com m erc ia l ly .  Quartz  has the  im p o r tan t  q u a l i t i e s  of  being a 

com ple te ly  o x id ised  compound, i n s o l u b l e  in  w ater  and s t a b l e  a t  

te m pera tures  over 100*C. For a l l  p r a c t i c a l  purposes,  t h e r e f o r e ,  

i t  i s  c h e m ic a l ly  s t a b l e .  Quar tz  i s  cheap, hard and m e c h an ica l ly  

rugged, has low i n t e r n a l  losses  when used as a v i b r a t o r  and 

expands l i t t l e  w i t h  h e a t .  Rochel le  s a l t  (sodium potassium  

t a r t r a t e )  has a l a r g e  p i e z o e l e c t r i c  e f f e c t ,  but  i s  s e n s i t i v e  to  

changes in  tem p era tu re ;  i t  decomposes a t  55*C.  I t  a lso  r e q u i r e s  

p r o t e c t i o n  a g a in s t  m ois ture  and i s  e l e c t r i c a l l y  u n s t a b le .  Barium 

t i t a n a t e  prov ides  lower s e n s i t i v i t y ,  but  g r e a t e r  immunity to  

t em p era tu re  and hum id ity  e f f e c t s .  Other c r y s t a l s  t h a t  have been 

used f o r  p i e z o e l e c t r i c  dev ices  in c lu d e  to u r m a l in e  and s y n t h e t i c  

c r y s t a l s  such as ammonium dihydrogen phosphate,  d ip o tass iu m  

t a r t r a t e ,  l i t h i u m  n io b a te  and e th y len ed iam in e  t a r t r a t e ,  which is
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used in  frequency-modula ted  o s c i l l a t o r s  and s e l e c t i v e  band-pass  

f i l t e r s  because o f  the  wide gap between i t s  resonant  and a n t i -  

resonant  f r e q u e n c i e s .

Necessary C ondit io n

There a re  20 c r y s t a l  c lasses which are p i e z o e l e c t r i c .  In  o rder  to  

e x h i b i t  p i e z o e l e c t r i c i t y  i t  i s  necessary f o r  a c r y s t a l  s t r u c t u r e ,  

o f  which t h e r e  are 32 c la s s e s ,  to  la c k  a ce n t re  o f  symmetry and 

to  g en era te  an e l e c t r i c  p o l a r i s a t i o n  under s t r e s s .  For a g iven  

c r y s t a l ,  the  ax is  of  p o l a r i s a t i o n  depends on th e  d i r e c t i o n  of  

the s t r e s s .  In  the  c r y s t a l  c lasses  o f  lo w est  symmetry, the

a p p l i c a t i o n  of  s t re s s  in  any d i r e c t i o n  genera tes  an e l e c t r i c  

p o l a r i s a t i o n ,  whereas in  c r y s t a l s  of  h ig her  symmetry only the  

a p p l i c a t i o n  o f  s t ress  i n  p a r t i c u l a r  d i r e c t i o n s  can produce an 

e l e c t r i c  p o l a r i s a t i o n .  These e f f e c t s  o f  c r y s t a l  symmetry a ls o  

apply  to  the converse p i e z o e l e c t r i c  e f f e c t  when an e x t e r n a l  

e l e c t r i c  f i e l d ,  ap p l ie d  the c r y s t a l ,  r e s u l t s  in  a sm al l  s t r a i n .

M a t r i x  Form ula t io n

For e i t h e r  the d i r e c t  or converse p i e z o e l e c t r i c  e f f e c t ,  the  

co m p lex i ty  of  the  r e l a t i o n s h i p  between the  mechan ical  and 

e l e c t r i c a l  vec to rs  in  a c r y s t a l  depends on c r y s t a l  symmetry. The 

r e l a t i o n s h i p  can be d escr ib ed  m a th e m a t ic a l ly  using m a t r i c e s .  A 

q u a r t z  c r y s t a l  having a t h r e e - f o l d  ax is  o f  r o t a t i o n  and t h r e e  

t w o - f o l d  axes p e r p e n d ic u la r  to  the t h r e e - f o l d  a x is  has only two 

c o e f f i c i e n t s  d e s c r ib in g  the  r e l a t i o n s h i p .
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E l e c t r o m e c h a n i c a l  C o u p l i n g

The d i r e c t  p i e z o e l e c t r i c  e f f e c t  makes a c r y s t a l  a g e n e r a to r  and 

the  converse e f f e c t  makes i t  a motor.  Consequently,  the  e l e c t r i c  

p r o p e r t i e s  depend on the  mechan ical  load  and th e  mechan ical  

p r o p e r t i e s  depend on the e l e c t r i c  boundary c o n d i t i o n s .

The square o f  th e  e le c t r o m e c h a n i c a l  coupl ing  f a c t o r ,  k,  i s  

d e f in e d  as th e  r a t i o  o f  th e  s tored  e l e c t r i c a l  energy to  the  

corresponding mechan ical  form to  which i t  can be co n ver ted .  In  

q u a r t z  the  coupl ing  i s  about 10 per c e n t .

C o n s t ru c t io n

Only the  p u res t  c r y s t a l s  of  w h i t e  t r a n s l u c e n t  q u a r t z  are  

s u i t a b l e ;  B r a z i l  i s  the major  s u p p l i e r .  A t h i n  w a f e r ,  cut  from 

t h i s  q u a r t z ,  v i b r a t e s  only a t  i t s  resonant  f requency  which is  

determined by the way i t  was cut  and by i t s  dimensions.  For each 

type of  cut  the n a t u r a l  f requency  i s  main ly determined  by the  

th ic k n e s s ;  the t h i n n e r  the c r y s t a l  the h ig her the f req u en cy .  A 

10 MHz c r y s t a l  i s  about  0 .2  mm t h i c k .  The raw p l a t e s  are  

c a r e f u l l y  ground, by la p p in g  and e t c h i n g ,  and an evaporated m eta l  

f i l m  i s  deposited  on each side  to  ac t  as e l e c t r o d e s .  The 

e l e c t r o d e  m eta l  i s  norm al ly  s i l v e r  or aluminium but  can be g o ld .

The d i r e c t i o n s  l a b e l l e d  x , x 2 and x3 i n  f i g .  2 .4  are the  

p i e z o e l e c t r i c  or p o l a r  axes o f  a hexagonal  q u a r t z  c r y s t a l .  There  

are t h r e e  such d i r e c t i o n s  due to  symmetry, w i t h  t h r e e  r e s p e c t i v e  

y - axes ,  a l though f o r  c l a r i t y  only  one y - a x i s  i s  shown. The 

s i n g l e  z - a x i s  i s  normal to  a l l  x and y-axes and is  the ax is  of
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o p t i c a l  s y m m e t r y ;  i t  i s  n o t  p o l a r .

A p l a t e  cu t  w i t h  i t s  faces  p e r p e n d ic u la r  to  one o f  the  x -  

d i r e c t i o n s  i s  an X cut  and i s  shown hatched in  f i g .  2 . 4 ,  w h i l e  

one cut  w i t h  i t s  faces  p a r a l l e l  to  one o f  the  l a t e r a l  faces  i s  

Y c u t .  However, both X cu t  and Y cut  q u a r t 2 p l a t e s  are s u b je c t  to  

changes in  frequency w i t h  tem pera ture  due to  changes o f  e l a s t i c  

modulus.

F ig .  2 .5  shows a mounted AT cut  c r y s t a l .  Such c r y s t a l s  are used 

most commonly in  p i e z o e l e c t r i c  m icro b a lan ces ,  they  are cut  f rom a 

s i n g l e  r i g h t  handed q u a r t z  c r y s t a l  p a r a l l e l  to  the  x - a x i s  and a t  

an angle  o f  35*15*  to  the  z - a x i s  ( f i g .  2 . 6 ) .  Th is type of  c r y s t a l  

v i b r a t e s  in  the  th i c k n e s s - s h e a r  mode, which has no nodal  p o in ts  

on the  face  o f  the c r y s t a l  ( f i g .  2 . 7 ) .  Hence, the f requency of  

v i b r a t i o n  i s  independent o f  the  e l a s t i c  p r o p e r t i e s  o f  t h i n  f i l m s ,  

such as e l e c t r o d e s  and c o a t in g s ,  added to  the  c r y s t a l  s u r f a c e .  In  

a d d i t i o n  they  are n e a r l y  f r e e  from the tem pera ture  e f f e c t ,  which  

i s  discussed and i n v e s t i g a t e d  in  Chapter  5.

O s c i l l a t i o n

I f  a l t e r n a t e l y  s t r e tc h e d  and squeezed, a c r y s t a l  s l i c e  becomes a 

source of  an a l t e r n a t i n g  v o l t a g e .  Converse ly ,  i f  an a l t e r n a t i n g  

p o t e n t i a l  d i f f e r e n c e  is  a p p l ie d  to  the  e l e c t r o d e s  on a PZC an 

o s c i l l a t i n g  e l e c t r i c  f i e l d  w i l l  occur,  which w i l l  cause the  

c r y s t a l  to  v i b r a t e  m e c h a n ic a l ly .  I f  the  d r i v i n g  frequency  i s  

close  to the n a t u r a l  resonant  f requency  (or  an over tone)  o f  a 

p a r t i c u l a r  c r y s t a l  mode o f  v i b r a t i o n  in  the d i r e c t i o n  of  the
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a p p l i e d  f i e l d ,  t h e n  r e s o n a n c e  w i l l  o c c u r .  When t h e  c r y s t a l  i s

i n c o r p o r a t e d  as the f requency  c o n t r o l l i n g  component o f  the  

o s c i l l a t o r  g e n e r a t in g  t h i s  a l t e r n a t i n g  v o l t a g e  and a l l  mechan ical  

and e l e c t r i c a l  losses  are overcome, th e  v i b r a t i o n s  w i l l  s u s ta in  

themselves and g en era te  e l e c t r i c a l  o s c i l l a t i o n s  of  constant  

f req u en cy .  The exact  harmonic depends on the o th e r  components in  

the  c i r c u i t  and the  mass lo a d in g  o f  the  c r y s t a l .  In  the  

o s c i l l a t o r  used in  t h i s  work c a . 10 MHz c r y s t a l s  v i b r a t e  a t  the  

fundamenta l  f requency under normal mass lo a d in g s .

The o p e r a t i o n  of  a PZC i n  the  f requency  domain has an advantage  

over p u re ly  analogue sensors such as e l e c t r o c h e m i c a l  ones i n  t h a t  

v a r i a t i o n s  i n  the output  v o l t a g e  have no e f f e c t  on the  measured 

s i g n a l .  T h e r e f o r e ,  t r an sm iss io n  losses  are prevented and the  

e f f e c t  o f  noise pickup i s  s i g n i f i c a n t l y  reduced.

Frequency Dependence on Mass

The t h e o r e t i c a l  bas is  of  the p i e z o e l e c t r i c  c r y s t a l  mic ro ba lance  

f o r  evaporated m eta l  f i l m s  was developed by Sauerbrey in  

1959 [ 2 . 3 3 .  His r e s u l t s  f o r  f i l m  d e p o s i t i o n  should,  i n  p r i n c i p l e ,  

be d i r e c t l y  a p p l i c a b l e  to  t h i n  f i l m s  of  any m a t e r i a l  adher ing to  

the  c r y s t a l .

The resonant  f requency ,  F, o f  an AI cut  c r y s t a l  v i b r a t i n g  in  the  

fundamental  th i c k n e s s - s h e a r  mode i s :

Nh = 7 <2 -7 >
N = Frequency constan t  f o r  AT cut  q u a r t z .  0 .1679  MHz cm, which

41



e q u a l s  h a l f  o f  t h e  v e l o c i t y  o f  p r o p a g a t i o n  o f  a t r a n s v e r s e

wave in  the  p lane o f  the c r y s t a l ,  

a = th ickn ess  o f  the  c r y s t a l  which may be expressed as:

Ma = AQ

M = Mass o f  the c r y s t a l  

A = Area o f  the  c r y s t a l  

g = Mass d e n s i t y  o f  the  q u a r t z  c r y s t a l ,  2 .654  g cm 

T h e r e f o r e :

-3

M =
iNA

(2.8)

( 2 . 9 )

For q u a r t z  p and N are co n s tan t ,  d i f f e r e n t i a t i n g  f o r  constant  

a r e a :
dM
dF

NA
2 (2.10)

From t h i s  eq u at io n  the resonant  f requency  s h i f t  caused by a 

s i n g l e  in c r e m e n t a l  change in  mass o f  the c r y s t a l  (and hence 

th ic k n e s s )  from M to  M+AM can be c a l c u l a t e d :

f F + AF rM+AM
1

QNA
M

dM ( 2 . 1 1 )

C " qNA

r -| M + AM

H m
( 2 . 1 2 )

] - f 8 = 7 7 7  (fM+AM3 -  [M])  QNA ( 2 . 1 3 )

-AF AM
( 2 . 1 4 )

f 2+faf
pNA

For AF << F:

AF .  -  AM
pNA

AF = -  - f -  AM 
QNA

( 2 . 1 5 )

( 2 . 1 6 )
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A t  t h i s  p o i n t  t h e  f u n d a m e n t a l  a s s u m p t i o n  o f  S a u e r b r e y  i s  made:

The f requency  s h i f t  caused by the change in  mass o f  the  

c r y s t a l ,  AH, w i l l  a ls o  be caused by the a d d i t i o n  o f  an 

i d e n t i c a l  f o r e i g n  mass. AH^, to  th e  c r y s t a l  s u r f a c e ,  eg a 

m e t a l l i c  f i l m .  This assumption has been borne out  e x p e r i m e n t a l l y .  

I t  i s  a l o g i c a l  assumption because s u r face  d e p o s i t io n s  on an AT 

cut  q u a r t z  c r y s t a l  v i b r a t i n g  in  the th i c k n e s s - s h e a r  mode ac t  

s t r i c t l y  as dead w e ig h t  ( they  have n e g l i g i b l e  c o n t r i b u t i o n  t o  the  

e l a s t i c  p r o p e r t i e s  o f  the v i b r a t i n g  c r y s t a l ) .  However, i f  the  

t o t a l  d e p o s i t i o n  becomes too t h i c k  i t  w i l l  become s t r a i n e d  in  

o s c i l l a t i o n  and t h i s  assumption w i l l  no lo n g er  be v a l i d .

The a p p l i c a t i o n  o f  e l e c t r o d e s  to  the  su r face  o f  the c r y s t a l

causes a decrease i n  resonant  f req u en cy ,  but ,  because o f  the

d i f f e r e n c e  in  mass, the wave length corresponding  to  the resonant

f requency  of  the e le c t r o d e d  reg io n  ( f i g .  2 . 5 )  i s  lo n g e r  than t h a t

o f  th e  p e r i p h e r y .  I f  the mass o f  the  e l e c t r o d e s  i s  s u f f i c i e n t ,

the resonant  f requency  d i f f e r e n c e  between the two re g io ns  w i l l  be

g r e a t  enough f o r  v i b r a t i o n s  generated  i n  the e le c t r o d e d  reg io n

not to  propagate beyond i t .  Since only  the e le c t r o d e d  reg io n  i s

en e r g is e d ,  the v i b r a t i o n a l  energy i s  said to  be trapped [ 2 . 4 ] ,

and the c r y s t a l  behaves as i f  i t s  area were t h a t  o f  the

e l e c t r o d e ,  A cm^.
a

Now eqn. 2 . 16  becomes:

Eqn. 2. 17 s t a t e s  

w i t h  the a d d i t i o n

AF = - --------AH
qNA t

( 2 . 1 7 )

t h a t  the resonant  f requency decreases l i n e a r l y  

of  f o r e i g n  mass.
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F o r  t h i n  f i l m s ,  t h e  mass s e n s i t i v i t y  p e r  u n i t  a r e a  i s  a c o n s t a n t

f o r  a s p e c i f i c  c r y s t a l -  For type  AT

2. 24 x F2 MHz 1 cm2 g Hence i t  i s  

f requency  c r y s t a l s  f o r  f i l m - d e p o s i t i o n  

i t i v i t y  i s  p r o p o r t i o n a l  to  the  frequency

cut  q u a r t z  i t  equals  

d e s i r a b l e  to  use high  

work as the  mass sens-  

s e l e c t e d .

Eqn. 2 . 16  can thus be w r i t t e n  in  the common form:

2
AF = -  2. 24 F ” S ( 2 . 18 )Aa 2

where F is  expressed i n  MHz, AM  ̂ in  g and A  ̂ in  cm .

In  a p i e z o e l e c t r i c  c r y s t a l  gas sensor,  the  e l e c t r o d e  i s  i t s e l f  

coated w i t h  a chemical  absorbent  which s e l e c t i v e l y  absorbs the  

gas component o f  i n t e r e s t  producing a sensor s p e c i f i c  to  t h a t  

sp ec ies .  In Chapter  7 the  techniques  used to produce s e l e c t i v e  

sensors are described  along w i t h  the range of  p o s s ib le  m a t e r i a l s  

and t h e i r  degree o f  s e l e c t i v i t y .  This chapter  i s  more concerned 

w i t h  the t h e o r e t i c a l  aspects of  the p i e z o e l e c t r i c  e f f e c t  than i t s  

a p p l i c a t i o n s .

In accordance w i th  most resear ch ers  i n  the  area o f  p i e z o e l e c t r i c  

mass measurement, i t  i s  assumed t h a t  the a c t i v e  area f o r  mass 

measurement i s  conterminous w i t h  the area of  th e  e l e c t r o d e .  This  

i s  v a l i d  i f  the co a t in g  co m p le te ly  covers the  e l e c t r o d e .  

T h e r e f o r e ,  eqn. 2 . 18  a p p l i e s  when so rbent ,  sorb ate  and 

e l e c t r o d e ,  t o g e t h e r  ac t  as f o r e i g n  mass t o t a l l i n g  AM^. 

However, sorbent  adher ing to  the  c r y s t a l  o u t s id e  the a c t i v e  

area has a n e g l i g i b l e  e f f e c t  on the  v i b r a t i o n  o f  the  a c t i v e  a rea .

The Sauerbrey equat io n  only a p p l ie s  to  subsequent mass a d d i t io n s
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a f t e r  t h e  f i r s t  i f ,  a n d  o n l y  i f ,  F i s  t h e  f r e q u e n c y  o f  t h e

c r y s t a l  loaded w i t h  a l l  p revious mass a d d i t i o n s  to  the  c u r r e n t  

o ne .

Since the  PZC resonant  f requency i s  i n v a r i a b l y  measured a f t e r  the  

e l e c t r o d e s  have been d ep o s i te d ,  i t  i s  proper  to  ig n o re  the  

c o n t r i b u t i o n  to  AM from the e l e c t r o d e  mass and the assoc ia tedT
decrease i n  c r y s t a l  f requency .  The c o n t r i b u t i o n  o f  the e le c t r o d e  

to  the t o t a l  d e p o s i t i o n  becoming too t h i c k  must not  be ig n o red .  

Eqn. 2 . 18  now becomes:

AF = -  2. 24 F2 ^  ( 2 . 1 9 )
A

where,  F i s  the f requency of  the  c r y s t a l  loaded only w i th  the  

e l e c t r o d e .  AM r e f e r s  to  the sorbent  and sorb ate  and A i s  the  

a c t i v e  area which i s  equated to  the area of  the  e l e c t r o d e .

Because o f  the assumption made i n  d e r i v i n g  eqn. 2 . 16 ,  the

e f f e c t i v e  mass s e n s i t i v i t y  decreases s l i g h t l y  as the deposi ted

mass i n c r e a s e s .  I f  AF i s  le s s  than 0. 5Z of  F,  the n o n - l i n e a r i t y

w i l l  be le s s  than one per c e n t .  For l a r g e  mass a d d i t i o n s  the

response i s  n o n - l i n e a r  and the f o l l o w i n g  equat io n  can be used,

which has the same form as eqn. 2 . 15 but f o r  which the terms

d escr ib ed  under eqn. 2. 19 apply :

2
AF = -  F +FAF AM ( 2 . 2 0 )

qNA

Although the  Sauerbrey equat io n  p r e d i c t s  a l i n e a r  r e l a t i o n s h i p  

between absorbed mass and f requency  change t h i s  does not  imply  a 

l i n e a r  r e l a t i o n s h i p  between gas phase c o n c e n t r a t io n  and frequency  

change. The ab so rp t io n  process r e l a t i n g  the  gas phase

4 5



c o n c e n t r a t io n to  the  absorbed mass has not been considered and

may w e l l  be a n o n - l i n e a r  process, e s p e c i a l l y  when the

c o n c e n t r a t io n v a r i e s  d y n a m ic a l ly . 1 his i s  the case f o r the

d i s c r e t e  measurements descr ib ed i n Chapter 7 where the

c a l i b r a t i o n  i s  shown to  be n o n - l i n e a r .

The mass s e n s i t i v i t y  o f  a t y p i c a l  c r y s t a l  

i s  0 .9  ng Hz 1 . The exac t  va lu e  depends 

dimensions and geometry.

o s c i l l a t i n g  

on c r y s t a l

a t  10 MHz 

f r e q u e n c y ,



2 . 2  THEORETICAL ASPECTS OF I NF RA -R ED SPECTROMETRY

Absorp t io n  o f  E le c t ro m a g n e t ic  R a d ia t io n

This i s  the  process whereby the i n t e n s i t y  o f  a beam o f  

e l e c t r o m a g n e t i c  r a d i a t i o n  i s  a t t e n u a te d  i n  pass ing through a 

m a t e r i a l  or  medium. The f a c t o r s  on which a b so rp t io n  depends and 

which are r e l e v a n t  to  q u a n t i t a t i v e  spectroscopy a re  the  n a tu re  of  

the  absorbing sp e c ie s ,  the  wave length o f  the  r a d i a t i o n ,  the  

th ic k n e s s  o f  the absorbing medium and the c o n c e n t r a t io n  o f  the  

absorbing spec ies .

Beer -Lamber t  Law o f  Absorp t ion

In a homogeneous medium the f r a c t i o n  o f  i n c i d e n t  r a d i a t i v e  energy  

absorbed i s  p r o p o r t i o n a l  to  the  th ic kness  o f  the  absorbing  

substance.  In  terms o f  a beam of  photons t r a v e l l i n g  through the  

substance,  the r a t e  o f  photon a b so rp t io n  w i t h  d i s t a n c e  t r a v e l l e d  

i s  p r o p o r t i o n a l  to  th e  power o f  the photon beam. In the  

ab so rp t io n  of  e l e c t r o m a g n e t i c  r a d i a t i o n  by gases,  l i q u i d s  and 

s o l u t i o n s .  Each l i g h t  absorb ing molecule absorbs the same 

f r a c t i o n  o f  r a d i a t i o n  i n c i d e n t  upon i t ,  whether the  molecules  

are c l o s e l y  packed a t  high pressure  or h ig h ly  d is p ersed  a t  low  

p r e s s u r e .

The r e l a t i o n  between the  i n t e n s i t y  o f  a p a r a l l e l  monochromatic  

beam, which emerges from a plane p a r a l l e l  l a y e r  o f  absorbant  of  

constant  t h ic k n e s s ,  and i t s  th ic kn ess  has the f o l l o w i n g  form:



(2.21 )
I = i n t e n s i t y  or r a d i a n t  power o f  unabsorbed r a d i a t i o n  a t  a 

d i s t a n c e  x cm i n t o  the  substance

k = a constant  f o r  the  medium a t  the wave length  and tem perature  

being considered ( a b s o r p t io n  c o e f f i c i e n t )  

c = the  c o n c e n t r a t io n  which i s  uniform  and independent  o f  path  

l e n g t h .

The f o l l o w i n g  express io n  i s  obta in ed  by i n t e g r a t i n g  eqn. 2.21  

over a f i n i t e  th ickn ess  o f  the substance equal  t o  a t o t a l  path  

l e n g t h  of  x cm:

10  - i n t e n s i t y  or r a d i a n t  power o f  a monochromatic p a r a l l e l

beam of  r a d i a t i o n  i n c i d e n t  a t  the sur face  of  the medium

1̂ ) must be co r rec ted  f o r  r e f l e c t i o n  from the i n c i d e n t  su r face  

and window ab so r p t io n .  This i s  most e a s i l y  done by d e f i n i n g  i t  as 

the power passing through a blank  in  the same sample c o n t a i n e r .

Eqn. 2 . 22  above i s  more u s u a l l y  w r i t t e n  as

where, ^ = k / 2 . 3 0 3  i s  known as the  ( s p e c i f i c )  a b so rp t io n  

c o e f f i c i e n t  f o r  the absorbing substance a t  co n s tan t  te m pera ture  

and w ave length .  When c i s  the  molar c o n c e n t r a t i o n ,  £ i s  c a l l e d  

the molar  ab so rp t io n  c o e f f i c i e n t .  Equat ion 2. 23 i s  the  

fundamenta l  equat io n  o f  q u a n t i t a t i v e  a b s o r p t i m e t r y . S depends 

on th e  n a tu re  o f  the  absorbing sp ec ie s ,  but  not i t s  

c o n c e n t r a t i o n ,  and on the wave length  o f  the r a d i a t i o n .  To a

In  —  = kcx (2.22)

log  y 2 = £cx ( 2 . 2 3 )
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l e s s e r  e x t e n t  E c h a n g e s  w i t h  t h e  n a t u r e  o f  t h e  s o l v e n t  and t h e

t em p era tu re  o f  th e  absorb ing sp ec ie s .

I f  the Beer -Lamber t  law i s  t r u e  f o r  a p a r t i c u l a r  system, a p l o t  

of absorbance,  A = lo g  ( I ^ / I ) ,  a g a in s t  the c o n c e n t r a t i o n  f o r  

d i f f e r e n t  c o n c e n t r a t io n s  w i l l  y i e l d  a s t r a i g h t  l i n e ,  the slope of  

which is  equa l  to  E- In o th e r  words; i f  the Beer -Lamber t  law can 

be shown to  ap p ly ,  absorbance can be used as a q u a n t i t a t i v e  

measure o f  c o n c e n t r a t i o n .  In  most systems the r a d i a t i o n  i s  not  

monochromatic and so d e v i a t i o n s  occur.  For gaseous ab so rp t io n  c 

can be rep laced  by the p a r t i a l  pressure  o f  the absorbant .

In Chapter  3 i t  w i l l  be seen t h a t the  normal d e r i v a t i o n  of the

Beer-Lambert law (eqn.  2. 23) i s  v a l i d f o r  s t a t i c gas

measurements.

S p a t i a l  V a r i a t i o n  o f  C o n cen t ra t io n

In some circumstances the c o n c e n t r a t io n  of  the absorbing  species  

may not be co n s ta n t ,  f o r  in s ta n c e  when a f lo w  through gas c e l l  i s  

used the c o n c e n t r a t i o n  v a r i e s  both s p a t i a l l y  and w i t h  t im e .  The 

s p a t i a l  v a r i a t i o n  i s  o u ts id e  the scope of  eqri. 2 . 2 3 .

However, the Beer-Lambert  law w i l l  s t i l l  apply  i f  the  co n cen t ra ­

t i o n  i s  un ifo rm  over a plane p a r a l l e l  l a y e r  o f  absorbing species  

of l i m i t i n g  t h ic k n e s s ,  dx, even though a v i s i b l e  c o n c e n t r a t io n  

g r a d i e n t  may e x i s t  in  the x d i r e c t i o n  but not  normal to  i t .  The 

Beer-Lambert  law then takes the f o l l o w i n g  m athem at ic a l  form:
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z r  = - 2 . 3 0 3  e c ( x ) I dx ( 2. 24 )

I n t e g r a t i o n  over th e  t o t a l  path l e n g t h  o f  x cm g iv e s :

lo g  = e c ( x )  dx 
oJ

( 2 . 2 5 )

This g e n e r a l  express ion  i s  o f  use in  s i t u a t i o n s  where the  

c o n c e n t r a t io n  i s  constant  normal to  the i n c i d e n t  r a d i a t i o n  i . e .  

uniform  c r o s s - s e c t i o n a l  d i s t r i b u t i o n  but  v a r i e s  w i t h  path l e n g t h .
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2 . 3  FIGURES

Z

F i g u r e  2 . 1  T he d i s t o r t i o n  b f  a  q u a r t z  s i l i c a t e  
t e t r a h e d r o n  b y  a  s t r e s s  a p p l i e d  i n  t h e  y - d i r e c t i o n  
w h ic h ,  b e c a u s e  o f  c r y s t a l  sy m m e try , r e s u l t s  i n  a  n e t  
d i p o l e  a lo n g  t h e  x - a x i s .
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X

T ------>

F i g u r e  2 .2  T he  x - y  p r o j e c t i o n  o f  a  q u a r t z  s i l i c a t e  
t e t r a h e d r o n  a n d  t h e  e f f e c t  o f  a  s t r e s s  a p p l i e d  i n  t h e  
y - d i r e c t i o n .  T he  c h a r g e  d i r e c t e d  a lo n g  t h e  x - a x i s  i s  
t h e  r e s u l t a n t  o f  tw o  c h a r g e s  i n  t h e  x - z  p l a n e  w h ic h  a r e  
n o t  m oved b y  t h e  s t r e s s  i n  t h e  y - d i r e c t i o n .
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F i g u r e  2 . 3  T h e  s t r a i n  p r o d u c e d  b y  a n  e l e c t r i c  f i e l d  o n
a  p i e z o e l e c t r i c  c r y s t a l  a n d  t h e  e f f e c t  o f  r e v e r s i n g  t h e
f i e l d .
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X

F i g u r e  2 .4  A h e x a g o n a l  q u a r t z  c r y s t a l  s h o w in g  t h e  x  a n d  
y - a x e s  a n d  a n  X - c u t .
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F ig u re  2 .5  (Next  page) P l a t e  showing a 10 MHz c r y s t a l  w i th  
gold e l e c t r o d e s  mounted i n  an HC5/U h o l d e r .
A dressmaking pin i s  a lso  shown.
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F i g u r e  2 .6  T he  o r i e n t a t i o n  o f  t h e  A T -c u t w i t h  r e s p e c t  
t o  t h e  a x e s  o f  a  q u a r t z  c r y s t a l .
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F i g u r e  2 .7  T he T h ic k n e s s  S h e a r  m ode o f  v i b r a t i o n  
w h ic h  h a s  n o  n o d e s  on  t h e  s u r f a c e  (n o d e s  a r e  show n)
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CHAPTER 3

PRELIMINARY INVESTIGATIONS OF ATMOSPHERES CONTAINING 

S02 USING INFRA-RED SPECTROMETRY

6 0



S p ect roscop ic  methods have been e x t e n s i v e l y  a p p l ie d  to  the  

a n a l y s i s  of  gases,  making p a r t i c u l a r  use of  the  s p e c i f i c i t y  o f  an 

ab s o r p t io n  tech n iq u e .  On b e h a l f  o f  the  Department o f  H e a l t h ,  the  

L a b o ra to ry  o f  the Government Chemist (LGC) has r e g u l a r l y  

determ ined  y i e l d s  o f  t a r ,  n i c o t i n e  and carbon monoxide (CO) i n  up 

to  150 major  s e l l i n g  brands o f  c i g a r e t t e s .  The c i g a r e t t e s  are  

smoked by machine to  p rov id e  a c o n s i s t e n t  comparison between 

brands.  Ten 30 ml p u f fs  are  ta ken  from each c i g a r e t t e ,  the  

a e r o s o l  i s  f i l t e r e d  and the  t o t a l  vapour phase from each 

c i g a r e t t e  i s  c o l l e c t e d  in  a PVC bag f o r  a n a l y s i s  o f  t o t a l  CO 

using an i n f r a - r e d  sp ec t ro m eter .

Many o th e r  c o n s t i t u e n t s  of  c i g a r e t t e  smoke are a lso  thought to  be 

harm fu l  and the  development o f  methods to  determ in e  these  

presents  a co n s id e r a b le  ch a l len g e  to  the a n a l y t i c a l  chemist .  One 

of  these c o n s t i t u e n t s  i s  S0„. The d e t e r m i n a t i o n  o f  S0„ by a 

s i m i l a r  i n f r a - r e d  s p e c t r o m e t r ic  method was i n v e s t i g a t e d .  The aims 

were to  assess whether S02 could be analysed q u a n t i t a t i v e l y  in  an 

apparatus s i m i l a r  to  the LGC smoking engine and t o  consider  

p o t e n t i a l  methods f o r  the m u l t i - c h a n n e l  d e t e r m i n a t i o n  o f  S02 in  

r e a l - t i m e .
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3.1 INSTRUMENTAL

D e s c r i p t i o n  o f  the  Spectrometer

The o p t i c a l  system t h a t  was used f o r  a l l  the i n f r a - r e d  work,  

descr ib ed  h ere ,  cons is ted  o f  a P erk in  Elmer 157 sodium c h l o r i d e  

spectro meter  t h a t  was s p e c i a l l y  m o d i f ied  f o r  the  purpose o f  t h i s  

work.  F i g .  3 .1  shows the o p t i c a l  l a y o u t  o f  the  in s t ru m e n t  which  

measures i n f r a - r e d  ab so rp t io n  by th e  double beam p r i n c i p l e .  

I n f r a - r e d  r a d i a t i o n  from a Nernst  glower source i s  s p l i t  i n t o  two 

c o l l i m a t e d  beams. The sample i s  placed in  one beam w h i l e  the  

o th e r  i s  used f o r  r e fe r e n c e  purposes.  A s e m i c i r c u l a r  s i l v e r e d  

r o t a t i n g  chopper (Ch) a l lows the  sample beam to  pass d i r e c t l y  

i n t o  the monochromator. However, when turned through 180* i t  

r e f l e c t s  the r e f e r e n c e  beam i n t o  the  pr ism monochromator which  

a l lows a smal l  range o f  wave lengths to  f a l l  onto the  thermocouple  

d e t e c t o r  ( T c ) .

Due to  the d i f f e r e n c e  between the  i n t e n s i t i e s  o f  the  beams, the  

output  of  the d e t e c t o r  i s  a d i r e c t  c u r r e n t  w i t h  an a l t e r n a t i n g  

component superposed on i t .  The a l t e r n a t i n g  c u r r e n t  i s  

s e l e c t i v e l y  a m p l i f i e d  and fed to  a servomotor t h a t  moves a comb 

shaped a t t e n u a t o r  (Atn)  i n t o  the r e f e r e n c e  beam u n t i l  the two 

beams have equa l  i n t e n s i t y .  A pen i s  d r iv e n  from the a t t e n u a t o r  

by a chain and p u l l e y  co up l ing  to  g ive  a g r a p h i c a l  ou tput  

d i s p l a y i n g  the r a t i o  o f  the i n t e n s i t i e s  as a p ercentage .

An e l e c t r i c a l  ou tput  s i g n a l  i s  d e r iv e d  from a d isp lacement  

p o t e n t io m e t e r .  The magnitude of  th e  readout v o l t a g e  i s  i n d i c a t i v e  

of the a t t e n u a t o r  p o s i t i o n :  the maximum output  i s  10 mV and i s
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e q u i v a l e n t  to  f u l l  sca le  d e f l e c t i o n  o f  the pen. For s i g n a l  

reco very  from the  spectro meter  d ur in g  most analyses  a Bryans 

27000 c h a r t  r e c o r d e r  was used. This has a f l o a t i n g  in p u t  w i t h  an 

impedance o f  g r e a t e r  than 10 kQ.

Excess ive  ga in  causes o s c i l l a t i o n s  i n  the output  due to  p o s i t i v e  

feedback .  Adjustment o f  the g a in  c o n t r o l  v a r i e s  the am pl i tude  o f  

the  s i g n a l  a p p l ie d  to  the servomotor;  the c o n t r o l  i s  se t  to  

o b t a in  a r a p i d  n o n - r in g in g  mechanica l  response w i t h  the servo  

s l i g h t l y  underdamped. Damping i s  provided  by a v e l o c i t y  feedback  

c i r c u i t  t h a t  s t a b i l i s e s  the  servo ,  along w i t h  f r i c t i o n  and 

i n e r t i a .

The balance  c o n t r o l  i s  ad ju s ted  so t h a t  when t h e r e  i s  no energy  

both beams the d r i v e  remains s t a t i o n a r y .  T h e r e f o r e ,  a zero  

s i g n a l  i s  a p p l ie d  to  the feedback system when th e  two beams have 

equal  i n t e n s i t y .

Turning th e  1007 c o n t r o l  moves a second a t t e n u a t o r  out  of  the  

sample beam to  compensate f o r  ab so rp t io n  by the sample c e l l .  Thus 

the blank i s  se t  a t  1007 t r a n s m is s io n .

The source does not  emit  th e  same amount o f  energy a t  a l l  

w avelengths .  To compensate f o r  t h i s ,  the  s l i t  w id ths are  

programmed to  m a in ta in  the  energy f a l l i n g  on th e  d e t e c t o r  a t  an 

a p p ro x im ate ly  constant  l e v e l  throughout the i n s t r u m e n t a l  range,  

thus keeping the output  response and s i g n a l - t o - n o i s e  r a t i o  

c o n s t a n t .
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Modification of the Spectrometer Output

The b u i l t - i n  pen r e c o r d e r  was i n i t i a l l y  u s e f u l  i n  o b ta i n i n g  

s p e c t r a l  i n f o r m a t i o n .  However, the  c h a r t  r e c o r d e r ' s  e l e c t r i c a l  

f a c i l i t i e s  f o r  s c a l i n g  and backing o f f  and the use o f  s im p le r  

paper were more s u i t a b l e  f o r  the q u a n t i t a t i v e  analyses  t h a t  

f o l l o w e d .

Moreover,  the  response o f  the  sp e c t ro m e te r 's  mechanica l  system 

was found to  be poor and the servo a m p l i f i e r  stage  was noisy  

e s p e c i a l l y  a t  high g a in ,  which posed f u r t h e r  problems f o r  

q u a n t i t a t i v e  work.  Improved performance was achieved by u n l i n k i n g  

the  coupl ing  from the  a t t e n u a t o r  to  the i n t e r n a l  c h a r t  re c o r d e r  

pen. The reduced f r i c t i o n a l  losses  and i n e r t i a l  load on the  

feedback c i r c u i t  a l lowed the  ga in  to  be reduced,  r e s u l t i n g  in  an 

in c re a s e  i n  th e  s i g n a l - t o - n o i s e  r a t i o .

Since the pen ho ld er  no lo n g e r  moved to  show th e  100Z and OZ 

p o s i t i o n s  of  the  moving a t t e n u a t o r ,  these had to  be r e d e f in e d  as 

the p o s i t i o n s  ad jacen t  to  the r e s p e c t i v e  end stop m ic ro sw i tch es .  

Should the in s t ru m en t  go o f f  s c a le ,  the d r i v e  i s  cut  by these  

s w i t c h e s .

For dynamic sampling ana lyses a Research Machines 380Z 

microcomputer was added to  the spectro meter  v i a  a purpose b u i l t  

i n t e r f a c e .  Looking a t  the  raw d a t a ,  an apparen t  in c r e a s e  i n  

noise  was observed due to  the  f a c t  t h a t  the c h a r t  re c o r d e r  had 

been a c t in g  as a passive  f i l t e r .  The microcomputer  samples th e  

output  s i g n a l  o f  the spectro m eter  a t  a r a t e  o f  1000 samples per  

second. The mains p ic k -u p  component of  the noise i s  e l i m i n a t e d  by
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averaging over 20 consecutive measurements.

The averaged data are then s tored  on magnet ic  d i s c  (50 samples 

per second) f o r  f u t u r e  a n a l y s i s .  This co n s is ts  o f  peak l o c a t i o n ,  

c a l c u l a t i n g  absorbance and pressure  c o r r e c t i o n  (see page 7 2 ) .  The 

r a t e  a t  which a n a ly s is  can be c a r r i e d  out  i s  f a r  g r e a t e r  than  

using manual methods such as read in g  o f f  a c h a r t  r o l l .  Other  

advantages are  t h a t  the da ta  are p o r t a b l e ,  a c c e s s i b l e  and can 

e a s i l y  be cop ie d .  The r e s u l t s  may be compared by s u p e r p o s i t io n  of  

graphs.  Hard copy o f  graphs can be obtained  using a Bryans 

29000 A4 X-Y p l o t t e r .  Should the  method o f  a n a l y s i s  be a l t e r e d  

then a new set  o f  r e s u l t s  can be obta in ed  from the  o r i g i n a l  data  

w i t h o u t  i n t e r f e r e n c e  from co n s tu c t io n  l i n e s  or t r a c e s  from the  

previous a n a l y t i c a l  process,  as may be the case w i t h  paper.

Gas C e l ls

The gas c e l l s  were obta in ed  from Specac L td .  The c e l l  body 

co n s is ts  of  a tube of  perspex w i t h  an i n t e r n a l  d iam eter  of  2 cm 

and a path l e n g t h  of  10 cm. Both ends are e x t e r n a l l y  threaded to  

take  T e f lo n  end caps which hold the  NaCl windows in  p o s i t i o n ,  as 

shown i n  f i g .  3 . 2 .  Washers p ro v id e  a gas t i g h t  s e a l .  Two s m a l le r  

perspex tubes le ad  o f f  the body. Taps and B10 sockets were j o i n e d  

to  these to  a l l o w  the c e l l  to  be connected to  a vacuum l i n e  and 

to  be removed under gas t i g h t  c o n d i t io n s  f o r  i n s e r t i o n  i n t o  th e  

sp ect ro m eter .  Since t h e r e  are  two tubes the same c e l l  can be used 

f o r  f lo w  through work.  This mode of  o p e r a t io n  w i l l  be d escr ib ed  

l a t e r .
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Since the radiation is collimated, the ce ll volume that is
a v a i l i a b l e  f o r  i r r a d i a t i o n  ( 3 1 . 4  ml)  depends only  on the window 

area and the  c e l l  l e n g t h .  A h o ld er  was obta in ed  from Specac t h a t  

s l o t t e d  i n t o  the  c e l l  adaptor  and supported the  c e l l  i n  the  

sample compartment o f  the spectro meter  so t h a t  th e  sample beam 

passed along i t .

However, the  gas c e l l ,  w i t h  end caps, was found to  be too long to  

f i t  i n t o  the a v a i l a b l e  space. In  ord er to  p lace  th e  c e l l  i n t o  the  

sample beam the p r o t e c t i v e  s t a i n l e s s  s t e e l  t r a y  had to  be removed 

from the sample compartment and the lugs t h a t  support  the c e l l  

adaptor  had to  be shortened.  The gas c e l l  then j u s t  f i t t e d ,  

touch ing the  en trance  s l i t .  Th is brought the  c e l l  c lose  to  the  

source which ,  u n f o r t u n a t e l y ,  r e s u l t e d  i n  a h e a t in g  problem, but  

t h i s  problem was solved by a simple m o d i f i c a t i o n ,  see pages 71 

and 78.

Ihe  gas c e l l  a t te n u a te d  the  sample beam by about 65Z. Specac also  

su pp l ied  a comb shaped a t t e n u a t o r  which was placed i n  the  

r e f e r e n c e  beam. The beam i n t e n s i t y  was reduced w i t h  t h i s  dev ice  

as a coarse ad justment p r i o r  t o  b a lanc in g  the two beams w i th  the  

100Z c o n t r o l .  A l t e r n a t i v e l y  a second, i d e n t i c a l ,  gas c e l l  was 

used to  a t t e n u a t e  the r e f e r e n c e  beam.

Gas Lines

A vacuum l i n e  capable of  producing pressures o f  S02 i n  the range  

0 .5  t o r r  to  40 t o r r  was co n st ru c ted  ( f i g .  3 . 3 )  i n  ord er to  f i l l  

the gas c e l l  w i t h  s t a t i c  samples o f  SO^. Pressure measurements i n
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the range 0.01 t o r r  to  10.0 t o r r  were made using an Edwards 

v a c u s t a t .  Above t h i s  range a g lass  manometer was used. T e c h n ic a l

grade l i q u i f i e d  S02 was o bta in ed  from BDH chemicals i n  a

c a n n i s t e r  p ressu r ise d  to  4 .5  atm. High p u r i t y  argon was obta in ed  

from BOC.

The apparatus was l a t e r  m o d i f ied  as shown i n  f i g .  3 .4  so t h a t  S02

could be sampled d y n a m i c a l l y .  The gas han d l in g  apparatus

cons is ted  o f  two d i s t i n c t  p a r t s :  a r e s e r v o i r  and a l i n e  f o r

c o n t in u o u s ly  f lo w in g  gas. The vacuum l i n e  was used to  f i l l  the

glass  r e s e r v o i r  bulb w i t h  some p a r t i a l  p ressure  o f  S02 , the t o t a l

pressure  was then made up t o  atmospheric  p ressure  w i th  argon.

-2The r o u t i n e  lowest  p ressure  was 5x10 t o r r .  Using a gas t i g h t  

syr in g e  a gas sample was taken from the r e s e r v o i r  and i n j e c t e d  

through a septum i n t o  an argon c a r r i e r  gas stream, the  gases then  

f lowed to  the gas c e l l .
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3 .2  EXPERIMENTAL PROCEDURES

The s p e c t r a l  range o f  the sp ectro m eter  i s  6 .4  pm to  15.4 pm. In  

f i g .  3 . 5 ,  SO^ a b so rp t io n  bands can be seen a t  7 .3  and 6.7  pm w i t h  

molar  a b so rp t io n  c o e f f i c i e n t s  o f  675 and 195 1 mol 1 cm 1 

r e s p e c t i v e l y .  Since the 7 .3  pm band has the  most in t e n s e  

ab so rp t io n  i t  was used f o r  an a ly ses .

The amount o f  S02 i s  c o n v e n ie n t ly  represented  by i t s  p a r t i a l

p ressure  i n  a w e l l  mixed atmosphere a t  STP Tab le  3.1  shows the

e q u i v a l e n t  mass of  S0 2 conta in ed  i n  a gas c e l l  o f  volume 31 . 4 ml

and the  corresponding c o n c e n t r a t io n i n  a i r  (V/V ppm).

Volume/volume measurement was used so t h a t the same f i g u r e s would

apply  in  a i r  as in  the i n e r t  gas stream.

Pressure  of  SO Weight o f  SO C o n cen t ra t io n
( t o r r ) (M9> (V /V  ppm)

20 2364 58200
10 1162 29100

5 591 14552
1 11 8 2910
0 .5 59 1455
0 . 1 12 291
0.05 6 145
0 . 0 1 1 29
0.005 0.59 15
0. 0 01 0.116 3
0.0005 0.059 1

Table  3.1  E q u iv a le n t  p a r t i a l  p ressures ,  masses and

co n c e n t r a t io n s  f o r  SO  ̂ i n  the  gas c e l l  under complete  

mixing a t  STP
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The Measurement of S tatic  Concentrations of SÔ

P r e l i m i n a r y  experiments were c a r r i e d  out  w i t h  s t a t i c  

c o n c e n t r a t io n s  o f  S0 2 in  ord er to  produce a usable  c a l i b r a t i o n  

and to  ga in  e x p e r t i s e  i n  gas d i l u t i o n  procedures.

O p t im is a t io n  o f  the S l i t  C o n t ro l

The gas c e l l  was f i l l e d  w i t h  19.3 t o r r  o f  S02 and a spectrum was 

recorded a t  the  normal p o s i t i o n  o f  the s l i t  c o n t r o l  to  l o c a t e  the

7.3  \)m band. The monochromator was then scanned r e p e a t e d l y  over  

the ab so rp t io n  band a t  the va r io u s  s l i t  c o n t r o l  s e t t i n g s .  The 

s i g n a l  increased  w i t h  the energy f a l l i n g  onto the  d e t e c t o r  as 

the s l i t  c o n t r o l  was moved through s e t t i n g s  1 to  6 but  the  

r e s o l u t i o n  decreased c o r resp o n d in g ly .  The s i g n a l  d id  not  in c r e a s e  

f u r t h e r  f o r  s e t t i n g s  7 and 8 .

Since t h i s  work is  concerned w i th  q u a n t i t a t i v e  a n a l y s i s  and not  

w i th  s p e c t r a l  r e s o l u t i o n ,  the s l i t  c o n t r o l  s e t t i n g  i s  opt imised  

f o r  the  s i g n a l - t o - n o i s e  r a t i o ,  w h i l s t  r e s o l u t i o n  i s  s a c r i f i c e d .  

Since the  noise was e f f e c t i v e l y  constant  dur in g  the above s e r ie s  

of  exper im ents ,  i t  was concluded t h a t  the optimum s l i t  c o n t r o l  

s e t t i n g  was 6 .

The S t a t i c  C a l i b r a t i o n  Procedure

The spectro m eter  was set  up using s l i t  c o n t r o l  s e t t i n g  6 and the  

r e f e r e n c e  beam a t te n u a te d  to  g ive  zero  absorbance a t  1 2 . 9  pm f o r  

a c e l l  f i l l e d  w i th  argon. S0 2 was added using the vacuum l i n e  

and the gas c e l l  was rep laced  in  the sample beam. Then the
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i n f r a - r e d  spectrum around 7 . 3  ym was measured f o r  v a r io u s  

p a r t i a l  pressures  o f  S02 i n  the  range 0 .5  -  20 t o r r .  From 

recorded spectra  a c a l i b r a t i o n  o f  absorbance versus pressure  was 

c o n s t r u c t e d .

D i l u t i o n  Technique

This  procedure was used to  extend th e  c a l i b r a t i o n  range o f  s t a t i c

c o n c e n t r a t io n s  of  S0 2< The i n i t i a l  pressure  o f  S0 2 in  the

apparatus shown i n  f i g .  3 .3  w i t h  taps B. C, D o p e tv  and taps A , E

ceased i s  measured and has a va lu e  o f  P^. Now, cons id er  the  two

volumes: V , the S0„ r e s e r v o i r  (vacuum l i n e  s e c t io n  DE) and V. , a 2 b

the gas c e l l  and s e c t io n  ABCD. Tap C i s  c lo sed ,  s ec t io n  ABCD i s  

vented v ia  tap  D and the  gas c e l l  i s  removed so t h a t  the spectrum 

at  t h i s  pressure  can be recorded .

The c e l l  i s  then rep laced  and tap  C opened. The volume i s

now evacuated v ia  tap  A. l a p  A i s  then closed and tap  D opened

a l lo w in g  the S02 i n  to  p a r t i t i o n  between Vg and Vfa. The new

pressure  of  S0 2 in  the apparatus i s ,

P1 = clPq ( 3 . 1 )

where the d i l u t i o n  f r a c t i o n  i s :

V
a = -----------—  ( 3 . 2 )V + V 1 1a b

Again tap  C i s  c lo sed ,  s e c t io n  ABCD vented v i a  tap  D and th e  gas 

c e l l  i s  removed so t h a t  the  spectrum a t  t h i s  p ressure  can be 

recorded .  The new pressure  o f  S02 i n  the apparatus i s :

P2 = aP 1 = a 2 PQ ( 3 . 3 )

This process o f  d i l u t i o n  can be rep e a te d .  I t  f o l l o w s  t h a t  f o r  n
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d ilu tio n s :
P = P a n ( 3 . 4 )

n 0

Dynamic Sampling Procedure

The apparatus shown i n  f i g .  3 .4  was in tended to  model the o n - l i n e  

m o n i to r in g  o f  d i s c r e t e  samples such as p u f fs  o f  c i g a r e t t e  smoke. 

Argon c o n t in u o u s ly  f lowed along PVC tu b in g  through the gas c e l l  

a t  near atmospheric  p ressu re .  I n t o  t h i s  stream samples ( p u f f s )  o f  

S0 2 were i n j e c t e d  from the  r e s e r v o i r  which was i n i t i a l l y  a t  

atmospheric p ressu re .  The spectro m eter  was se t  up using s l i t  

c o n t r o l  s e t t i n g  8 and a t t e n u a t e d ,  as b e f o r e ,  to  g ive  zero  

absorbance f o r  the  pure argon stream. The gas c e l l  was cooled by 

w ater  f lo w in g  through copper c o i l s  wound around the c e l l  to  

d i s s i p a t e  the heat  o f  the i n f r a - r e d  source.

The r e s e r v o i r  bulb was f i l l e d  to  atmospheric  p ressure  w i t h  S02 , 

the c a r r i e r  gas f lo w  r a t e  was set  by ad justment of  taps E and F 

in  f i g .  3 . 4 .  Var ious  samples were taken by sy r in g e  from the  

r e s e r v o i r  and i n j e c t e d  i n t o  the constant  f lo w  r a t e  c a r r i e r  gas 

stream. The data  r e p r e s e n t i n g  the ab so rp t io n  t h a t  occured as the  

sample t r a v e l l e d  through the  gas c e l l  were recorded  onto f lo p p y  

d is c  using a microcomputer .  S m al le r  c o n c e n t ra t io n s  could a lso  be 

prepared by the gas d i l u t i o n  method.

The c a l c u l a t e d  absorbances were c o r r e c te d  f o r  the  sm al l  re d u c t io n  

in  the S0 2 p a r t i a l  p ressure  i n  the  r e s e r v o i r  caused by sample 

re m o v a l .
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Pressure Correction Algorithm

Let  the r e s e r v o i r  co n ta in  a volume, V, of  SO  ̂ a t  a p a r t i a l  

pressure  o f  PQ.When a sample i s  drawn, v ia  septum C, the t o t a l  

volume t h a t  the  S0 2 occupies in c rease s  by the s y r in g e  volume,  

6V^. The p a r t i a l  pressure  o f  SO  ̂ t h e r e f o r e  f a l l s  to  P ^

As the pressure  change i s  sm al l  (< 1Z) ,  the tem p era tu re  remains  

constant  and the  i d e a l  gas law  i s  assumed to h o ld ,  so:

P (V + 6 7 ^  = PQV ( 3 . 5 )

which can be w r i t t e n  as:

or

( 3 . 5 )

( 3 . 7 )

The sy r in g e  is  now removed from the septum l e a v i n g  the pressure  

in  the  r e s e r v o i r  and sy r in g e  a t  P and changing the r e s e r v o i r  

volume back to  t h a t  of  the r e s e r v o i r ,  V. P i s  the pressure  of  

the f i r s t  sample of  volume SV^. For the second sample:

S u b s t i t u t i n g

P2

from eqn. 3 . 8 :

P2
_ thFor the n sample:

Pn , i ;  1 6V
V -I

( 3 . 8 )

( 3 . 9 )

( 3 . 1 0 )
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The pressure changes are a l l  small, therefore a linear
r e l a t i o n s h i p  between the absorbance and the p a r t i a l  p ressure  of  

SO  ̂ can be assumed. So,

A A‘ ( 3 . 1 1 )~n = ~n

where A^ i s  the e x p e r im e n ta l  absorbance measured a t  a S02

p a r t i a l  pressure  o f  P and A' i s  the  c a l c u l a t e d  absorbance t h a t  
r  K n n

would be observed i f  the p a r t i a l  pressure  was PQ. T h e r e f o r e :

A ‘ = A n n

n
Tl

r= 1 [ ■ • M ( 3 . 1 2 )

V was measured and found to  be 291. 0  ±0 . 2  ml .

Band Locat io n

A s t a t i c  c o n c e n t r a t io n  of  SO  ̂ was set  up in  the c e l l  and the  

wavenumber scanned from 6.7  pm u n t i l  the peak reached i t s  maximum 

va lu e  a t  about 7 .3  pm. In t h i s  way any e r r o r  due to  wavelength  

c a l i b r a t i o n  of  the in s t ru m en t  was e l i m i n a t e d .  This was repeated  

a f t e r  every hour to  p revent  wave length d r i f t  o c c u r r in g .

R e - o p t i m i s a t i o n  o f  the S l i t  C ont ro l

The o p t im a l  s e t t i n g  of  t h i s  c o n t r o l  f o r  dynamic samples might  

have been d i f f e r e n t  f rom t h a t  f o r  the s t a t i c  work.  T h e r e f o r e ,  the  

r e s e r v o i r  was f i l l e d  w i t h  S02 a t  767 . 2  t o r r  and the f lo w  r a t e  set

a t  6 . 2 ±Q . 2 ml min 1 . Samples of volume 0 . 6 ml of S0 2 were

i n j e c t e d  a t each o f  the s l i t c o n t r o l s e t t i n g s of  the

s p e c t r o m e t e r . The r e s u l t s  are shown in  f i g . 3 . 6 .  The < 5(^ n cit
was observed to  in c r e a s e  w i t h s l i t c o n t r o l s e t t i n g  corresponding
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to  i n c r e a s i n g  energy throughput  and bandpass. Once a g a in ,  l i n e  

r e s o l u t i o n  i s  not  im p o r ta n t  because the  wavelength i s  not  being  

scanned and so p o s i t i o n  B of  the s l i t  c o n t r o l ,  which g iv es  the  

maximum s i g n a l - t o - n o i s e  r a t i o  was chosen.

I n v e s t i g a t i o n  o f  Blanks

At a f lo w  r a t e  of  12.B ml min 1 , using an ap p ro x im a te ly  10l  
m ix t u r e  o f  S0 2 i n  argon m ix t u r e  and standard e x p e r im e n t a l  

procedures,  a 1 ml sample was i n j e c t e d  i n t o  the  argon s t ream. As 

expected ,  a peak was observed a few seconds l a t e r .  Next  a 1 ml 

blank o f  pure c a r r i e r  gas was i n j e c t e d  and no peak was observed.  

N e i t h e r  was a peak observed when a i r  was i n j e c t e d .  However, when 

another sample o f  the  m ix tu re  c o n t a in in g  S0 2 was i n j e c t e d ,  a peak 

equal  i n  h e ig h t  to  th e  o r i g i n a l  was seen. As the argon blank  

gave no peak i t  was concluded t h a t  p e r t u r b in g  the c a r r i e r  gas 

stream by i n j e c t i n g  an a d d i t i o n a l  volume of  gas i n t o  i t  has no 

e f f e c t  on the  output  s i g n a l .  Also as the a i r  b lank gave no peak 

i t  was concluded t h a t  d i s p l a c i n g  th e  c a r r i e r  gas has no e f f e c t  on 

the output  s i g n a l .  For conven ience,  t h e r e f o r e ,  a i r  can be 

s u b s t i t u t e d  f o r  argon when making up S0 2 m ix tu r e s .
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3.3 RESULTS

S t a t i c  Measurements

A c a l i b r a t i o n  was obta in ed  by p re p a r in g  S02 pressures i n  the  

range O.B -  18 t o r r .  At each pressure  th e  absorbance was measured 

on the  standard spectro m eter  around 7 . 35  pm under th e  optimum 

c o n d i t io n s  described  i n  th e  e x p e r im e n t a l  p rocedures .  The 

p r e c i s i o n  o f  each measurement i s  ± ( 0 . 0 0 4  ♦ 27)  i n  absorbance,  

±0 . 25  t o r r  in  the pressure  range 1 . 0 - 1 0 . 0  t o r r  and ±0 . 5  t o r r  

above 10. 0 t o r r .  A p l o t  o f  absorbance a t  7 . 35  pm versus pressure  

i s  shown i n  f i g .  3 . 7 .  I t  i s  l i n e a r

in  the range 4- 13 t o r r .  However, t h e r e  i s  

a d e v i a t i o n  below 4 t o r r  due to  d es o r p t io n  as e x p la in e d  l a t e r .

Fu r t h e r  In s t r u m e n t a l  M o d i f i c a t i o n s

I t  was not  p o ss ib le  to  extend the  above c a l i b r a t i o n  to  lower  

pressures as the  spectro m eter  was not  ab le  to  d e t e c t  absorbance  

s ig n a ls  o f  less  than 0 . 0 1 .  This was due to  poor m echan ical  and 

e l e c t r i c a l  responses as d e t a i l e d  above (page 6 4 ) .  T h e r e f o r e ,  the  

m o d i f i c a t i o n  p r e v i o u s l y  d escr ib ed  was c a r r i e d  out  and w i t h  the  

noise l e v e l  reduced,  the s i g n a l  was output  to  the  e x t e r n a l  c h a r t  

recorder-  A f t e r  backing o f f  to  b r in g  th e  1007 t ra n s m is s io n  a t

12. 9 pm close  to  the edge o f  the  paper ,  th e  c h a r t  re c o r d e r  

s e n s i t i v i t y  could be in c rease d  by a f a c t o r  o f  7.  Absorbance 

s ig n a ls  would then be le s s  than 0 .003  a t  the i n s t r u m e n t a l  

d e t e c t i o n  l i m i t ,  an enhancement o f  more than h a l f  a decade.

In o rd er  to  extend the  c a l i b r a t i o n  below 1 t o r r  i t  was necessary
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to  improve the  gas handl ing  procedure .  This was done by o b t a i n i n g

lower pressures of  SO  ̂ using the  d i l u t i o n  t e c h n iq u e .  I t  can be

shown from eqns. 3 .4  and 2 . 23  t h a t  a l o g a r i t h m i c  p l o t  o f

absorbance versus the  number o f  d i l u t i o n s ,  n, should be l i n e a r

w i t h  a slope of  lo g a ,  where a i s  the d i l u t i o n  f r a c t i o n .  The

f r a c t i o n a l  e r r o r  i n  absorbance becomes s i g n i f i c a n t  a t  g r e a t e r

d i l u t i o n s  as can be seen by th e  s c a t t e r  f rom d i l u t i o n  no. 9

onwards. T h e r e fo r e  the  e a r l i e r  measurements are  more

s t a t i s t i c a l l y  s i g n i f i c a n t .  Hence, when c a l c u l a t i n g  the slope by

l i n e a r  r e g r e s s i o n ,  the  r e s u l t s  must be weighted  i n  p r o p o r t io n  to

the in v e r s e  o f  the d i l u t i o n  number. By p re s e n t in g  the  r e s u l t s  i n  

ur\ -+\<v
t h i s  f o r m ^ i t  i s  shown in  f i g .  3.^1 t h a t  the  c a l i b r a t i o n  i s  l i n e a r  

over two f u l l  decades.  The average d i l u t i o n  f a c t o r  between  

success ive  absorbance r a t i o s  compared to  t h a t  c a l c u l a t e d  from the  

corresponding observed pressures  ( w h i l s t  on s c a le )  agrees to  

w i t h i n  1l . I t  i s  t h e r e f o r e  accep tab le  to  conver t  back by 

c a l c u l a t i o n  to  the format o f  f i g .  3 . 7 ,  i . e .  absorbance versus  

p ressu re .  The second and subsequent pressures were c a l c u l a t e d  

f rom the  i n i t i a l  measured pressure  and the  d i l u t i o n  f a c t o r .  Thus 

a comparison was obta in ed  ( f i g .  3 . 9 )  in  which th e  e f f e c t  o f  the  

p r e c i s i o n  o f  each pressure  measurement had been e l i m i n a t e d  

r e l a t i v e  to  f i g .  3 . 7 .  Each pressure  now has a f r a c t i o n a l  e r r o r  

equal  to  the  accuracy in  th e  i n t i a l  pressure  measurement. The 

n o n - l i n e a r i t y  in  f i g .  3 .7  has a lso  been e l i m i n a t e d  by using the  

d i l u t i o n  techn iq ue  al though i t  i s  not  c l e a r  whether  t h i s  was due 

to  e l i m i n a t i n g  the memory e f f e c t  o f  the o r i g i n a l  gas handl ing  

procedure or e l i m i n a t i n g  the r e l i a n c e  on th e  v a c u s ta t
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measurements.

In  f i g .  3 . 9  the  two decades o f  l i n e a r i t y  are shown but  i t  has not  

been p o s s ib le  to  show the n o n - l i n e a r i t y  shown i n  f i g .  3 .8  by the  

extended range o f  the lo g  f o r m a t .

Desorp t io n  o f  Sulphur D iox id e  from Perspex

During th e  s t a t i c  c a l i b r a t i o n  measurements a c c i d e n t a l  damage to  

the c e l l  occured when ch lo ro fo rm ,  used f o r  c le a n in g  the windows,  

was in t ro d u ced  i n t o  the  c e l l .  Th is r e s u l t e d  i n  i n t e r n a l  c rack in g  

of  the p l a s t i c  along s t re s s  p la n e s .  Although cracked i n t e r n a l l y ,  

the c e l l  was ab le  to  m a in t a in  th e  vacuum r e q u i r e d  d ur in g  d i l u t i o n  

and to  c o n ta in  the  S0 2 as the  cracks d id  not  extend to  the  

e x t e r n a l  su r fa c e  o f  the  c e l l .

F u r th e r  exper iments w i t h  the c e l l  revea le d  a p e r s i s t e n t  memory 

e f f e c t  thought to  be due to  s o r p t io n  and d es o r p t io n  o f  S0 2 a t  

s i t e s  along and w i t h i n  th e  cracks .  This was v e r i f i e d  by 

evacu a t in g  the c e l l  and p l a c in g  i t  i n  the  sp ec t ro m ete r .  

I n i t i a l l y ,  the  absorbance was seen to  r i s e  w i t h  t ime as S02 

desorbed i n t o  the vacuum as i l l u s t r a t e d  in  f i g .  3 . 1 0 .

The f o l l o w i n g  day f u r t h e r  absorbances o f  the  contents  o f  t h i s  

c e l l  were measured and these began lower than the f i n a l  

absorbance o f  the f i r s t  day but  h ig her  than the  i n i t i a l  

absorbance. The i m p l i c a t i o n  o f  t h i s  i s  t h a t  th e  some but  not  a l l  

of  the S02 had been re -s o rb e d  o v e r n i g h t .  M o n i to r in g  was cont inued  

f o r  5 days,  th e  r e s u l t s  a re  shown i n  f i g .  3 . 1 0 .
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U n f o r t u n a t e l y  these o b serva t io n s  i n c lu d e  both k i n e t i c  e f f e c t s  

( t h e  dependence of  the r a t e s  o f  d eso rp t io n  and s o r p t io n  on 

su r face  and gas c o n c e n t r a t io n s  and on te m p e ra tu re )  and 

thermodynamic f a c t o r s  ( t h e  tem p era tu re  dependence o f  the  

e q u i l i b r i u m  between the  su r fa c e  and gas c o n c e n t r a t io n s  o f  SO^).  

As a r e s u l t  f i g .  3 . 10  i s  r a t h e r  e le g a n t  but  d i f f i c u l t  to  

i n t e r p r e t .

The te m pera ture  w i t h i n  the c e l l  v a r i e d  because i t  was very  close  

to  the IR source.  Hea t ing occured by co n vect io n ,  conduct ion  and 

r a d i a t i o n  d ur in g  the  day and c o o l in g  occured a t  n i g h t  a f t e r  the  

in s t ru m en t  had been turned o f f .

In  order  to  o b t a in  m ean in gfu l  k i n e t i c  an d /o r  thermodynamic 

i n f o r m a t i o n ,  the  tem pera ture  o f  the c e l l  had to  be kept  near  

constant  to  ±1*C.  Cooling w a te r  was con t in u o u s ly  passed through  

copper c o i l s  wound around th e  c e l l  to  at tem pt  to  s t a b i l i s e  the  

te m p e ra tu re .  The c e l l  was l e f t  i n  the  sample compartment o f  the  

spectro meter  which remained on o v e r n i g h t .  Under these co n d i t io n s  

the law o f  mass a c t io n  r e l a t e s  the  e q u i l i b r i u m  constant  o f  the  

process to  the r a t i o  o f  r a t e  constants f o r  s o r p t io n  and 

d e s o r p t io n .  F ig .  3 . 11 shows a p l o t  o f  absorbance a f t e r  the c e l l  

was exposed to  1 atm. of  SOg. At  constant  tem p era tu re  the  system 

approaches e q u i l i b r i u m  in  about 3 . 5  h rs .  For the  e a r l i e r  r e s u l t s  

the tem pera ture  was not  co n stan t  but  increased  s lo w ly  and so no 

e q u i l i b r i u m  s t a t e  was reached i n  12 hours.
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K i n e t i c s  o f  D e s o r p t i o n

For a f i r s t  order process 
number of sorbed molecules.

dn- «  ■ kn

the ra te  of desorption depends on the 
That i s ,

13.13)

where n i s  the number of sorbed molecules, k i s  the ra te  constant
for desorption at constant temperature and t  i s  the elapsed time.
The in teg ra l  of eqn. 3.15 i s ,

n = nQe kt 13.14)
where n„ is  the number of molecules i n i t i a l l y  sorbed.0
Therefore, assuming that  the ra te  of re -sorpt ion is  negligible , 
the number of desorbed molecules i s :

-k tn. = n„ - n = nn( 1 - e ) (3.15)d  o  o

Now, from the Beer-Lambert law of absorbance (2.23):
A " c « n, d

Substi tut ing for n^,
A = K (1 - e ' k t ) (3.16)

where K is  a constant.  At equilibrium t  is  large and so:
A = K 00

-k tie A = A (1 - e ) (3.17)00
rearranging gives:

ln ( ’ ‘ A. ) ■ - kt (3.18)

Therefore lnd-A/A^) was p lo t ted  against t  ( f ig .  3.12) and the 
near l i n e a r i t y  of the plot shows that  f i r s t  order kinet ics  are

There i s  a
s l igh t  deviation from l in e a r i t y  at small temperature and th i s

-4 -1obeyed with a ra te  constant of (2.6±0.1) x 10 s
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c h a n g e  i n  k i n e t i c s  i s  a t t r i b u t e d  t o  t h e  c e l l  h e a t i n g  up t o

thermal equilibrium.

A new ce l l  was obtained and exposed to 4 atm of SÔ  for 30 min. 
The resu l t ing  absorbance plot ( f ig .  3.13) shows, however, tha t  
less  S02 was sorbed than in the cracked ce l l .  This implies tha t  
the cracks have a re la t iv e ly  large surface area. As can be seen 
from f ig .  3.14, the desorption process i s  also f i r s t  order for 
the new ce l l .

These re su l ts  suggest that  the data points at the low pressure 
end of f igs .  3.7 and 3.9 have a higher than expected absorbance 
because of desorption. Fig. 3.7 shows th is  e f fec t  more markedly 
because, in the method used to prepare these S02 atmospheres, the 
ce l l  was exposed to 20 to r r  between each reading. Therefore, the 
e f fec t  remained about constant but only s ign i f ican t  at lower S02 
pressures.  However, in f ig .  3.9 the d i lu t ion  technique was used 
in which the S02 pressure always decreased and so the memory also 
decreased accordingly.

At th is  stage i t  would be appropriate to demonstrate sorption of
S02 by the gas ce l l and calcula te the ra te constant. On
consideration, i t was concluded that i t  was not possible to
measure the ra te  constant for sorption using in fra -red  absorption 
spectroscopy. This was because th is  would involve measuring a 
small increase in the large background level  of unsorbed S02> 
Refering to the Beer-Lambert law (eqn. 2.23) i t  can be seen that  
the combination of r a t io  and log terms mean tha t  no change in 
absorption could be seen for small sorptions.
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D y n a m i c  S a m p l i n g

The microcomputer system, which is  described in d e ta i l  in 
Chapter 4, was used for data acquis i t ion ,  storage, analysis and 
correction (according to eqn. 3.12). A typica l  re su l t  of a 
dynamic sampling experiment i s  shown in f ig .  3.15. After a small 
lead time an absorbance peak i s  obtained from a dynamic sample. 
The steep attack of the peak shows that  the leading edge of the 
sample did not d iffuse nor mix to a s ign i f ican t  degree as i t  
flowed in the tubing to the gas c e l l .

The effec t ive  concentration seen by the instrument remains 
approximately constant for 0.5 s and then the in ten s i ty  gradually 
decays to zero. The decay has a time constant ju s t  under 1 s 
corresponding to the sample being swept from the gas ce l l .

Demonstration of the Sorption of SO,, by PVC Tubing

During the early development of procedures and apparatus, 
sorption of S02 was observed when f i l l i n g  the rese rvo ir .  A simple 
manometer was used to indicate  the pressure in the S02 reservoir .  
I t  consisted of a loop of PVC tubing, with one side connected to 
the reservoir  and the other open to the atmosphere. When the 
mercury levels  in the two loops were equal the reservoir  had been 
f i l l e d  to atmospheric pressure. With the reservoir  f i l l e d  with 
S02, iso la ted  from the re s t  of the apparatus via taps B and C and 
connected to the manometer via tap C, the mercury rose on the 
connected side of the manometer, showing that  gas was being 
sorbed. When sorption was followed by evacuation of the manometer
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v i a  t a p  A, b u b b l e s  w e r e  o b s e r v e d  i n  t h e  m e r c u r y  c o l u m n  b u t  o n l y

on the side that  had been exposed to SÔ , showing tha t  the gas 
was being desorbed. In l a t e r  work th is  e f fec t  was eliminated by 
changing to a glass manometer for which no sorption nor 
desorption of S0? was observed.

Investigat ion of the Carrier Gas Flow Rate

The reservoir was f i l l e d  with an approximately 10Z mixture of s° 2
in argon to a pressure of 767.4 to r r . 1 ml samples from th is
mixture were then injected into the ca r r ie r  gas stream at
d i f fe ren t  flow ra tes .  The standard experimental procedures were 
followed in a l l  other respects .

Peak heights were measured, corrected and averaged over five 
samples. The background under each peak was estimated by 
in terpo la t ion  from the background transmittance before and a f te r  
each peak. The absorbances were then calculated and plotted 
against corresponding ca r r i e r  gas flow ra tes  ( f ig .  3.16), 
decreasing with increasing flow ra te .

The samples were in jected over a constant time in te rva l .  An 
i n i t i a l  explanation of f ig .  3.16 i s ,  therefore, tha t  at higher 
flow ra tes  the sample i s  being diluted in a grea ter  volume of 
ca r r ie r  gas. Calculation shows, however, that  the d i luent  volume 
at a flow ra te  of 14 ml/min i s  only 0.1 ml which is  less  than 
the 1 ml sample volume. Therefore, d i lu t ion  by ca r r ie r  gas on 
in jec t ion  does not explain why the signal at 14 ml/min dropped to 
less  than half  of i t s  value at  3 ml/min, where the diluent  volume
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i s  n e g l i g i b l e .

I t  w i l l  therefore be necessary to look at the behaviour of the 
system during detect ion not in jec t ion  to explain the re su l ts  in 
f ig .  3.16. I t  w i l l  be seen tha t  at  higher flow ra tes ,  although 
the signal  i s  reduced, the advantage of a more l in ea r  ca l ib ra t ion  
is  gained. Further advantages are that  more r e su l t s  can be 
obtained in a given period as the time taken for the sample to 
t rave l  along the tubing and the time to sweep the sample from the 
c e l l  decrease in proportion to the flow ra te .

Dynamic Calibrat ion

In f ig .  3.17 the peak absorbance has been plotted against various 
sample volumes of up to 0.5 ml, at a flow ra te  of 15 ml/min. In 
the figure a l inea r  re la t ionsh ip  between absorbance and sample 
volume holds from 0.1 to 0.5 ml such that  increasing the sample 
volume d i rec t ly  increases the absorbance. Sorption by the 
apparatus and re tent ion by the syringe displaces the ca l ibra t ion  
slope from the origin such tha t  the se n s i t iv i ty  is  reduced 
s ign i f ican t ly  below 0.1 ml.

Referring to the Beer-Lambert law modified for varia t ion in 
concentration with opt ica l  path length (eqn. 2.25), i t  can be 
seen that  absorbance is  proportional to the in teg ra l  of concen­
t r a t io n .  From fig . 3.17, therefore,  the detected in teg ra l  of 
concentration is  proportional to the injected sample volume under 
the above experimental conditions.
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S e t t i n g  t h i s a r g u m e n t  a s i d e , c a l c u l a t i o n  s h o w s  t h a t t h e

conditions for laminar flow in the gas ce l l  are not met as the 
Reynolds number N << 2300. The condition for laminar flow beingK 6
N > 2300 . In other words turbulent  flow ex is ts  in the gas ce l lK 6
and, associated with i t ,  mixing. The following mechanism is  
proposed to explain the increase in signal at lower flow ra tes  in 
f ig .  3.16. As the flow ra te  i s  decreased the amount of mixing 
decreases and the sample slug remains more i n t a c t .  The slug 
t rave ls  via the centre of the gas ce l l  in the f a s t e s t  flow but 
th is  is  also where viewing occurs and so an increased signal  due 
to a more in tac t  sample i s  seen.

On entering the gas ce l l  at higher flow ra tes  the sample slug is  
mixed by turbulence with ca r r ie r  gas to a greater  extent and i t s  
volume increases . The concentration decreases and lower signals 
are seen. Since eqn. 2.25 applies to f ig .  3.17 (and only for 
uniform v is ib le  cross-sec t ional  concentration) each v is ib le  
section of the gas ce l l  has an uniform d is t r ibu t ion  of sample in 
i t  due to mixing at 15 ml/min. The volume increase described must 
include a factor  of increase in cross-sec t ional  area since 
increase in length alone (sample stretching) has no e f fec t  on the 
concentration in tegra l  in eqn 2.25.

Results tha t  obey the Beer-Lambert law would not be observed at 
lower flow ra tes  where in any section of the gas ce l l  the slug 
area was less  that  the v is ib le  area due to in su f f ic ien t  mixing. 
This would manifest i t s e l f  as a reduction in the slope of the 
ca l ib ra t ion  curve at high sample volumes.
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The re su l t s  showed a deviation from l in e a r i ty ,  of th is  nature, 
with decreasing flow ra tes .  The reproducibi l i ty  of the r e su l t s ,  
be the ca l ib ra t ion  l inea r  or non-linear, is  also reduced for 
decreasing flow ra tes  due to variable e f fec ts  of in su f f ic ien t  
mixing.

However, as the flow ra te  i s  increased, a s ta te  is  
asymptotically approached corresponding to a homogenous cross- 
sect ional  d is t r ibu t ion  of gas throughout the c e l l  for which 
l inea r  ca l ibra t ions  can always be obtained. Fig. 3.17 is  l inea r  
and reproducible and so the above s ta te  ex is ts  for that  
pa r t icu la r  experiment.

Clearly, f ig .  3.16 shows th is  asymptotic 
therefore,  also indicates the flow ra tes 
reproducible ca l ibra t ions  can be expected.

behaviour and i t ,  
for which l inea r ,
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3 . 4  CONCLUSIONS AND DISCUSSION OF FURTHER WORK

In th i s  chapter a dispersive infra -red  spectrometer has been used 
to determine S02 quan t i ta t ive ly  for inves t iga t ive  work. Signal 
processing defic iencies  in the spectrometer were found to l im i t  
the detect ion l im it  under s t a t i c  conditions to Q.03Z (27 pg). 
Modifications were made to the spectrometer s ignal processing 
chain and an improved performance was obtained giving a detect ion 
l im i t  of 0.01Z (9 pg) .

Subsequently, the experimental procedure was changed from s t a t i c  
to dynamic sampling which gave be t te r  background correction and 
microcomputer data acquis i t ion  was added to improve detector  
performance and data handling. A detection l im i t  equivalent to 
in jec t ing  1.5 pg of S02 was achieved. The amount of S02 detected 
at the gas ce l l  i s  estimated to be less  than 0.002Z assuming that  
there are no sorption losses in the apparatus and tha t  complete 
mixing occurs on entering the gas c e l l .  Neither assumption is  
en t i re ly  true but the assumptions have opposing ef fec ts  on the 
estimated concentration at the detect ion l im i t .

As the above detection l im i t  i s  an order of magnitude outside the 
range expected by LGC for analysis  of a c iga re t te  (50-500 ng) i t  
can be concluded that  LGC's ex is t ing instrumentation for CO 
analysis  can not be used to determine SO .̂ In addition 
d i f f i c u l t i e s  would occur with th e i r  apparatus due to adsorption 
by PVC.

In in fra-red  spectrometry the measurement is  invariably detector  
limited and so the d e tec to r ' s  a b i l i t y  to "see" a small change in
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a large signal  w i l l  always be the fundamental r e s t r i c t i o n  on 
detection l im i ts  for absorbance measurements. In th i s  case i t  
approached 1 part  in 2000.

The development of techniques for the specif ic  application of 
multi-channel real- t ime determination of S02 in c ig a re t te  smoke 
at the nanogram level  w i l l  now be considered. A dynamic 
inves t iga t ion  is  of i n t e re s t  to LGC because the combustion 
products may vary with time. Understanding th is  var ia t ion  could 
lead to recommendations about f i l t e r  e f f ic ienc ie s  and/or 
desirable stub length.

To use a laboratory instrument l ik e  the IR spectrometer with the 
smoking engine i t  is  necessary to t a i l o r  the sampling method to 
the instrument, in th is  case by taking the sample to i t  in a gas 
stream, i . e .  remote sampling. Errors may ar ise  by sorption on the 
sampling apparatus. Sequential multi-channel analysis  cannot be 
carried out in real-time as analyte must be stored in the 
sampling apparatus. Not only i s  valuable time resolved 
information lo s t  but considerable time is  also taken up between 
measurements. With chemical sensors placed close to the s i t e s  of 
combustion these l im ita t ions  could be avoided and therefore  th is  
work now considers on-line detection using chemical sensors.

Automatic multiplexed data logging is  necessary to record the 
large amount of data produced by real-t ime multi-channel 
analysis .  The same microcomputer as used with the IR instrument 
was also applied to real- t ime microcomputer control of the 
multi-channel technique.
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IR i n s t r u m e n t a t i o n  i s  r e a d i l y  a v a i l i a b l e ,  r a p i d t o  s e t  u p ,

se lec t ive ,  s t r a igh t  forward to use, r e l i ab le ,  and easy to 
maintain. This work involved improving gas handling procedures to 
prepare SÔ  atmospheres at the ppm leve l .  This was achieved 
using the d i lu t ion  technique. In the development process i t  was 
shown tha t  S02 is  sorbed reversib ly  by certa in  p la s t ic s  under 
high pressure.

This chapter provides a foundation, for the inves t iga t ion  of the 
multi-channel real-t ime detection of S02 which requires the 
development of new instrumentation.

Piezoelectr ic  c rys ta l  (PZC) sensors detect  the mass change that  
occurs as a substrate  absorbs gas phase species and are therefore  
not background l imited. The correct  choice of substrate gives 
both high s e n s i t iv i ty  and s e l e c t iv i ty .  The inves t iga t ion  of the 
use of PZC sensors is  described in the next f ive chapters. As 
th is  is  a new technique i t  would be prudent to remain with a 
known analyte. The S02 preparation and sampling techniques and 
hence the PZC S02 ca l ib ra t ions  tha t  follow have been validated 
using an accepted, t r ied  and proven method. The PZC technique 
w i l l  be applied in order to determine S02 at nanogram levels .

To make a sensor output compatible with a microcomputer requires 
some in te rfac ing .  In the laboratory applicat ion th is  i s  best done 
with a f lex ib le  in terface  system dedicated to the microcomputer 
that  can be ta i lo red  to many sensors'  requirements. The same 
microcomputer system was l a t e r  used for signal processing with 
PZC detect ion as described in the next chapter.
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3 . 5  FIGURES

Prism

F ig u r e  3 * 1  T h e o p t i c a l  l a y o u t  o f  t h e  i n f r a r e d  s p e c t r o m e t e r *
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F i g u r e  3 « 2  T he i n f r a r e d  g a s  c e l l



B

F i g u r e  3 , 3  S c h e m a t i c  d i a g r a m  o f  t h e  vacuum l i n e  u s e d  t o  p r e p a r e  g a s  a tm o s p h e re s *

91



M a n o m e te r

V e n t

F i g u r e  3 . 4  S c h e m a t i c  d i a g r a m  o f  t h e  g a s  l i n e  u s e d  
t o  i n v e s t i g a t e  t h e  "behaviour  o f  S02 i n  a  dynamic g a s  s t r e a m .  ^
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3 ^ 5

—I________ I_______I_______ I_______I_______I_______I_______I -1
3 0 0 0  2000 1 8 0 0  1 6 0 0  1*f00 1200 1000 8 0 0-1W aven u m b er cm

F i g u r e  3 . 5  The i n f r a - r e d  s p e c t r u m  o f  S0p f ro m
2 . 5  t o  15 pm.
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S ig ru x l

( A r b i t r a r y  U n i t s )

F i g u r e  3 . 6  The S ig n a l  v a r i a t i o n  w i t h  s l i tc o n t r o l  s e t t i n g  f o r  dynamic s a m p l e s .
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A bsorbance
0 . 8

F i g u r e  3 . 7  C a l i b r a t i o n  o f  a b s o r b a n c e  a t  7 . 3 5  pm a g a i n s t  m e a su re d  SOg p r e s s u r e .
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Absorbance

F ig u r e  5 .8  A w id e r  c a l i b r a t i o n  t h a t  was o b ta in e d  b y  
s u c c e s s iv e ly  d i l u t i n g  SOg i n  th e  g a s  c e l l .
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Absorbance

F ig u r e  5 .9  A w id e r  c a l i b r a t i o n  o f  a b s o rb a n c e  a t  7 .3 5  p111 a g a i n s t  c a l c u l a t e d  p r e s s u r e  o f  S0? u s in g  th e  g a s  d i l u t i o n  t e c h n iq u e .  d
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Absorbance
0 . 1 6

Time min
F ig u r e  3 .1 0  The a d s o r p t io n  and  d e s o r p t io n  o f  S02 

fro m  th e  g a s  c e l l  w i th  v a r i a t i o n  in ^  t e m p e r a tu r e .
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Absorbance

F ig u re  5 .1 1  The d e s o rp tio n  o f S02 from  th e  w a l lso f a gas c e l l  exposed to  1 atm . o fSOg f o r  10 m in.
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I n O - A / A j

F ig u re  5 .1 2  K in e tic  p l o t  o f S0? d e s o rp tio n  from  th ew a lls  o f a gas c e l l  exposed to  1 atm .o f SOg f o r  10 m in.

1 0 0



Absorbance

F ig u re  3 .1 3  The d e s o rp tio n  o f SCU from  th e  w a l ls  o fan u n c rack ed  gas c e l l  exposed  to  4 atm .o f SOg f o r  30 m in.

1 0 1



m d - A / A j

F ig u re  5 .1 4  K in e t ic  p l o t  o f S0g d e s o rp tio n  from  th ew a lls  o f a second g as  c e l l  exposed to4 atm . f o r  10 m in.

1 0 2



Peak H e ig h t ( a r b i t r a r y  u n i t s )

F ig u r e  3 .1 5  A t y p i c a l  a b s o rb a n c e  p e a k  o b ta in e d  fro m  a  dynam ic SOg sa m p le .
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1 0
2 x A bsorbance

F ig u r e  3 .1 6  V a r i a t i o n  o f  a b s o rb a n c e  w i th  th e
f lo w  r a t e  b e c a u s e  o f  d i s p e r s i o n  o f  SOg on e n t e r i n g  th e  g a s  c e l l .
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F ig u r e  3 .1 7  The l i n e a r  r e l a t i o n s h i p  o f  a b s o rb a n c e  v e r s u s  i n j e c t e d  SO^ sam ple  volum e a t  
c o n s t a n t  c o n c e n t r a t i o n ,  show ing  t h a t  
th e  sam ple  i s  d i s p e r s e d  on e n t e r i n g  th e  g a s  c e l l .
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CHAPTER 4

PIEZOELECTRIC CRYSTAL INSTRUMENTATION
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Uses of P iezoelectric Crystals

The most b a s ic  use of  PZCs i s  in  e l e c t r o n i c  l i g h t e r s  where 

compressive fo rces  on PZCs g en era te  vo l tag es  l a r g e  enough to  

produce i g n i t i o n  sparks.  By v i r t u e  o f  t h e i r  sharp e l e c t r o ­

mechan ical  resonance p i e z o e l e c t r i c  c r y s t a l s  (PZCs) are w id e ly  

e x p l o i t e d  i n  commercial  and m i l i t a r y  communicat ions.  Quartz  

c r y s t a l s  are  used f o r  accu ra te  f requency c o n t r o l  o f  o s c i l l a t o r s

i n  r a d i o ,  t e l e g r a p h  and t e l e v i s i o n  r a d i o - f r e q u e n c y  t r a n s m i t t e r s .

g
C i r c u i t s  w i t h  very high s t a b i l i t i e s  o f  1 p a r t  i n  10 or  g r e a t e r  

are used i n  everyday o b je c ts  l i k e  d i g i t a l  c lo c k s ,  watches and 

computers.  Ovened o s c i l l a t o r s  have ex tremely  high s t a b i l i t i e s  and 

are used i n  f requency  co u n ters .  Low frequency c r y s t a l s ,  de -tuned  

to  produce many harmonics,  ac t  as m u l t i p l e  f requency  s tandard s .  

S e l e c t i v e  band-pass f i l t e r s  w i t h  low losses  can be b u i l t  by 

i n c o r p o r a t i n g  PZCs as c i r c u i t  e lements .

H ig h ly  e f f i c i e n t  sonic and u l t r a s o n i c  t ran sd u cers  can be made 

w i t h  PZCs, th e  mechanical  impedances of  which c l o s e l y  match those  

of  l i q u i d s  and s o l i d s .  They may also  be used i n  the  gas phase to  

good e f f e c t ,  even though matching i s  poor.  Because o f  t h e i r  smal l  

s iz e  and c o s t ,  PZCs are commonly found in  c r y s t a l  microphones and 

lo u d s p e a k e r s .

PZCs are used in  mass and th ic k n e s s  m o n i to r in g  as s m a l l ,  cheap 

sensors.  The b as ic  p r i n c i p l e s  o f  mass m o n i to r in g  were e xp la in ed  

in  Chapter  2. Thickness m o n i to r in g  uses the same p r i n c i p l e s  but  

i t  i s  a ls o  assumed t h a t  the bulk  d e n s i t y  of  a c o a t in g  m a t e r i a l  i s  

e q u i v a l e n t  to  t h a t  o f  a t h i n  l a y e r  on the  PZC.
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The related but less well known use of PZCs as chemical sensors
i n  a n a l y t i c a l  chemis try  and t h e i r  use f o r  the d e t e c t i o n  o f  m ic ro ­

c o n c e n t r a t io n s  of  substances i s  th e  su b je c t  of  t h i s  work.

I n s t r u m e n t a l

The PZC i n s t r u m e n t a t i o n  t h a t  was used in  t h i s  work i s  described

in  t h i s  c h a p t e r .  This in c lu d e s  a gas c e l l  and o s c i l l a t o r s  to

d r i v e  two c r y s t a l s .  These were developed from designs described  

in  the l i t e r a t u r e .  Although the  PZC i s  an e l e c t r i c a l  component 

w i t h i n  the o s c i l l a t o r  i t  i s  p h y s i c a l l y  separate  and i s  lo c a te d  in  

a gas c e l l  where i t  i s  exposed to  the  a n a ly t e  gas .  The e l e c t r i c a l  

connect ion o f  the PZC is  thus long and complex. The performance  

of the o s c i l l a t o r  and. t h e r e f o r e ,  o f  the sensor i s  shown to  be 

c r i t i c a l l y  dependent on t h i s  connect io n .

A Research Machines Ltd ( RML) 38QZ microcomputer  and a

tem perature  monitor  were added to  t h i s  c o n v e n t io n a l  PZC i n s t r u ­

m e n ta t io n .  The apparatus and the method by which the

microcomputer  c o n t r o ls  the measurement of  f requency  and of

tem perature  a re  described  i n  t h i s  ch a p te r .  The i n t e r f a c e  between 

the micro ,  th e  PZC o s c i l l a t o r s  and the te m pera ture  sensors i s  a

s e l f - c o n t a i n e d  modular rack  in  which a m u l t i p l e x e d  f requency and

a corresponding tem pera ture  are measured almost  s im u l ta n e o u s ly .

By e l i m i n a t i n g  the user from d i r e c t  measurement, computer data  

a c q u i s i t i o n  c o n s id e r a b ly  reduces th e  t ime r e q u i r e d  to  o b t a in  each 

datum. This in c re a s e s  the amount o f  data t h a t  can be measured i n  

a set  p er io d  which improves the s t a t i s t i c a l  s i g n i f i c a n c e  o f  the
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r e s u l t s .  For PZC work,  the  maximum data a c q u i s i t i o n  r a t e  i s  set  

almost e x c l u s i v e l y  by the pulse counting procedure f o r  f requency  

measurement, t h a t  i s :

measurement t ime
1_____

r e s o l u t i o n
( 4 . 1 )

Mass s e l e c t i v i t y  i s  achieved by co a t in g  th e  c r y s t a l  w i t h  a 

substance t h a t  p r e f e r e n t i a l l y  adsorbs the species  o f  i n t e r e s t .  

However t h e r e  remain a d d i t i o n a l ,  unwanted frequency  changes as a 

r e s u l t  o f  changes in  tem p era tu re  and h u m id i ty .  The apparatus  

enabled these  e f f e c t s  to  be i n v e s t i g a t e d  and the  i n v e s t i g a t i o n  

i n d i c a t e s  t h e i r  s i g n i f i c a n c e  in  ambient  m o n i to r in g  a p p l i c a t i o n s  

and the  degree o f  c o n t r o l  t h a t  i s  necessary to  m a in ta in  a 

constant  f requency  under l a b o r a t o r y  c o n d i t i o n s .

Furtherm ore ,  in  Chapter  5 i t  i s  shown t h a t  the hum id it y  response  

i s  i t s e l f  a f f e c t e d  by t e m p e r a tu r e .  In Chapter  6 the  microcomputer  

c o n t r o l  approach to  data  a c q u i s i t i o n  f o r  d e te rm in in g  the  

d e t a i l e d  frequency  responses of  PZCs w i t h  re s p e c t  to  tem perature  

i s  d e s c r ib e d .  In Chapter  7 the  apparatus i s  used to  per form  

t em pera ture  compensation o f  a S02 measurement and, w i t h  the  

unwanted frequency  changes removed, to  i n v e s t i g a t e  c o a t in g  

b e h a v i o u r .
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4.1 GAS LINES

The e x p e r im e n t a l  s e t -u p  f o r  t e s t i n g  PZC sensors is  shown 

s c h e m a t i c a l l y  in  f i g .  4 . 1 .  This apparatus a l lows the  environment  

o f  the  c r y s t a l  i n  terms o f  gas composi t ion and tem pera ture  to  be 

v a r i e d  r a p i d l y .  The apparatus can be m od i f ied  to  vary the w a te r  

composi t ion o f  the gas stream.

The a n a l y t e  c a r r i e r  gas stream i s  argon su pp l ied  from a r e g u l a t o r  

a t  pressures i n  the range 5-30  PSI .  By passing i t  through a 

c r i t i c a l  o r i f i c e  I E ) ,  f lo w  r a t e s  i n  the range 12-119 ml /min  can 

be o b ta in e d .  High p u r i t y  argon from BOC i s  used which has an 

i n i t i a l  w a te r  content  of  le s s  than 3 vppm. The argon i s  d r i e d  

over s i l i c a  g e l  and anhydrous calcium c h l o r i d e  contained  i n  

Dreschel  b o t t l e s  s i t t i n g  i n  a w ater  b a th .  By passing i n  c lo se  

p r o x i m i t y  to  the d ry in g  agents and to  heat  exchanging c o i l s  in  

the w a te r  b a th ,  the  gas stream i s  brought to the  tem pera ture  of  

the w ater  bath which i s  c o n t r o l l e d  to  w i t h i n  ±1*C o f  a 

t em pera ture  i n  the range 4- 60* C by a Conair  C h u r c h i l l  Thermoflow  

r e c i r c u l a t i n g  th e r m o s ta t te d  w ater  hea t in g  pump. A septum f o r  

i n j e c t i n g  S02 samples comes next  i n  the f lo w  l i n e .  The septum i s  

as close  as p o s s ib le  to  the  d e t e c t o r  c e l l  w i t h i n  which the  

a n a l y t e  gas stream i s  d i r e c t e d  by j e t s  on to  the  o s c i l l a t i n g  PZC. 

The gas f lo w  then passes over a tem pera ture  sensor and out  o f  the  

d e t e c t o r  c e l l .  F i n a l l y ,  th e  f lo w  r a t e  i s  measured using a bubble  

f l o w - m e t e r ,  the most s u i t a b l e  f o r  the range o f  f l o w  r a t e s  used,  

and then the gas goes to  waste .  The remain ing apparatus was used 

(as d escr ib ed  i n  Chapter  3) to  prepare SO  ̂ samples by gas 

d i l u t i o n  and to  i n j e c t  them using the  dynamic sampling
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procedure. A Hamilton Bonaduz 1001 TLL m icroliter syringe was
used

areas

f o r  t h i s .  Since SO  ̂ i s  absorbed by p l a s t i c s ,  the  

of  the apparatus were co nst ruc ted  from Pyrex g lass

c r i t i c a l



4.2 PIEZOELECTRIC CRYSTAL CIRCUITRY

P i e z o e l e c t r i c  C r y s t a l s

The PZCs used i n  t h i s  work are AT c u t ,  opera ted  a t  the  

fundamenta l  mode resonant  f requency  o f  10 MHz. Those w i t h  s i l v e r  

e l e c t r o d e s  were o bta in ed  from Senator  C r y s t a l s  and those w i th  

gold from the Quar tz  C r y s t a l  Company. The c r y s t a l s  to  be used as 

sensors were obta ined  in  unsealed HC6/U h o ld e r s .  A few PZCs were 

obta in ed  h e r m a e t i c a l l y  sealed in  HCB/U hold ers  f o r  t e s t i n g  the  

c i r c u i t r y  and f o r  use as r e f e r e n c e  c r y s t a l s .

In order  to  p r o t e c t  the  su r face  f i n i s h  o f  the s i l v e r  e le c t r o d e s  

of  uncoated c r y s t a l s  from t a r n i s h i n g  they  were kept  i n  an evac­

uated d e s s i c a t o r .

Frequency Measuring

The PZC work was i n i t i a l l y  s t a r t e d  w i t h  a Racal  SA 535 1.2 MHz

U n i v e r s a l  Counter-T im er which can f u n c t i o n  as a s ix  d i g i t  

f requency  m eter .  However, f re q u e n c ie s  o f  about 10 MHz are beyond 

the range o f  t h i s  d e v ic e .

The d r i v i n g  c i r c u i t  des ig n ,  t h e r e f o r e ,  in c o r p o r a t e s  two q u a r t z  

c r y s t a l  o s c i l l a t o r s  and a f requency m i x e r / o u t p u t  b u f f e r  g i v i n g  

the d i f f e r e n c e  i n  f requency .  This beat  f requency  i s  t y p i c a l l y  

5 kHz and can be measured w i t h  the SA 535 meter to  a r e s o l u t i o n  

of  0.1 Hz. One c r y s t a l  o s c i l l a t o r  i s  used f o r  the  sampling PZC, 

the second c r y s t a l  o s c i l l a t o r  f o r  a r e f e r e n c e  PZC.
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The c i r c u i t  is  shown in f ig .  4.2(b) and (c) and is  contained in a 
diecast  aluminium case with i t s  own power supply. The power 
supplies to the FET o sc i l l a to r s  are individually decoupled via 
R14. For the detector  o sc i l l a to r ,  act ive load Z2, see 
f ig .  4 .4(a) ,  consists  of: load capacitors C9, C10 and C11, an 
HC6/U socket protruding through the walls of the case, an HC6/U 
plug, a 0 . h m p a ra l l e l  twin cable, the HC6/U socket in the 
detector c e l l  and the c ry s ta l .  There are s l igh t  differences in 
the reference c rys ta l  o sc i l l a to r  which does not need C9 as 
shown in f i g . 4 .4(c) .

A dual gate FET (Q1) serves as the frequency mixer and a 
monostable (IC1) as an output buffer providing a pulse of 
duration 10 ns at the difference frequency, f1-f2. The 
o sc i l l a to r s  are tuned to have d i f fe ren t  base frequencies so that  
any par t icu la r  c rys ta l  o sc i l l a te s  6120 Hz higher in the second 
o sc i l l a to r  compared to the f i r s t .  This ensures tha t  f1-f2 never 
goes to zero and hence is  always measurable for any 
experimentally obtainable frequency change. Because of the minus 
sign, th is  frequency increases with increasing mass loading.

Improved Driver

After the microcomputer system had been ins ta l led  i t  was possible 
to measure frequencies of 10MHz d i rec t ly .  The previous driving 
c i r c u i t  had the l im i ta t ion  that  the o sc i l la t io n  frequency of each 
c rys ta l  could not be measured. I t  was only possible to measure 
the difference between them. This was r e c t i f i e d  by taking outputs 
d i rec t ly  from both the o sc i l l a to r s .  The frequency mixer was
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r e t a i n e d  b e c a u s e  i t  a l l o w e d  a r e f e r e n c e  c r y s t a l  t o  be used f o r

compensation purposes as in e a r l i e r  work [4 .1-4 .5] .  The d i rec t  
outputs then act as a check on matching.

Now, the frequency from one of the above three sources is  
selected by a purpose-buil t  multiplexer and measured by a board 
in the in terface  rack.

The active load of each o s c i l l a to r ,  which includes the c rys ta l ,  
connections, leads and load capacitors , a f fec ts  the frequency, 
s t a b i l i t y ,  amplitude and waveform of the output.  The output 
loading of the o sc i l l a to r  c i r c u i t  also af fec ts  these parameters. 
Optimisation of these parameters by use of load capacitors C9, 
C10 and C11 was carried out when the o sc i l l a to r s  were f i r s t  
b u i l t .  However, the sample channel was al tered by the addition of 
the cable and second HC6/U plug socket combination. This gave 
r i s e  to an unstable frequency exhibit ing d r i f t ,  wild 
f luc tua t ions ,  random noise and periodic i n s t a b i l i t y ,  see 
f ig .  4.3(a) and (b). I t  was, however, s t i l l  possible to carry out 
experiments because these i n s t a b i l i t i e s  occured only 
occasional ly .

The o r ig ina l  HC6/U socket in the sample channel also gave 
problems. I t s  purpose in connecting a PZC d i rec t ly  to the 
detector o sc i l l a to r  was superfluous and in operation the socket, 
having no locking action, often worked loose with the associated 
capacitance change affecting the frequency. I t  was therefore 
replaced by a miniature BNC socket and the HC5/U plug on the 
cable was replaced with the corresponding miniature BNC plug.



T h i s  g a v e  a more  m e c h a n i c a l l y  sound c o n n e c t i o n .

In order to take outputs d i rec t ly  from each o sc i l l a to r ,  buffers 
(IC2) were added to both channels so that  the change in load that  
occurs when the multiplexer switches could not degrade the 
frequency s t a b i l i t y .  The amplitude and waveform of each 
o s c i l l a to r  were re-optimised by replacing the load capacitors 
with C5. The modified c i r c u i t  i s  shown in f ig .  4.2(a);  
f ig .  4.4(b) shows the modified active load.

The outputs of these buffers are low noise, sine waveforms of 
approximately 10 MHz at TTL leve ls .  Square waves are not observed 
because th e i r  period is  similar  to the switching time of the 
integra ted c i r c u i t s .  After making these improvements the measured 
frequency was found to be extremely s table showing d ig i t i s a t io n  
noise only as in f ig .  4 .3(c).

Frequency Multiplexer

The multiplexer ( f ig .  4.5) was bu i l t  to switch between the three 
frequencies output by of the driving c i r c u i t  (two o sc i l la to rs  and 
the difference output).  I t  was designed to be controlled by a 
single timer board within the in te rface  rack and to operate at 
frequencies of ca. 10MHz. 74 series  TTL integra ted c i r cu i t s  (ICs) 
were used in i t s  design.

The counter ( IC1) on the multiplexer board has one of four 
s ta tes  (0-3) and i s  incremented on each clock pulse from the 
controll ing timer board which is  also connected to the carry
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signal .  The count i s  decoded by the 2 to 4 l ine  multiplexer (IC2) 
to give the desired output frequency i . e .  f 1, f2 or f1-f2. This 
switching does not r e su l t  in a loss  of amplitude because the 
c i r c u i t  i s  d i g i t a l ,  nor does i t  cause an a l t e ra t io n  in the 
frequency because each pulse coming from the currently  chosen 
input must be re f lec ted  at the output.

Light emitting diodes D1-D3 are incorporated as a diagnostic tool  
for the controll ing software, to show whether any hardware fau l t s  
occur and to display the currently selected output channel.
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4 . 3  TEMPERATURE SENSING

Temperature Sensors

Temperature measurements are accomplished by AD590 kH integrated 
c i r c u i t  temperature sensors for which the output current is 
proportional to the absolute temperature (1 pA/K). Since the 
AD590 kH is  a current sourcing device i t  is  idea l ly  suited for 
th is  remote sensing application where the transmission of the 
output does not produce degredation due to l ine  res is tance ,  
connector resis tance or noise.

Circuits

In the apparatus, a temperature sensor is  located in the detector 
c e l l  in close proximity to the PZC. The output current is  
transmitted over a twisted pair l ine  to the in terface  rack where 
i t  flows through a 1 kQ load r e s i s to r  which produces a voltage 
proportional to the absolute temperature. The other temperature 
sensors are used s imilar ly  to monitor the temperature of the 
reference crys ta l  and the frequency measuring board. The c i r c u i t  
required to do th is  is  very simple and is  shown in f ig .  4.6. The 
three output voltages then pass to an analogue multiplexer board 
which se lec ts  one of them. The o ffse t  and gain of the multiplexer 
are used to signal condition the output voltage so that  i t  l i e s  
between +10 and -10V over the temperature range 0 to 80*C.

The signal  then passes to a 12-bit ADC board where i t  i s  measured 
with a resolution of 0.02 degrees per b i t .  In the one second 
in te rva l  i t  takes to obtain one frequency measurement, 50
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corresponding temperature measurements are obtained with a noise 
leve l  corresponding to ±0.03*C which is  the same as the ADC 
reso lu t ion.  Calibration by adjust ing the 100 Q re s i s to r s  i s  only 
necessary at one temperature because of the l inea r  output of the 
temperature sensors.
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4 . 4  DETECTOR CELL

In the detector c e l l  l f ig .  4 .7),  which is  similar to one 
previously described [4 .6] , the sample gas i s  s p l i t  into two 
streams which impinge simultaneously on the opposite faces of the 
c ry s ta l .  For improved s e n s i t iv i ty  the two streams are brought by 
j e t s  very close to the centre of the c rys ta l ,  which is  the most 
mass sensi t ive  region. Karmarkar and Guilbault [4.6] reported 
tha t  th is  type of c e l l  gave a three fold improvement in 
s e n s i t iv i ty  over a ce l l  with a non-directed i n l e t .

The main body of the ce l l  is  b u i l t  around a B24 socket. The 
c rys ta l  holder plugs into an HC6/U socket attached with studding 
to an aluminium block which is  bonded with epoxy resin  into the 
end of a B24 cone. The connections pass through the block and 
join the p a ra l l e l  twin cable, which runs to the o sc i l l a to r .  The 
c rys ta l  i s ,  thus, s i tuated in the f la t tened portion of the ce l l  
but i s  easi ly  removed for inspection, cleaning, coating and 
s toring. An addit ional  feature  i s  the temperature sensor which is  
in s ta l l ed  in the enclosure in close proximity to the c rys ta l .



4 . 5  REFERENCE CELL

The reference c rys ta l  is located in a glass bulb and is  immersed 
in a water bath which is  maintained at 25±1*C. When the 
e lec tronic  mixer i s  used for output, th i s  c rys ta l  provides the 
constant frequency, f 1, from which the variable frequency, f2, 
is  subtracted to give the beat frequency.
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4 . 6  WATER VAPOUR GENERATION APPARATUS

A method for generating defined quan t i t ies  of water vapour has 
already been developed in th is  laboratory [4.7]. Argon is  passed 
at a fixed flow ra te  of 1.0 1/min over a constant surface area of 
water contained in a Dreschel b o t t le .  The temperature is  
controlled between 5 and 50*C by placing the Dreschel bo t t le  in a 
water bath with a thermostatic control.

An experimental ca l ib ra t ion  is  carr ied out to determine the 
amount of water vapour carr ied (mg/1 argon). To do th i s ,  a 
calcium chloride drying tube is  connected to the ou t le t  of the 
apparatus and the amount of water vapour carried per l i t r e  of 
argon is  determined g rav im etr ica l ly . The ca l ib ra t ion  graph is  
shown in f ig .  4.8.

For normal use the device is  attached to the apparatus shown in 
fig 4.1 in p a ra l l e l  to and bypassing the drying tubes so that  dry 
argon can s t i l l  be passed over the c rys ta l  when water vapour is 
not required. Using th is  system the c rys ta l  temperature 
thermostat must always be set greater  or equal to the humidity 
one in order to prevent condensation of excess water.
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4 . 7  MICROCOMPUTER SYSTEM

The signal processing in terface  was a 6U Eurorack system 
designed and b u i l t  by the Imperial College Chemistry 
Microprocessor Unit. The in te rface  formed part  of the 
microcomputer data aquis i t ion  system as i l l u s t r a t e d  in f ig .  4.9. 
The in te r face  rack holds 16 function boards on double Eurocard 
PCBs. On each board an e ig h t -b i t  number is  available to the 
microprocessor which id en t i f i e s  the type of board e.g. ADC, DAC, 
timer or multiplexer. A software controlled method of addressing 
the individual boards allowed the user to access the boards 
without having to know th e i r  exact posi tion in the rack. This 
method is  called "type/numberM addressing, in which each board is 
addressed by i t s  i d e n t i f i e r  number and by the number of boards of 
tha t  type, which is  counted up from the l e f t  most s lo t  posi tion.

The procedure whereby one of three frequencies is  selected by the 
d i g i t a l  multiplexer was described e a r l i e r .  This occurs under 
microcomputer control  via a timer board operating in single shot 
mode. This frequency is  measured by a purpose b u i l t  board which 
has a range of 0 to 20 MHz and a resolution of 1 Hz. The in terna l  
reference is  a RS 307-430 10 MHz c rys ta l  o sc i l l a to r  module. The 
cost of a frequency meter of equivalent range with microcomputer 
compatabil i ty , such as the RS232 se r i a l  or 6PIB para l le l  
in te r face ,  would be prohibi t ive .

After se lection and conditioning by a 16 channel analogue 
multiplexer board, the temperature signal  then passes to a 12 b i t  
ADC board. Analogue to d ig i t a l  conversion is  i n i t i a t e d  every
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20 ms by a pulse from a second free running timer board. At the
end of each conversion, which takes about 10 ms, the computer
then reads the conversion value fromttwith a resolution of
0.02 degrees per b i t .

A BASIC program was wri t ten  on the RML 380Z to acquire 
experimental data from the sensors via the in terface  rack. The 
program ca l ls  standard subroutine modules, most of which were 
included in the software used in Chapter 3. I t  i s  these modules 
which allow the 380Z to control the boards in the in terface  rack. 
They were writ ten, assembled and linked to produce a modified RML 
BASIC in te rp re te r .

The software allows for ca l ibra t ion  of the temperature sensors at 
one temperature and averages 50 temperature measurements for each 
frequency measurement. Frequency and temperature data are stored 
every second on floppy magnetic d iscs .  Under menu se lect ion, the 
re su l t s  can be presented in any combination of the following 
ways: numerically on the VDU and the p r in te r ,  graphical ly on the 
VDU and on the chart recorder (frequency versus time) or the X-Y 
p lo t t e r  (frequency versus temperature). Presentation can occur 
e i ther  during acquisi t ion or a f t e r  the experiment has been 
completed using fur ther  software. The output to the chart 
recorder or X-Y p lo t te r  is  via a graphics board, which is  a 
modified d ig i t a l  to analogue converter board.

Additional software was produced for conversion of data to text  
format for t rans fe r  to a BBC B microcomputer (BBCB) via an RS232 
in te r face .  A program was produced for the BBCB which Fourier
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transforms 
gives 21 
ca l ibra t ion s

frequency change with respect to tempera 
term Fourier ser ies  representing 
. This w il l  be explained in more d e t a i l

ture data and 
temperature 

in Chapter 6.
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4 . 8  FIGURES

I n j e c t i o n
P o r t

F i g u r e  4 . 1  S c h e m a t i c  d i a g r a m  o f  t h e  g a s  l i n e  u s e d  
t o  i n v e s t i g a t e  t h e  t h e r m a l  r e s p o n s e  o f  p i e z o e l e c t r i c  c r y s t a l  s e n s o r s  an d  t o  c a l i b r a t e  them f o r  s u l p h u r  d i o x i d e .
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Frequency Change Hz

F ig u re  4 .3  The sam ple o s c i l l a t o r  p e rfo rm an ce . T y p ic a l d a ta  
o b ta in e d  from th e  o r i g i n a l  o s c i l l a t o r :  ( a )  when 
t o t a l l y  u n s ta b le  and (b ) when u s a b le  b u t 
o c c a s io n a l ly  u n s ta b le ,  (c )  T o ta l ly  s t a b l e  
perfo rm ance  o b ta in e d  a f t e r  o p t im is a t io n .
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F ig u re  k . k  The e l e c t r i c a l  c o n n e c tio n s  betw een th e  p ie z o ­
e l e c t r i c  c r y s t a l s  and th e  o s c i l l a t o r s  o f ( a )  
th e  o r i g i n a l ,  (b )  th e  m o d ified  and (c )  th e  
r e f e re n c e  d r iv in g  c i r c u i t s .
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R1 4k? IC1 7474 D1 RS586-475
R2 270R IC2 74153 D2 RS586-475
R3
R4

270R
270R

IC3 7403 D3 RS586-475

Figure *f.5 Frequency Multiplexer



Figure 4.6 T h e  t e m p e r a t u r e  s e n s o r  a r r a y .
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4 . 1 0  APPENDIX -  OUTLINE OF DATA A C Q U I S I T I O N  PROGRAM

Main Routine  

S t a r t

I n i t i a l i s e  the v a r i a b l e s

I n i t i a l i s e  the i n t e r f a c e  rack

C a l i b r a t e  the tem perature

L i s t  the  commands on the screen

P r i n t  the  s t a t u s  o f  each command on the screen

Repeatedly  g e t  a c h a r a c te r  f rom the  keyboard

I f  the c h a r a c t e r  i s  a command then perform command
l i s t  the commands 
p r i n t  the  new s t a t u s

Else  i f  data a c q u i s i t i o n  i s  enabled then c a l l  the data
a c q u i s i t i o n  su b ro u t in e

U n t i l  the end command i s  executed

O u t l i n e  o f  the Data A c a u is t io n  Subrout ine

Wait  f o r  an i n t e r r u p t  from the f requency  board 

Read bytes 0 to  3 on the frequency  board 

C lear  the i n t e r r u p t

Convert  b in a r y  coded decima l  i n t o  frequency

Get 50 convers ions from the ADC board,  using i n t e r r u p t  read and
c l e a r

Average the 50 conversions

Scale  the d i g i t a l  va lu e  to  tem pera ture

P r i n t  and p l o t  the  data on the screen

I f  the d is c  i s  enabled then save the data on d is c

I f  the p l o t t e r  i s  enabled then p l o t  the data
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I f  t h e  p r i n t e r  i s  e n a b l e d  t h e n  send t h e  d a t a  t h e  p r i n t e r

Return to  the  main r o u t i n e

The p o s s ib le  commands are:

‘ A* to  e n a b l e / d i s a b l e  the  a c q u i s i t i o n  o f  data  

‘ C  to  c a l i b r a t e  the  tem p era tu re  

’ D‘ to  e n a b l e / d i s a b l e  d is c  output  

' E ' to  end

* G' to  e n a b l e / d i s a b l e  p l o t t e d  output  

‘ P ‘ to  e n a b l e / d i s a b l e  p r i n t e d  output  

S’ to  s e l e c t  one o f  the m u l t i p l e x e d  f re q u e n c ie s  

’ T ‘ to  s e l e c t  one of  the m u l t i p l e x e d  tem pera tures



CHAPTER 5

THE PRACTICALITIES OF PIEZOELECTRIC CRYSTAL SENSING: 

AN INVESTIGATION OF HUMIDITY AND TEMPERATURE EFFECTS
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I n  C h a p t e r  2 t h e  t h e o r y  u n d e r l i n i n g  t h e  use o f  PZC s e n s o r s  f o r

chemical  a n a l y s i s  was described  and i n  Chapter  4 the  apparatus  

used in  t h i s  work was d esc r ib e d .  In  t h i s  s e c t io n  the  p r a c t i c a l  

aspects t h a t  l i m i t  the performance o f  a PZC under ambient  

c o n d i t io n s  are cons id ered .  A number o f  g e n e r a l  problem areas  

occur,  a l though the  a p p l i c a b i l i t y  o f  those f a c t o r s  depends on the  

p a r t i c u l a r  c i rcumstances .

Notab le  problem area  

l i f e t i m e ,  f lo w  r a t e  

s t a b i l i t y  and b a s e l in e  

PZC sensors a t  run 

i n t e r f e r e n c e s .

s a r e : 

dependence, 

d r i f t .  Man 

t ime and ma

re

y

y

p r o d u c i b i l i t y , s e l e c t i v i t y ,  

PZC te m p e ra tu re ,  o s c i l l a t o r  

o f  these problem areas a f f e c t  

t h e r e f o r e  be considered as

R e p r o d u c i b i l i t y  between c r y s t a l s  i s  poor due to  v a r i a t i o n s  in  the  

q u a n t i t y  and s t r u c t u r e  of  the  co a t in g  m a t e r i a l  a p p l i e d .  This  

phenomenon has not been rep o r ted  i n  the  l i t e r a t u r e .  In  Chapter 7 

ways to  minimise  these e f f e c t s  are d iscussed.

For n e a r l y  a l l  PZC sensors w a te r  vapour causes most o f  the  

problems o f  i n t e f e r e n c e  since  they  are not  s e l e c t i v e  to  i t .  

F i e l d e n ,  Me Cal lum, Stan io s  and A ld er  [ 5 . 1 ]  developed a 

microcomputer c o n t r o l l e d  p o r t a b l e  d e t e c t o r  f o r  to lu e n e  d i ­

i s o cyan a te  ( T D I ) which used two PZCs w i t h  d i f f e r e n t  coat in gs  f o r  

hum id ity  c o r r e c t i o n .  They assumed t h a t  the responses o f  the PZCs 

to  TDI and w ater  were l i n e a r  and a d d i t i v e .  The r e s u l t s  were 

encouraging but showed t h a t  a more complex c o r r e c t i o n  a lg o r i t h m  

i s  needed. In Chapter  6 a g e n e r a l  c o r r e c t i o n  procedure t h a t  i s  

a p p l i c a b l e  to  any response i s  cons id ered .
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Sensor l i f e t i m e  i s  reduced by p h y s i c a l  ageing and poisoning of  

th e  co a t in g  due to  n o n - r e v e r s i b i l e  r e a c t i o n s  w i t h  the  a n a l y t e  and 

o th e r  gas phase sp ec ies .  Mass t r a n s p o r t  o f  a n a l y t e  r e s u l t s  i n  

f l o w  r a t e  dependence. I r r e v e r s i b i l i t y  and mass t r a n s p o r t  e f f e c t s  

are i l l u s t r a t e d  i n  Chapter  7.

O s c i l l a t o r  s t a b i l i t y ,  which caused some problems e a r l i e r ,  as 

descr ib ed  in  Chapter  4,  and v a r i a t i o n s  i n  PZC tem pera ture  both  

g iv e  r i s e  to  b a s e l i n e  d r i f t .

The f i r s t  o 

i n t e r a c t i o n  

p r e s e n t a t i o n  

to  humid ity  

i n t e r a c t i o n  

i n t r o d u c e d .

b j e c t i v e  of  t h i s  chapter  i s  to  i n v e s t i g a t e  the  

between uncoated PZCs and h u m id i ty .  I h i s  leads  to  a 

and d iscu ss io n  of  r e s u l t s  on the response of  PZCs 

and, o f  n e c e s s i t y ,  to  t e m p e r a tu r e .  The d i r e c t  

between uncoated PZCs and tem p era tu re  i s  then
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5 . 1  INTRODUCTION TO HUM IDIT Y EFFECTS

I t  has been re p o r te d  t h a t  hum id i ty  i n t e r f e r e s  w i t h  the PZC 

d e t e r m i n a t i o n  o f  S02 using qu ad ro l  coa t in gs  [ 5 . 2 ,  5 . 3 ] .  In  order  

to  deve lop a PZC sensor t h a t  produces r e p r o d u c i b l e  r e s u l t s ,  the  

fundamental  i n t e r a c t i o n  between uncoated PZCs and hum id ity  must 

f i r s t  be i n v e s t i g a t e d .  The reasoning  behind t h i s  i s  r e l a t e d  to  

the s torage  and p r e p a r a t i o n  o f  PZCs since  water  adsorbed i n  a 

PZCs prev io us  h i s t o r y  can i n t e r f e r e  w i t h  exper im ents .  I f  a PZC i s  

kept  under ambient c o n d i t i o n s ,  where t h e r e  are always s i g n i f i c a n t  

l e v e l s  o f  w ater  vapour,  i t  w i l l  adsorb w ater  from i t s  

surroundin gs .  Under such c o n d i t io n s  uncoated c r y s t a l s  show l a r g e  

decreases i n  frequency  from t h e i r  dry s t a t e .  I t  i s  not  p r a c t i c a l  

to  i n v e s t i g a t e  PZCs i n  t h i s  c o n d i t i o n  as they e x h i b i t  

i n d e t e r m i n a t e  f requency  changes due to  v a r i a t i o n s  in  the  amount 

of  adsorbed w a t e r .  During an exper im ent ,  adsorbed water  w i l l  

begin to  desorb i n t o  the i n e r t  gas stream and an unacceptably  

long d e lay  of  s e v e r a l  hours w i l l  be r e q u i r e d  to  e s t a b l i s h  a 

s t a b l e  b a s e l i n e .

The h um id it y  e f f e c t  i s  i n v e s t i g a t e d  in  t h i s  chapter  and the  

mechanism o f  the ad so rp t io n  process i s  deduced from a k i n e t i c  

t r e a t m e n t  o f  the  ex p e r im e n ta l  r e s u l t s .  Procedures are developed  

to  reduce the  i n t e r f e r e n c e .  I t  i s  concluded t h a t  these procedures  

can be a p p l ie d  w i t h  conf id ence  du r in g  the development o f  a PZC 

s en so r .
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5 . 2  EXPERIMENTAL DETAILS AND RESULTS FOR HUMIDITY EFFECTS

Note on Terminology

R e l a t i v e  h u m id i ty ,  a commonly used term i n  env i ro n m en ta l

m o n i t o r i n g ,  i s  d e f in e d  [ 5 . 4 ]  as the  r a t i o  o f  th e  q u a n t i t y  of

w ater  vapour p resent  in  an atmosphere to  the  q u a n t i t y  which would

s a t u r a t e  a t  the  e x i s t i n g  tem pera ture  (be i n  e q u i l i b r i u m  w i t h

s o l i d  or l i q u i d ) .  I t  i s  a ls o  d e f in e d  as the  r a t i o  o f  the  pressure

o f  w a te r  vapour p resent  to  the  s a tu r a te d  vapour pressure  a t  the

same te m p e ra tu re .  Since vapour pressure i s  a f u n c t i o n  o f

t e m p e r a tu r e ,  the r e l a t i v e  hum id ity  o f  a f i x e d  amount o f  w ater

vapour i n  a closed system i s  a f u n c t io n  o f  te m p e ra tu re .

Throughout t h i s  work,  t h e r e f o r e ,  the  term h um id it y  i s  used i n

-3r e f e r e r e n c e  to  c o n c e n t r a t io n  o f  w ater  vapour i . e .  mg H20 dm 

which i s  independent of  t em p era tu re .  This te rm in o lo g y  a l low s  

exper iments  to  be performed a t  d i f f e r e n t  tem p era tu res ,  w i t h o u t  

changing the num er ica l  measure o f  the q u a n t i t y  o f  water  in  the  

gas phase.

I n v e s t i g a t i o n  and Results

Assuming t h a t  the mechanism f o r  the i n t e r f e r e n c e  from hum id ity  

r e s u l t s  from water  vapour condensing on the PZC su r face  and being  

adsorbed,  the  amount o f  adsorbed water  a t  e q u i l i b r i u m  should  

depend on the  hum id ity  and on the  tem perature  o f  the  PZC. In  

p a r t i c u l a r ,  a t  a f i x e d  tem p era tu re  the  amount o f  adsorbed w ater  

should i n c r e a s e  w i th  i n c r e a s i n g  h u m id i ty .  Any in c r e a s e  i n  mass 

lo a d in g  o f  the  PZC gives  a corresponding decrease  i n  resonant
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f r e q u e n c y  w h i c h  i s  t h e  i n t e r f e r e n c e . The o b s e r v e d  p r o c e s s  i s

spontaneous a t  room tem perature  and i s .  t h e r e f o r e ,  exotherm ic  

w i t h  a n e g a t iv e  en tro py  o f  condensat ion.  According to  the  

p r i n c i p l e  o f  Le C h a t e l i e r  and Braun [ 5 . 5 ]  i t  fo l l o w s  t h a t  a t  a 

f i x e d  h u m id i ty  the amount of  adsorbed w ater  should decrease w i t h  

i n c r e a s i n g  te m p e ra tu re .  The process i s  assumed to  be:

H^O( g) == H20 lad s )  15. 1)

An e q u i l i b r i u m  constant  f o r  ad so rp t io n  (ad s o r p t io n  c o e f f i c i e n t )

can be w r i t t e n  f o r  t h i s  process,

k
K r —  = AF

kd l H20 ( g) J
( 5 . 2 )

where the c o n c e n t r a t io n  o f  adsorbed w ater  i s  rep resen ted  by the  

f requency  change of  AF Hz caused by a corresponding mass change 

on the PZC s u r f a c e .

A s e r i e s  of  f i v e  runs was c a r r i e d  out  to  determ ine  the h um id it y  

response a t  f i x e d  PZC tem pera tures  ( 14,  20,  25,  30 and 3 5 * 0

using the apparatus d escr ib ed  m  Chapter  4 w i t h  the m o d i f i c a t i o n  

f o r  w ater  vapour p ro d u c t io n .  The vapour was m a in ta in ed  in  an 

u n satu ra ted  s t a t e  thus a v o id in g  d r o p l e t  f o r m a t io n .

For the f i r s t  run,  the  d e t e c t o r  c e l l  ho ld in g  the  PZC was held a t

a f i x e d  te m pera ture  of  14 * C and dry argon was passed over the

3 -1PZC a t  a f lo w  r a t e  o f  1 dm min . Once a b a s e l i n e  had been 

e s t a b l i s h e d ,  a f requency read in g  was taken .  The f lo w  was then  

d i v e r t e d  through th e  w ater  vapour g en e r a t io n  apparatus and the  

measured f requency i n c r e a s e d .  A f t e r  about s ix  minutes the  

f requency  had s t a b i l i s e d  a t  a h ig her  l e v e l  and a second read in g
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apparatus was a ls o  noted .  When dry argon was passed over the  PZC

f o r  a second t i m e ,  the  measured f requency r e t u r n e d  to  the

b a s e l i n e .  This procedure was repea ted  f o r  va r io u s  h u m i d i t i e s  in

-3the  range 2 -  12 mg H20 dm ( tem p era tu res  of  the  w a te r  vapour  

g e n e r a t i o n  apparatus i n  th e  range 10 -  40*C,  see f i g .  4 . 8 ) .  This  

procedure was repeated  w i t h  th e  PZC th e r m o s t a t t e d  a t

p r o g r e s s i v e l y  h ig h er  tempera tures  o f  20, 25,  30 and 35*C.

The r e s u l t s  are d is p la y e d  f i g .  5 .1 which is  a p l o t  o f  f requency  

change a g a in s t  h u m id i ty .  At each tem pera ture  th e  i n t e r f e r e n c e  

becomes worse as more water  vapour condenses on the  c r y s t a l  a t  

hig her  h u m i d i t i e s .  Furthermore ,  f o r  the c o n d i t io n s  and PZC 

t em p era tu re  used in  t h i s  exp er im en t ,  the  frequency  change i s  

l i n e a r  w i t h  re s p e c t  to  hu m id i ty .

From the  Sauerbrey eqn. 2 . 19 frequency  change i s  p r o p o r t i o n a l  to

the mass of  adsorbed w a t e r .  I t  can t h e r e f o r e  be concluded t h a t

the mass o f  adsorbed water  i s  d i r e c t l y  p r o p o r t i o n a l  to  the  

h u m i d i t y .

The behav iour shown in  f i g .  5 .1 i s  i n  agreement w i t h  eqn. 5 .2  

which,  t h e r e f o r e ,  d escr ib es  the observed behav iour as w e l l  as the  

e q u i l i b r i u m  constan ts f o r  the  assumed condensat ion mechanism.  

Thus,  th e  slopes o f  f i g .  5 .1 a t  f i v e  temperatures g i v e ,  by l i n e a r  

r e g r e s s i o n ,  va lues  f o r  the e x p e r i m e n t a l l y  de te rm in ed ,  ad so rp t io n  

c o e f f i c i e n t  as shown i n  t a b l e  5 . 1 .

was t a k e n .  The  t e m p e r a t u r e  o f  t h e  w a t e r  v a p o u r  g e n e r a t i o n
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Temperature K
* C Hz mg dm

14
20
25
30
35

54. 5
30. 3
15. 010.8

7. 8

Table  5.1  E x p e r im e n t a l ly  determined  e q u i l i b r i u m  constan ts  

f o r  w a te r  condensat ion on an uncoated c r y s t a l

As these  e q u i l i b r i u m  constants  are measured by a PZC a t  known

h u m i d i t i e s  they  c o n v e n ie n t ly  i n c lu d e  Hz and mg i n  t h e i r  u n i t s  as

opposed to  the more c o n v e n t io n a l  mol.  From th e  Sauerbrey

eqn. 2 . 19  frequency  change can be converted i n t o  mass o f  adsorbed

wat e r ,  the  mass dimensions then cance l  so i f  r e q u i r e d  the u n i t s

of  the e q u i l i b r i u m  constant  can be converted to  the  SI e q u i v a l e n t  

3
(dm ) .  The mass terms can in d ep en d en t ly  be converted  to  the more 

c o n v e n t io n a l  mol by d i v i d i n g  by the r e l a t i v e  m o le c u la r  mass o f  

w a t e r .

C onsid ering  a l l  f i v e  runs in  f i g .  5 .1 t o g e t h e r ,  i t  can be seen 

t h a t  a t  a f i x e d  hum id ity  a s m a l le r  f requency change occurs a t  

h ig h er  PZC temperatures corresponding to  d ecreas in g  e q u i l i b r i u m  

constan ts i n  t a b l e  5 . 1 .

The tem p era tu re  dependence o f  the e q u i l i b r i u m  co n stan t  can be 

d escr ib ed  by the v an ‘ t  H o f f  eq u at io n  [ 5 . 6 3 :

Thus the data in  t a b l e  5.1 can be used to o b t a in  e q u i l i b r i u m  

constants  a t  o th e r  tempera tures  over the e x p e r im e n ta l  t em pera ture  

range by p l o t t i n g  lnK a g a in s t  1/T and i n t e r p o l a t i n g .  For example
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atthe  e q u i l i b r i u m  constant  i s  es t im ated  to  be 51± 2 Hz mg dm 

1 5 * C.

The decrease  w i t h  tem pera ture  of  the e x p e r i m e n t a l l y  determ in ed,  

e q u i l i b r i u m  constan ts would g ive  a n e g a t iv e  va lu e  f o r  AH-& which  

corresponds w i t h  the  observed process being exo th erm ic .  According  

to  the  eq u a t io n ,

AG1®- = AH^ -  IAS'®’ ( 5 . 4 )

i t  i s  t h e r e f o r e  p o s s ib le  f o r  the  

corresponds to  a gas to  l i q u i d  

assumption o f  a condensat ion  mecha 

by eqn. 5 . 1 ,  i s  j u s t i f i e d .

e n th a lp y  to  be 

phase t r a n s i t  

nism f o r  the pro

n e g a t iv e  which 

i o n .  Thus the  

cess,  descr ib ed

I t  was thought u s e f u l  to  d i r e c t l y  measure the  

adsorbed w ater  w i t h  te m p e ra tu re .  T h e r e f o r e ,  two ru 

out c o n s e c u t iv e ly  i n  which the w ater  vapour genera  

was held a t  f i x e d  tem pera tures  ( 2 . 5  and 5 . 5 *

constant h u m id i t i e s of -30 .5  and 1.1 mg H20 dm re

the PZC tem perature was increased  in  steps from a

The PZC was al lowed to  remain a t  each temper

constant  f requency  had been e s t a b l i s h e d .

r e d u c t io n  in  

ns were c a r r i e d  

t i o n  apparatus  

C) which gave 

s p e c t i v e l y  and 

bout 8 to  5 0 * C. 

a t u r e  u n t i l  a

These r e s u l t s  are shown i n  f i g .  5 . 2 ( a )  and ( b ) .  They do not  

appear to  agree w i t h  the  e a r l i e r  r e s u l t s  since  al though the  

f requency  i n i t i a l l y  decreases ,  ( i . e .  wa ter  i s  being d r iv e n  o f f )  

i t  in c rease s  again  from 28*C to  a maximum a t  around 43*C.  

A p p aren t ly  in  t h i s  range more w ater  i s  adsorbed a t  h ig h er  

tem pera tures  which c o n t r a d i c t s  the proposed mechanism.
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H o w e v e r ,  t h i n g s  become c l e a r e r  when t h e  t h i r d  r u n ,  f i g .  5 . 2 ( c ) ,

dry argon f lo w i n g  over th e  c r y s t a l ,  i s  

curve i s  independent  of  hu m id i ty  and must 

sponse w i t h  re s p e c t  to  tem pera ture  i n h e r e n t  to

show the  same response a t  tem pera tures  above 

of  th e  h u m id i t y .  However the curves show 

below 2 8 * C, depending on th e  h u m id i t y ,  due to  

r a t u r e  on the w ater  ad so rp t io n  c o e f f i c i e n t  f o r

-3a t  0 mg H^O dm i s  su b t rac ted  from t h a t  at

-3
dm more m ean in gfu l  p lo t s  ( f i g .  5 . 3 )  are  

the e f f e c t  o f  tem pera ture  on the ad so rp t io n  

t  i s  p a r t i c u l a r l y  im p o r tan t  to  note t h a t  a t  

the response o f  the  P2C to  water  vapour tends

c a r r i e d  out  w i th  

con s id ered .  This  

t h e r e f o r e  show a re  

the PZC.

A l l  t h r e e  curves  

28 * C, i r r e s p e c t i v e  

d i f f e r e n t  responses  

the e f f e c t  o f  tempe 

the e q u i l i b r i u m .

I f  the response seen 

0 .5  and 1.1 mg H^O 

o b ta in e d .  These show 

process d i r e c t l y .  I 

h ig h er  temperatures  

to  z e r o .

From eqn. 5 .2  the  e q u i l i b r i u m  

d i v i d i n g  the frequency change by 

e q u i l i b r i u m  constants  es t im ated  

of f i g .  5 .3  are presented .  These 

t a b l e  5.1 w i t h  some v a r i a t i o n  due 

a sm al l  d e v i a t i o n  a t  h ig her  c r y s t  

zero hum id ity  c o r r e c t i o n ,  using  

can produce some d i s t o r t i o n  a t  

d i s t o r t i o n  may a r i s e  from the  

r e s i d u a l  adsorbed w ater  which

constants  can be o bta in ed  by 

the  h u m id i ty .  In  t a b l e  5 .2  the  

from s i n g l e  p o in ts  on the curves  

r e s u l t s  f o l l o w  the same t re n d  as 

to  e x p e r im e n ta l  e r r o r .  There is  

a l  tem p era tu res .  However, the  

f i g .  5 . 2 ( c )  to  o b t a in  f i g .  5 . 3 ,  

the  h igher tem p e r a tu r e s .  This  

‘ d r i e d  c r y s t a l '  having some 

i s  ex p e l le d  a t  the  h ig h er
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t e m p e r a t u r e s .

Temperature E q u i l i b r i u m  Constants Hz mg dm
•c Ki . i

K _ _ 0 .5
K

14 57 56 55.1
20 24 32 30 .6
25 13 16 15.0
30 7 2 11.0
35 2 0 8.1

Tab le  5 .2  Est imated  e q u i l i b r i u m  constants  a t

_3
1.1 and 0 .5  mg IHgO] dm and the o v e r a l l  

e q u i l i b r i u m  constant  f o r  w a te r  condensat ion  

on an uncoated c r y s t a l

These new r e s u l t s  expand the  data se t  towards lower h u m id i t i e s  

than achieved i n  the f i r s t  exper iment in c r e a s i n g  the s t a t i s t i c a l  

s i g n i f i c a n c e  o f  the  r e s u l t s  which j u s t i f y  the condensat ion  

mechanism. The f i n a l  column in  t a b l e  5 .2  gives  a r e v i s e d  va lue  

f o r  th e  e q u i l i b r i u m  constant  a t  f i v e  tempera tures  c a l c u l a t e d ,  by 

l i n e a r  r e g r e s s i o n ,  from the  combined data in  f i g .  5 .1  and the  

s i n g l e  po in ts  on the curves of  f i g .  5 .3  used in  the  K, , and K( 

e s t i m a t e s .

1 .1 0 .5

I n v e s t i g a t i o n  Under N o n - E a u i l i b r i u m  Condit io ns

Eqn. 5 .2  and the l i n e a r  r e l a t i o n s h i p  between frequency  change and 

hum id i ty  can a ls o  be d e r iv e d  from a k i n e t i c  d is c u s s io n  of  the  

condensat ion  and eva p o r a t io n  of  w ater  molecules a t  a s u r f a c e .  The 

r a t e  o f  condensat ion of  w ater  molecules on the su r face  is  

p r o p o r t i o n a l  to  the r a t e  a t  which water  molecules s t r i k e  the  

su r fa c e  [ 5 . 7 ] ,  which,  a t  a g iven  tem pera ture  and pressure  v a r i e s  

d i r e c t l y  w i th  the h u m id i ty .  At a g iven hum id ity  the  r a t e  of



c o n d e n s a t i o n  i s  c o n s t a n t .  The r a t e  e q u a t i o n  i s :

a
= k l H 0 ( g ) j a 2

15. 5)

The next  exper iment c a r r i e d  out  v e r i f i e s  t h a t ,  f o r  a condensat ion  

process a t  constant  tem p era tu re ,  the r a t e  o f  eva p o r a t io n  o f  w ater  

molecules  from the  sur face  of  a P2C i s  p r o p o r t i o n a l  to  the number 

of  water  molecules  adsorbed.  This i s  p r o p o r t i o n a l  to  the  

e q u i v a l e n t  f requency  change, so the f i r s t  ord er r a t e  eq u at io n  can 

be w r i t t e n .

where AF is  the frequency change due to  a mass AM o f  adsorbed

A PZC a t  e q u i l i b r i u m  w i th  a humid environment was moved i n t o  a

dry envi ronment.  F ig .  5 .4  i s  a p l o t  of  the l o g a r i t h m  o f  the

subsequent f requency  change from the e q u i l i b r i u m  va lu e  a g a in s t

t im e .  From the Sauerbrey eqn. 2 . 1 9 ,  mass is  p r o p o r t i o n a l  to

frequency  change. I t  i s  c l e a r  t h a t  the  number o f  adsorbed water

molecules  is  d i r e c t l y  p r o p o r t i o n a l  to  the f requency change and

t h e r f o r e ,  from a k i n e t i c  t r e a t m e n t ,  the f a c t  t h a t  f i g .  5 .4  i s

l i n e a r  v e r i f i e s  t h a t  a f i r s t  ord er decay mechanism a p p l ie s  to  the

d e s o rp t io n  of  w a te r  from the PZC s u r f a c e .  The r a t e  constant  t h a t

-  3 -1a p p l ie s  to eqn. 5 . 6  i s  t h e r e f o r e  ( 4 . 4± 0 . 4 )  x 10 s a t  15*C.

Since d eso rp t io n  i s  ta k in g  p lace  i n  dry c o n d i t io n s  the net  r a t e  

of  d e so rp t io n  does not depend on the  mechanism o f  the adsorp t io n  

p ro cess .

Moreover,  the above experiment  i s  j u s t  a s p e c i a l  case of  the non-

( 5 . 6 )

w a te r  r e p r e s e n t in g  the c o n c e n t r a t io n  of  H^OIads)  i n  eqn. 5 . 1 .
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e q u i l i b r i u m  e f f e c t  o f  a d s o r b e d  w a t e r  on f r e q u e n c y  when a PZC i s

exposed to  any f i n i t e  change i n  h u m id i ty .  In g e n e r a l  the t ime  

dependency can be w r i t t e n ,

f - f V f f
( - k Ht )de ( 5 . 7 )

where k i s  the r a t e  constant  f o r  d e s o r p t io n ,  f  i s  the frequency  
d

and th e  su b scr ip ts  denote i n i t i a l  and f i n a l  v a l u e s .  The p re -  

e x p o n e n t i a l  f a c t o r  depends on the  thermodynamics o f  the  process  

and is  e q u i v a l e n t  to  AH i n  eqn. 5 .5  and eqn. 5 . 8 .

At e q u i l i b r i u m  

eva p o r a t io n  and 

constant  can be

K

the r a t e  of  condensat ion equals the  r a t e  of

so the  r a t i o  of  r a t e  constants ,  the  e q u i l i b r i u m

d e r i v e d : 

k Ac- —  = ------— ------  ( 5 . 8 )
k d  l H 2 0 ( g ) j

Eqn. 5 .8  has been d er ived  m a th e m a t ic a l ly  from a k i n e t i c

d iscu ss io n  of  condensat ion and evap o ra t io n  r a t e s  ye t  i t

r e p l i c a t e s  the l i n e a r  r e l a t i o n s h i p  shown both e x p e r i m e n t a l l y  in

f i g .  5 .1  and accord ing to thermodynamic theory  i n  eqn. 5 . 2 .  This

v e r i f i e s  t h a t  k can be used to  d escr ib e  the  condensat iona

process by eqn. 5 .5  which f u r t h e r  j u s t i f i e s  the  adsorp t io n  

p ro c e s s .

Since the  ad so rp t io n  c o e f f i c i e n t  a t  15*C was e s t im ated  to  be 

-1 3
51*2 Hz mg dm and the r a t e  constant  f o r  d e s o r p t io n  was found

- 3 - 1to  be ( 4 . 4 * 0 . 4 )  x 10 s at  15*C,  the r a t e  constant  f o r  

condensat ion can be c a l c u l a t e d  from eqn. 5 .8  as
-3

0 . 2 2 * 0 . 0 3  Hz mol  dm at  15* C.
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From the o v e r a l l  r a t e  eqn. 5 . 7 ,  the  f requency  change as a 

f u n c t i o n  o f  exposure t ime under t y p i c a l  ambient  co n d i t io n s  of  

35Z RH ( 4 . 5  mg H20 dm"3 ) a t  15*C has been c a l c u l a t e d  and i s  

presented i n  t a b l e  5 . 3 .  The corresponding  t ime r e q u i r e d  f o r  the  

re ad in g  to  r e t u r n  to  w i t h i n  5 Hz o f  i t s  s t a r t i n g  va lu e  when the  

P2C i s  re tu r n e d  t o  dry argon i s  a ls o  g iv e n .  An e r r o r  o f  ±10Z 

a p p l ie s  to  the va lu es  i n  t a b l e  5 . 3 .

Exposure Frequency Recovery
t im e s Change Hz t im e  s

10 10 158
20 20 315
50 45 499

100 82 636
200 134 747
300 168 799
500 204 843

1000 227 867

Tab le  5 .3  The frequency  change o f  a PZC a g a in s t

exposure t ime to  4 . 5  mg H20 dm 3 and the  

reco very  t ime to  w i t h i n  5 Hz o f  the  b a s e l i n e

I n i t i a l  ad so rp t io n  i s  r a p id  but  i n  comparison d e s o r p t io n  is  slow 

so t h a t  i f  the c r y s t a l  i s  exposed f o r  only 19. 3 s i t  takes 5 min 

to  recover w h i l s t  i f  i t  i s  exposed f o r  4 min i t  r e q u i r e s  13 min 

to  re c o v e r .  This recovery  t ime i s  only s l i g h t l y  le s s  than the  

15 min f o r  a c r y s t a l  kept  a t  t y p i c a l  ambient c o n d i t io n s  i . e .  

maximum adsorbed w a t e r .
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5 . 3  D ISCUSSION OF OBSERVED H UMI DIT Y EFFECTS

The exper iments  a t  e q u i l i b r i u m  show t h a t  c o n s id e r a b le  amounts o f  

w ate r  vapour w i l l  condense on a PZC s tored  under ambient  

c o n d i t io n s  and t h a t  the e q u i l i b r i u m  l e v e l  o f  condensed w ater  

vapour changes g r e a t l y  w i t h  t e m p e r a tu r e .  In  a d d i t i o n  t h e r e  i s  a 

convo luted e f f e c t  o f  hum id ity  and tem perature  on th e  condensat ion  

p r o c e s s .

The n o n - e q u i l i b r i u m  i n v e s t i g a t i o n  s im ula tes  the  p r e p a r a t i o n  and 

t r a n s f e r  o f  PZCs f o r  e x p e r im e n t a l  use and a p p l i e s  when the  

exposure t ime i n t e r v a l  i s  l e s s  than t h a t  r e q u i r e d  to  come to  

e q u i l i b r i u m .  When comparing th e  frequency  change to  the exposure  

t im e ,  condensat ion i s  even more s i g n i f i c a n t  f o r  shor t  term  

exposures w i t h  the assoc ia ted  k i n e t i c  r a t e s  o f  condensat ion very  

s i g n i f i c a n t  on e x p e r im e n ta l  t i m e s c a l e s .

The q u es t io n  then a r i s e s  as to  how i s  i t  p o s s ib le  to  reduce the  

e f f e c t s  o f  water  vapour.  In th e  l i g h t  o f  f i g s .  5 .1  and 5 .3  and as 

the ex p e r im e n ta l  i n v e s t i g a t i o n  and a n a l y s i s  suggest a 

condensat ion  mechanism, i t  i s  c l e a r  t h a t  the e f f e c t  o f  hum id ity  

can be reduced by o p e r a t in g  a t  h ig h er  t e m p era tu res .  I t  should,  

t h e r e f o r e ,  be p o s s ib le  to  expose PZCs to  ambient  hum id i ty  l e v e l s  

a t  an e le v a t e d  tem perature  and o b t a in  le s s  adsorbed w ater  i n  a 

given  t ime i n t e r v a l .
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5 . 4  PROCEDURES FOR THE REDUCTION OF HUMIDITY

The procedures used to  min imise the i n t e r f e r e n c e  o f  w ater  vapour  

d u r in g  d e t e r m in a t io n s  of  tem p era tu re  and SO  ̂ responses are now 

d e s c r ib e d .  L a t e r  th e  i n t e r p l a y  o f  a l l  these f a c t o r s  w i l l  be 

considered  as w i l l  methods f o r  tem p era tu re  and hum id ity  

c o r r e c t i o n .

The most im p o r ta n t  p r e c a u t io n  i s  to  s t o r e  th e  c r y s t a l s  i n  an 

environment t h a t  i s  as dry as p o s s ib le  and to  c a r r y  out the  

exper iments  under dry c o n d i t i o n s .  Due to  r a p i d  condensat ion,  

t r a n s f e r  v i a  ambient c o n d i t io n s  must be done r a p i d l y  and 

p r e f e r a b l y  using a heated c r y s t a l .

Even so, the  c o n d i t io n s  w i l l  u s u a l l y  be d i f f e r e n t  between storage  

and exp er im en t .  The c r y s t a l  must t h e r e f o r e  be l e f t  under the  

e x p e r im e n t a l  co n d i t io n s  f o r  a t  l e a s t  a 10 min per io d  b e fo re  

making measurements which a l low s  the  f requency to  s t a b l i l i s e  and 

minimises d r i f t .

I t  i s  p o s s ib le  to  overcome t h i s  e f f e c t  by s t o r i n g  the c r y s t a l  

w i t h i n  the  ex p e r im e n ta l  apparatus and thus under the req u i r e d  

c o n d i t i o n s .  This i s  e a s i l y  achieved by s e t t i n g  up the  exper iment  

the day b e fo re  and l e a v i n g  i t  on o v e r n i g h t .  A f u r t h e r  p recau t io n  

was t o  l e a v e  the argon f lo w in g  cont in u o u s ly  i n  the  ex p e r im e n ta l  

apparatus to  m a in ta in  the steady s t a t e  t h a t  has been achieved  

t h e r e .

As the d ry in g  c o n d i t io n s  were i m p e r f e c t  and could vary  w i th  t im e ,  

the b a s e l i n e  could change between exper iments  and show
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t em p era tu re  dependance and slow k i n e t i c s .  However, by keeping the  

d r y in g  agents f r e s h  and thus the ambient  hum id i ty  low,  the  

e f f e c t s  could be min imised .

Without  these  precau t io n s  an i n i t i a l  b a s e l in e  can be measured 

f o r  a c r y s t a l  one day and the f requency  may be s e v e r a l  100 Hz 

d i f f e r e n t  on the f o l l o w i n g  day a t  th e  same te m p e r a tu r e .  Taking  

these precau t io n s  reduced the observed v a r i a t i o n  to  only  a few  

H e r t z .
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5 . 5  TEMPERATURE EFFECTS AND COMPENSATION

I n t r o d u c t i o n

In the  above sec t io n  tem p era tu re  measurement and c o r r e c t i o n  have 

been d iscussed very  b r i e f l y .  Yet  the r e s u l t s  c l e a r l y  show t h a t  

PZC tem p era tu re  e f f e c t s  must be considered  du r in g  the  development  

of  these sensors.

Previous workers have compensated f o r  tem p era tu re  e f f e c t s  by 

s u b t r a c t i n g  the frequency  o f  a r e f e r e n c e  c r y s t a l  using an 

e l e c t r o n i c  mixer  [ 5 . 8  -  5 . 1 2 ] .  The r e s u l t a n t  f requency  should  

only be a f f e c t e d  by changes i n  th e  a n a ly t e  c o n c e n t r a t i o n  and not  

by changes i n  tem pera ture  which are the same f o r  both c r y s t a l s .

I t  i s  accepted p r a c t i c e  to  reduce the dependency o f  P2C frequency  

on tem p era tu re  by using PZC cuts which have low tem pera ture  

c o e f f i c i e n t s ,  p a r t i c u l a r l y  th e  AT cut  as descr ib ed  in  Chapter  2.  

Another way to  reduce the e f f e c t ,  a t  l e a s t  f o r  e x p e r im e n ta l  work 

in  the  l a b o r a t o r y ,  i s  to  in c l u d e  t h e r m o s t a t i c  c o n t r o l  to  c l o s e l y  

r e g u l a t e  the  tem perature  o f  the  PZC. T h e rm o s ta t t in g  was c a r r i e d  

out f o r  the i n i t i a l  exper iment in  t h i s  chapter  so t h a t  a b a s e l in e  

read in g  could be measured which then acted as a r e f e r e n c e  f o r  

subsequent frequency changes. S t r a n g e ly  t h i s  simple procedure  

has only been p r e v io u s ly  re p o r te d  by one group,  Moody, Thomas and 

co-workers [ 5 . 1 3 ,  5 . 1 4 ] .

For an exper iment i n  the tem p era tu re  domain, i t  i s  not p o s s ib le  

to  t h e r m o s ta t :  a compensat ion method must be adopted.

For both these  approaches unders tanding o f  the  tem pera ture
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response o f  the PZC and i t s  s i g n i f i c a n c e  in  r e l a t i o n  t o  the  

d e s i r e d  o p e r a t in g  tem pera ture  range o f  the sensor are e s s e n t i a l  

i n  d e te rm in in g  the degree o f  c o n t r o l  or  l e v e l  o f  compensat ion  

t h a t  i s  r e q u i r e d .

The g e n e r a l i s e d  form o f  the  AT cut  PZC tem p era tu re  response i s  a 

t h i r d  degree r e l a t i o n s h i p  w i t h  a r a t h e r  f l a t  r e g io n  around normal  

work ing tempera tures  [ 5 . 1 2 ] .  For t h i s  cu t  and these tem peratures  

the c r y s t a l  e l a s t i c  modul i  are n e a r l y  ba lanced.  The p o i n t  o f  

i n f l e x i o n  i s  known as the  tu r n o v e r  tem p era tu re  and l i e s  w i t h i n  a 

reg io n  where the average te m pera ture  c o e f f i c i e n t  i s  z e ro .

The tu r n o v e r  tem pera ture  should i d e a l l y  be a t  25*C but  t h i s  

depends on f requency .  In  the  range 0 to  50*C the frequency  

t o l e r a n c e  from i t s  va lu e  a t  25*C w i l l  n orm al ly  be le s s  than  

±50 ppm and f requency  to le r a n c e s  o f  ±20 ppm can r e a d i l y  be 

obta in ed  as standard from s e v e r a l  m an u fa c tu re rs .  The tem perature  

c o e f f i c i e n t  i n  the f l a t  reg io n  can be as low as ±0 . 2  ppm/*C but  

i s  more u s u a l l y  ±1 ppm/*C.  The tem pera ture  c o e f f i c i e n t  over the  

whole range should be lower than ±1 ppm/*C.

For these reasons AT cu t  c r y s t a l s  make good frequency  standards  

and are o f t e n  chosen f o r  PZC sensors.  However, when r e a l  c r y s t a l s  

are s tud ie d  the  s i t u a t i o n  i s  more complica ted  as h ig h er  order  

e f f e c t s  are superposed on t h i s  g e n e r a l  b eh av io u r .

Looking a t  the c r y s t a l  used in  s e c t io n  5 . 2 ,  the tem pera ture  

response a t  zero h um id it y  over the range 8 to  50*C has a l r e a d y  

been measured and i s  shown i n  f i g .  5 . 2 ( c ) .  Not much v a r i a t i o n  i s
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observed when o p e r a t in g below 2 5 * C but between 25 and 4 2 * C the

response i s  about 0 .8  ppm/*C. Over th e  whole range measured the

frequency t o l e r a n c e  o f l a r g e s t  magnitude i s +11 ppm and the

tem p era tu re  c o e f f i c i e n t o f  l a r g e s t magnitude i s  -7  ppm/*C a t

50 * C.

Close i n s p e c t i o n  of  th e  response shown e a r l i e r  by Snook and Z a f t

[ 5 . 1 5 ]  r e v e a l s  t h a t  between 25 and 35*C the  response i s  about  

0 .5  ppm/*C. Over the whole range measured (10 to  4 5 * 0  the  

f requency  t o l e r a n c e  of  l a r g e s t  magnitude i s  +7 ppm and the  

tem p era tu re  c o e f f i c i e n t  of  l a r g e s t  magnitude i s  - 2 . 5  ppm/*C. a t  

4 0 * C.

P r e l i m i n a r y  Observat ions of  Temperature E f f e c t s

In o rd er  to  i n v e s t i g a t e  t h i s  e f f e c t  f o r  a number of  PZCs, a 

method s i m i l a r  to  t h a t  used to  o b t a in  f i g .  5 .2  was adopted in  

which r e s u l t s  were noted by the user .  Dry argon was passed over  

the c r y s t a l  co n t in u o u s ly  to  expe l  w a te r  vapour from the  apparatus  

and remove any t h a t  may be e n t r a in e d  d u r in g  the e xp er im en t .  Then 

the PZC was held a t  a se t  tem p era tu re  using the w a te r  bath 

u n t i l  a s t a b l e  frequency  was e s t a b l i s h e d .  Then a read in g  was 

taken and the  te m pera ture  a l t e r e d  f o r  another  datum. Since water  

vapour i s  e x p e l le d  d u r in g  the f i r s t  runs,  the  experiment  was 

u s u a l l y  repeated  u n t i l  c o n s i s t e n t  r e s u l t s  were o b t a in e d ,  f o r  

in s t a n c e  f i g .  5 . 2 ( c )  i s  a t h i r d  a t t e m p t .  Temperature responses  

f o r  3 more c r y s t a l s  are shown i n  f i g s .  5 .5  to  5 . 7 .  T h e i r  

f requency  to le r a n c e s  over the tem pera ture  range shown are  

r e s p e c t i v e l y  19, 5 and 15 ppm and t h e i r  tem perature  c o e f f i c i e n t s
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o f l a r g e s t  m a g n i t u d e  a r e  - 2 . 1 ,  - 1 . 0  and - 2 . 2  p p m / * C .

The v a r i a t i o n  i n  tem pera ture  response observed from PZC to  PZC 

and from the  i d e a l  i s  due to  the t o l e r a n c e s  of  mass m anufacture .  

As p r e v i o u s l y  noted an AT cut  c r y s t a l  i s  cut  from a s i n g l e  r i g h t  

handed c r y s t a l  p a r a l l e l  to  the x - a x i s  and a t  an angle  o f  3 5 * 1 5 ’ 

to  th e  2 - a x i s .  The tem pera ture  c o e f f i c i e n t  and tu r n o v e r

tem p era tu re are f u n c t io n s  of the angle  o f  c u t . T h e r e f o r e , a

sample of r e a l .  nom in a l ly AT cu t  c r y s t a l s w i l l have a

d i s t r i b u t i o n o f  th e rm a l  c h a r a c t e r i s t i c s  as shown i n f i g s . . 5 .5 to

5 . 7 .

PZCs w i t h  lower tem pera ture  c o e f f i c i e n t s  can be s e le c te d  a f t e r  

e x p e r im e n t a l  measurement of  tem perature  responses.  However, t h i s  

method o f  s e l e c t i o n  i s  ted io u s  and s u b j e c t i v e  and can be avoided,  

see below.

B r is to w  f  

e le c t r o d e s  

a p p l i c a b l e  

condensat i  

c r y s t a l  ov 

s lo w ly  to

ound t h a t  uncoated r e f e r e n c e  PZCs w i t h  aluminium  

are s e n s i t i v e  to  humid ity  15 . 163 .  This problem i s  a ls o  

to  s i l v e r  and gold e le c t r o d e s  because i t  i s  caused by 

on. B r is to w  also  showed t h a t  a sealed r e f e r e n c e  

ercame the  hum id ity  e f f e c t .  However, i t  responded more 

tem pera ture  changes than the  sample c r y s t a l .

Daley and Lundgren a ls o  re p o r te d  t h a t  a r e f e r e n c e  c r y s t a l  could  

not be used f o r  tem pera ture  compensat ion because the l o c a l  

environments o f  the  two PZCs are d i f f e r e n t  [ 5 . 1 7 3 .  A d d i t i o n a l l y ,  

i f  therm al  g r a d i e n t s  are present  i n  e i t h e r  c r y s t a l ,  the  

tem p era tu re  c o e f f i c i e n t  may be g r e a t l y  a l t e r e d  due to  a mismatch
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o f  e l a s t i c  m o d u l i .

The use of  r e f e r e n c e  c r y s t a l  compensat ion i s  a ls o  l i m i t e d  because 

in  p r a c t i c e  i t  i s  d i f f i c u l t  to  f i n d  a matched p a i r  o f  tem perature  

responses .  C r y s t a l s  can be ob ta in ed  from manufac turers  w i t h  

parameters w i t h i n  a s p e c i f i e d  band but  th ey  w i l l  not  be matched 

and t h e r e f o r e  a v a r i a t i o n  i n  response w i l l  be found.  This  

problem can be overcome by s e l e c t i n g  PZCs w i th  matched responses,  

but a quick method of  d e te rm in in g  i n d i v i d u a l  PZC responses i s  

s t i l l  needed and th e  d i f f i c u l t i e s  w i t h  the a v a i l a b l e  method have 

a l r e a d y  been noted .

In conc lus ion  th e  best  approach to  adopt i s  to  purchase PZCs 

s p e c i f y i n g  as sm al l  a tem pera ture  response as r e q u i r e d ,  i f  

necessary s e l e c t i n g  those w i t h  even lower response (assuming a 

s a t i s f a c t o r y  measurement method i s  found,  see nex t  c h a p t e r ) .  

F i n a l l y  i f  a t  a l l  p o s s i b l e ,  the tem p era tu re  v a r i a t i o n  during  use 

should be reduced.

Previous Work on Reference  Compensation

Carp enter  and Brenchley [ 5 . 8 ]  d escr ib ed  an a e r o s o l  monitor  using  

a sealed r e f e r e n c e  PZC. The th e rm a l  t im e  la g  o f  sea led  PZCs means 

t h a t  t h i s  type  o f  dev ice  would f a i l  to  f o l l o w  tem p era tu re  change 

i n  an ac c e p ta b le  p e r io d .  Cheney and Homolya [ 5 . 9 ]  used an 

uncoated c r y s t a l  upstream o f  the d e t e c t o r  but  even i n  the absence 

of  water  vapour the separa te  c r y s t a l s  may have exper ienced  

d i f f e r e n t  envi ro nments.  Al though Hamil ton  and Gedeon [ 5 . 1 2 ]  

claimed t h a t  a r e f e r e n c e  PZC minimised tem pera ture  e f f e c t s  and
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t h a t  they were e l i m i n a t e d  co m p le te ly  by tem pera ture  c o n t r o l ,  the  

tem p era tu re  c o n t r o l  and the  use o f  low tem perature  c o e f f i c i e n t s  

( l e s s  than 0 .3  ppm/*C)  were the  more im p o r tan t  f a c t o r s .  A ld er  and 

I ssac  [ 5 . 1 1 ]  were th e  only people to  measure the  dry  tem pera ture  

c o e f f i c i e n t  around room tem p era tu re  and they acheived  q u i t e  a 

reasonab le  p a i r i n g .  The e f f e c t  o f  w ater  vapour on the  unsealed  

r e f e r e n c e  P2C was probab ly  masked by the l a r g e  w a te r  response o f  

PEG400, the t o lu e n e  d i - i s o c y a n a t e  s e n s i t i v e  c o a t i n g .

Scheide and Warnar [ 5 . 1 0 ]  c la imed t h a t  t h e i r  r e f e r e n c e  c r y s t a l ,  

which d id  not  have gold e l e c t r o d e s ,  can ce l le d  h u m id i ty  as w e l l

as tem p era tu re  e f f e c t s .  Even, assuming t h a t  th e  l o c a l

environments o f  th e  PZCs were the  same, i t  seems ve ry  u n l i k e l y  

t h a t  a second d i f f e r e n t l y  coated or uncoated c r y s t a l  could have 

s u c e s s f u l l y  been used to f u l l y  compensate f o r  h u m id i ty  in  t h i s  

way.  In g e n e r a l ,  two such c r y s t a l s  would have d i f f e r e n t  

s e n s i t i v i t i e s  to  water  vapour and so s u b t r a c t i n g  t h e i r  

f r e q u e n c ie s  would not  cance l  the e f f e c t .

On the  bas is  t h a t  a t tempts  to  employ a r e f e r e n c e  c r y s t a l  o f f e r e d  

only m a rg in a l  improvement in  compensation, F i e l d e n ,  Me Cal lum,  

Stan ios and A ld er  [ 5 . 1 ]  developed an improved method f o r  humid ity  

c o r r e c t i o n ,  which al lowed f o r  d i f f e r e n t  s e n s i t i v i t i e s  o f  the two 

c r y s t a l s .

E m p i r i c a l  R e la t io n s h ip s  f o r  Temperature Compensation

Return in g  to  the te m pera ture  responses,  t h e r e  i s  a problem w i th  

f i g s .  5 . 2 ,  5 . 5 ,  5 . 6  and 5. 7 in  the  i n t e r p r e t a t i o n  o f  the  r e s u l t s

159



determined  by measuring the tem pera ture  response a t  j u s t  a few 

te m p e ra tu re s .  The choice of  response curve was made on a l i m i t e d  

data set  and i s ,  t h e r e f o r e ,  not  s t a t i s t i c a l l y  s i g n i f i c a n t .

This was not  t h e  case f o r  the  hum id i ty  responses i n  f i g .  5 .1  

because these were l i n e a r  r e l a t i o n s h i p s  and so l e a s t  squares  

r e g ress io n s  could be c a r r i e d  out  on a sm al l  data s e t .  N o n - l i n e a r  

l e a s t  squares or  curve  f i t t i n g  procedures a re  p o s s ib le  f o r  s imple  

fu n c t io n s  e . g .  q u a d r a t i c  and cubic  but  not  f o r  the tem perature  

responses which a re  described  by more complicated  f u n c t i o n s .  This

kind of  f u n c t i o n  r e q u i r e s  an e m p i r i c a l  r e l a t i o n s h i p  e . g .

2 3AT + BT + CT + . . .  f o r  which curve f i t t i n g  i s  p o s s ib le  i f  t h e r e  

are enough param eters .  However l a r g e r  data sets are r e q u i r e d  to  

minimise  s u b j e c t i v i t y  as many d i f f e r e n t  curves can be f i t t e d  

through a smal l  number of  data p o i n t s .  The s o l u t i o n  adopted in  

t h i s  work i s  to  use microcomputer  c o n t r o l l e d  data  a c q u i s i t i o n  

combined w i th  the d i g i t a l  smoothing and curve f i t t i n g  procedures  

developed in  the next  chapter  to  deve lop  e m p i r i c a l  r e l a t i o n s h i p s  

f o r  the tem p era tu re  response of  PZCs.
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5 . 6  FIGURES

F r e q u e n c y  C h a n g e Hz

a n  a r g o n  f l o w  o f  1 1 /m in *
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Frequency Change Hz

F ig u re  5*2 The e f f e c t  o f  tem p era tu re  on a p i e z o e l e c t r i c  
c r y s t a l  w ith  absorbed  w ater  vapour:, a ) a t  b) a t  1 .1  and c ) a t  0 mg H2 O dm"3#

1 6 2



F req u en cy  Change Hz 
1 5 0

The e f f e c t  o f  tem p era tu re  on th e  w ater  vapour  
ab sorb ed  on a p i e z o e l e c t r i c  c r y s t a l : a) a t  0*5» 
and b) a t  1 .1  mg Ĥ O dm"3, c o r r e c te d  u s in g  th e  
change a t 0 mg Ĥ O dm~3.

F ig u r e



Time s
Figure 5*^ Kinetic plot of water desorption from a 

piezoelectric crystal at 15 Deg C#
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F r e q u e n c y

C h a n g e  H z

te m p e r a tu r e  o f  c r y s t a l  B.
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F r e q u e n c y
C h a n g e  H z

F ig u r e  5 .6  The f r e q u e n c y  r e s p o n s e  w i th  r e s p e c t  t o  te m p e r a tu r e  o f  c r y s t a l  C.

1 6 6



F r e q u e n c y
C h a n g e  H z

F ig u r e  5 .7  The f r e q u e n c y  re s p o n s e  w i th  r e s p e c t  t o  te m p e r a tu r e  o f  c r y s t a l  D.

1 6 7
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CHAPTER 6

A FOU RI ER  AN AL YS IS  METHOD FOR THE TEMPERATURE COMPENSATION  

OF P I E Z O E L E C T R I C  CRYSTAL SENSORS
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The d e t e r m i n a t i o n  o f  mass u s i n g  a PZC i s  a f f e c t e d  by a n y t h i n g

t h a t  i s  a b s o r b e d  by  o r  c o n d e n s e s  on t h e  c o a t i n g .  T h e  c h o i c e  o f  

c o a t i n g  i s  made t o  o v e r c o m e  t h i s  e f f e c t  f o r  e x a m p l e  q u a d r o l  

s e l e c t i v e l y  a d s o r b s  SO^ i n  t h e  p r e s c e n c e  o f  NO^ and  i s  r e p o r t e d  

t o  b e  1 0 0 0  t i m e s  l e s s  s e n s i t i v e  t o  i t  [ 6 . 1 ] .  H o w e v e r ,  

c o n d e n s a t i o n  o c c u r s  w i t h  w a t e r  v a p o u r  f o r  w h i c h  t h e  f r e q u e n c y  

c h a n g e  d e p e n d s  l i n e a r l y  on t h e  mass o f  c o n d e n s e d  w a t e r  v a p o u r  

w h i c h  i s  a s su m e d  t o  d e p e n d  on t h e  h u m i d i t y ,  t e m p e r a t u r e  and  

n a t u r e  o f  t h e  c o a t i n g  as  d i s c u s s e d  i n  C h a p t e r  8 .  T h e  e f f e c t  o f  

w a t e r  v a p o u r  on t h e  r e s p o n s e  ca n  be  r e d u c e d  by p l a c i n g  

h y d r o p h o b i c  m e m b ra n e  f i l t e r s  i n  t h e  g a s  s t r e a m  [ 6 . 2 ,  6 . 3 ]  b u t  t h e  

r e s p o n s e  t o  S 0 2 a l s o  d e c r e a s e s .  I n  t h e i r  p r o c e d u r e  K a r m a r k a r ,  

W e b b e r  and  G u i l b a u l t  t h e n  s u b t r a c t e d  a b l a n k  a i r  v a l u e  t o  c o r r e c t  

f o r  t h i s  r e s i d u a l  i n t e r f e r e n c e .

An i m p r o v e d  m e t h o d  f o r  c o m p e n s a t i o n  i s  t o  u s e  ' s m a r t '  s e n s o r s  

t h a t  a u t o m a t i c a l l y  c o m p e n s a t e  t h e  d a t a  as i t  i s  a c q u i r e d  t o  

c o r r e c t  f o r  t h e  e f f e c t  o f  i n t e r f e r e n c e s .

I n  t h i s  c h a p t e r  a m e t h o d  f o r  p r o c e s s i n g  e x p e r i m e n t a l  t e m p e r a t u r e  

r e s p o n s e  d a t a  i n t o  a f o r m  s u i t a b l e  f o r  t e m p e r a t u r e  c o m p e n s a t i o n  

p r o c e s s e s  w i l l  be  d e s c r i b e d .  T h i s  m e t h o d  u s e s  a F o u r i e r  s e r i e s  

t o  t r a n s f o r m  d a t a  o f  f r e q u e n c y  r e s p o n s e  w i t h  r e s p e c t  t o  

t e m p e r a t u r e  i n t o  a t r i g o n o m e t r i c  s e r i e s  1 6 . 4 ] .  V a r i o u s  m e t h o d s  o f  

i m p l e m e n t a t i o n  o f  s u c h  c o r r e c t i o n s  a r e  t h e n  c o n s i d e r e d .
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6 . 1  FREQUENCY RESPONSE WITH RESPECT TO TEMPERATURE

T h e  c a l i b r a t i o n  p r o c e d u r e  t h a t  was u s e d  t o  o b t a i n  t h e  f r e q u e n c y  

r e s p o n s e  o f  a PZC w i t h  r e s p e c t  t o  t e m p e r a t u r e  i s  as f o l l o w s :  Th e  

c r y s t a l  t o  be c a l i b r a t e d  i s  p l a c e d  i n  t h e  d e t e c t o r  c e l l  w h i c h  i s  

t h e n  p u r g e d  w i t h  d r y  a r g o n  u s i n g  t h e  g a s  l i n e  d e s c r i b e d  i n  

C h a p t e r  4 .  T h e  d e t e c t o r  c e l l  a s s e m b l y  i s  t h e n  p l a c e d  i n  a 

d r a i n e d ,  r e c i r c u l a t i n g  w a t e r  b a t h  w h i c h  i s  f i l l e d  up w i t h  c o l d  

w a t e r .  T h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  c r y s t a l  f r e q u e n c y  i s  

r e c o r d e d  c o n t i n u o u s l y  by t h e  m i c r o c o m p u t e r  as  t h e  t e m p e r a t u r e  i s  

r a i s e d  f r o m  1 5 . 1  t o  5 5 . 0 * C .  T h e  d a t a  a r e  t h e n  t r a n s f e r r e d  v i a  t h e  

RS 23 2  s e r i a l  p o r t  t o  a BBC B m i c r o c o m p u t e r .  T h e  d a t a s e t  c o n s i s t s  

o f  a b o u t  3 0 0  p a i r s  o f  d a t a  i t e m s .

An e x a m p l e  o f  a t e m p e r a t u r e  r e s p o n s e  b e t w e e n  17 and  5 2 * C  as  

s t o r e d  and  r e p r e s e n t e d  by t h e  m i c r o c o m p u t e r  s y s t e m  i s  shown i n  

f i g .  6 . 1 ( a ) .  T he  r e s p o n s e  c u r v e  f o r  t h i s  u n c o a t e d  c r y s t a l  was  

o b t a i n e d  o v e r  f o u r  r u n s  t h a t  w e r e  r e p r o d u c i b l e ,  t h e  d e v i a t i o n  

b e i n g  no g r e a t e r  b e t w e e n  r u n s  t h a n  o b s e r v e d  w i t h i n  a n y  o n e  r u n .

U s i n g  t h i s  t e c h n i q u e  i t  was  p o s s i b l e  t o  d e t e r m i n e  and  d i s p l a y  t h e  

t h e r m a l  c h a r a c t e r i s t i c s  o f  PZCs o v e r  t h e  w h o l e  o p e r a t i n g  r a n g e .  

PZCs w i t h  t e m p e r a t u r e  r e s p o n s e s  s u i t a b l e  f o r  t h e  a p p r o p r i a t e  

o p e r a t i n g  t e m p e r a t u r e  r a n g e  c a n  t h e n  b e  c h o s e n .  T h e s e  w i l l  

n o r m a l l y  h a v e  v e r y  l o w  t e m p e r a t u r e  c o e f f i c i e n t s ,  and  c o m p e n s a ­

t i o n  c a n  be u s e d  t o  f u r t h e r  r e d u c e  t h e  e f f e c t  o f  t e m p e r a t u r e .  F o r  

c o m p e n s a t i o n ,  k n o w l e d g e  o f  t h e  f r e q u e n c y  e x p e c t e d  f o r  a PZC a t  

a n y  p a r t i c u l a r  t e m p e r a t u r e  i s  r e q u i r e d  and  i s  o b t a i n e d  f r o m  a 

F o u r i e r  s e r i e s  t h a t  a p p r o x i m a t e s  t h e  m e a s u r e d  r e s p o n s e  d a t a .
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6 . 2  D A T A  C O N D I T I O N I N G

T h e  r a w  d a t a  a r e  p o o l e d  b y  s o r t i n g  t h e  d a t a  f r o m  a l l  r u n s  i n t o  

a s c e n d i n g  t e m p e r a t u r e .  T h e  d a t a  a r e  r o u n d e d  t o  t h e  n e a r e s t  t e n t h  

o f  a d e g r e e  and  a l l  f r e q u e n c y  o r  t e m p e r a t u r e  d a t a  o u t s i d e  

r e a s o n a b l e  l i m i t s  a r e  r e j e c t e d  as  g l i t c h e s .  T h e  l i m i t s  a r e  a s t e p  

c h a n g e  i n  f r e q u e n c y  o f  AO Hz o r  a t e m p e r a t u r e  c h a n g e  o f  m o r e  t h a n  

1 * C b e t w e e n  a d j a c e n t  r e a d i n g s .  A l l  f r e q u e n c y  m e a s u r e m e n t s  a t  a 

p a r t i c u l a r  t e m p e r a t u r e  a r e  t h e n  c o l l e c t e d  t o g e t h e r  a n d  a v e r a g e d .  

E a c h  a v e r a g e d  d a t a  p a i r  i s  c o n s i d e r e d  v a l i d  o v e r  a r a n g e  o f

0 . 1 ' C .
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6 . 3  FOURIER SERIES

T h e  c o n d i t i o n e d  d a t a  c a n  e a s i l y  be v i s u a l i s e d  g r a p h i c a l l y  as  a 

h i s t o g r a m  o f  4 0 0  c o l u m n s .  T h e  f r e q u e n c y  d a t a  i s  s t o r e d  i n  an  

a r r a y  w i t h  t h e  i n d e x ,  i ,  t a k i n g  v a l u e s  f r o m  0 t o  3 9 9 .  i  i s  

r e l a t e d  t o  t h e  t e m p e r a t u r e  d a t u m  u s i n g  t h e  e x p r e s s i o n  g i v e n  i n  

e q n .  6 . 1  an d  a l w a y s  t a k e s  i n t e g r a l  v a l u e s .  T h e  m i n i m u m  and  

ma ximum i n d i c e s  c o r r e s p o n d  t o  t h e  t e m p e r a t u r e s  1 5 . 1  and  5 5 . 0 * C ,  

r e s p e c t i v e l y .

i  = 10 T ^  -  1 5 1 ,  ( a l w a y s  an i n t e g e r )  ( 6 . 1 )

I f  v ^  r e p r e s e n t s  t h e  f r e q u e n c y  d a t u m  f o r  t h e  i t h  p o i n t ,  t h e

c o r r e s p o n d i n g  t e m p e r a t u r e  T^ i s  g i v e n  by  eqn  6 . 2 :

T.  = i  + 151 . ( i  = 0 , 1 .  2 __  3 9 9  ) ( 6 . 2  )1 10

M a t h e m a t i c a l l y ,  t h e  h i s t o g r a m  i s  a s t e p  f u n c t i o n ,

g ( x ) = v .  , ( i  = 0 ,  1 . 2 _____  3 9 9  ) ( 6 . 3 )l
w h e r e  t h e  i n d e x ,  i  i s  t h e  i n t e g r a l  p a r t  o f  x ,  an a l g e b r a i c  

v a r i a b l e  t h a t  i s  d e f i n e d  w h e n  ( 0  4 x < 4 0 0 ) .

T h i s  f u n c t i o n  i s  n e i t h e r  c o n t i n u o u s  n o r  d i f f e r e n t i a b l e .  H o w e v e r ,  

i t  ca n  be r e p r e s e n t e d  by a t r i g o n o m e t r i c  s e r i e s  o f  t h e  t y p e ,

o o

f ( x )  = J,a_ + l  ( a  co s  n r x / 1  + b s i n  u r x / 1 )  ( 6 . 4 )
„ o , r  r
2 r =  1

w h e r e ,  r  t a k e s  i n t e g r a l  v a l u e s ;  a „ .  a and  b a r e  c o n s t a n t s  and
O r  r

1 i s  a s c a l i n g  f a c t o r  [ 6 . 5 ] .  S i n c e  e q n .  6 . 4  i s  u n c h a n g e d  by  

r e p l a c i n g  x by x + 2 1 k ,  w h e r e  k i s  an i n t e g e r ,  i t  i s  a p e r i o d i c  

f u n c t i o n  i n  x o f  p e r i o d  2 1 .  E q u a t i n g  t h e  d o m a i n  o f  x ( t h a t  i s  

when 0 4 x < 4 0 0 )  as t h e  p e r i o d  ( 0  4 x < 2 1 )  g i v e s :
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C o e f f i c i e n t s  a , a and  b c a n  be  c a l c u l a t e d  so t h a t  f ( x )  t e n d s  
O r  r

t o  g ( x )  as  r  t e n d s  t o  w h e r e  g ( x )  i s  c o n t i n u o u s  and  

d i f f e r e n t i a b l e  and  f ( x )  t e n d s  t o  g ( x - B x ) + g ( x + 5 x ) / 2  e l s e w h e r e .

T h e  c o e f f i c i e n t s  a r e  d e f i n e d  b y :

r21a = 1 f ( x ) c o s i r r x / 1  d x ,  ( r  = 0 ,  1 ,  2 . . . . )  1 6 . 6 )r I  0

f21b = 1 f ( x ) s i m r r x / 1  d x ,  ( r = 1 ,  2 ,  3 . . . . )  ( 6 . 7 )
r i  o-'

S u b s t i t u t i n g  i n  e q n .  6 . 6  u s i n g  t h e  i d e n t i t y  f ( x )  e g ( x )  and  

e q n .  6 . 5  g i v e s :

, 4 0 0
a = 1  g ( x )  c o s u r x / 1  dx  

r  1 0J
(6.8)

S p l i t t i n g  t h i s  i n t o  4 0 0  i n t e g r a l s ,  

3 9 9  , i + 1
a = 1  l  v .  c o s t r x / 1  dx  

r  7  . _ l . J1 i=0 i ' ( 6 . 9 )

i n t e g r a t i n g  f o r  r > 0 ,

3 9 9
a = 1 L v . [ s i r n i r  ( i  + 1 ) / I  -  s i r m r i / 1 ]  ( 6 . 1 0 )

r  . i
i r r  i  = 0

t h i s  i s  r e a r r a n g e d  t o  g i v e :

3 9 9
= J _  I  ( v  -  v . )  s i n i r r i / 1 ,  ( r = 1 ,  2 .  3 . . . . )  ( 6 . 1 1 )

i r r  i =  1

S i m i l a r l y ,
3 9 9

t>r  = i _  t v o _ v 3 gg + 1 v i _ i ) c o s i r r i / 1 ,  ( r =  1 ,  2 ,  3 . . . . )  ( 6 . 1 2 )
n r  i =  1

and  i n t e g r a t i n g  e q n .  6 . 9  f o r  r = 0  g i v e s :

a 0
3 9 9  1 l  

1 i  = 0
( v .  )l ( 6 . 1 3 )
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T h e  s t e p - w i s e  a p p r o a c h  o f  e q n .  6 . 3  i n  o r g a n i s i n g  t h e  d a t a  g i v e s  a 

s e r i e s  o f  s m a l l  d i s c o n t i n u i t i e s .  T h e  i n a b i l i t y  o f  t h e  F o u r i e r  

s e r i e s  t o  t e n d  t o  s u c h  a s t e p  i n  t h e  d a t a  g i v e s  r i s e  t o  l o c a l i s e d  

a v e r a g i n g  a t  e a c h  s t e p ,  w h i c h  i s  d e s i r a b l e .

F u r t h e r m o r e ,  t h e  h i g h  

r  t o  1 0 ,  w h i c h  means  

d a t a  c a n  b e  o b t a i n e d .

f r e q u e n c y  t e r m s  a r e  

t h a t  a s m o o t h e d  o u t

e l i m i n a t e d ,  by  l i m i t i n g  

r e p r e s e n t a t i o n  o f  t h e

T h i s  s m o o t h i n g  a c t i o n  w o u l d  be a d i s a d v a n t a g e  a t  o n e  p a r t i c u l a r  

s t e p  i f  t h e  w h o l e  F o u r i e r  r a n g e  w e r e  u s e d  f o r  v a l i d  d a t a  w i t h  t h e  

f i r s t  an d  l a s t  d a t a  p o i n t s  s c a l e d  t o  0 and  3 9 9 u / 2 0 0 ,  

r e s p e c t i v e l y .  As a r e s u l t  o f  p e r i o d i c i t y ,  t h e  d i s c o n t i n u i t y  

b e t w e e n  t h e  f r e q u e n c y  v a l u e s  a t  0 and  2 tt may b e  l a r g e  r e q u i r i n g  

many h i g h  f r e q u e n c y  t e r m s  t o  r e p r e s e n t  i t  w e l l .  U n d e r  t h e  l i m i t  

o f  r = 1 0 ,  t h i s  d i s c o n t i n u i t y  and  t h e  d a t a  o v e r  a l a r g e  r e g i o n  

a r o u n d  i t  w o u l d  n o t  be w e l l  r e p r e s e n t e d .

S o f t w a r e  h a s  b e e n  w r i t t e n  t o  a n a l y s e  t h e  d a t a  c o n t a i n e d  i n  t h e  

a r r a y  and  c a l c u l a t e  t h e  F o u r i e r  c o e f f i c i e n t s  up t o  r = 1 0 .  F o r  t h e  

i n t e g r a t i o n  p r o g r a m  t o  o p e r a t e  e f f i c i e n t l y ,  e a c h  a r r a y  e l e m e n t  

m u s t  c o n t a i n  d a t a .  B e f o r e  c a l c u l a t i n g  t h e  F o u r i e r  c o e f f i c i e n t s ,  

t h e r e f o r e ,  d a t a  i s  l i n e a r l y  i n t e r p o l a t e d  f o r  e m p t y  a r r a y  e l e m e n t s  

and  e x t r a p o l a t e d  f r o m  1 5 . 1 * C  t o  t h e  f i r s t  d a t a  p o i n t  and  f r o m  t h e  

l a s t  d a t a  p o i n t  t o  5 5 . 0 * C .
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6 . 4  DATA BOUNDS

U n d e r  a n g u l a r  s c a l i n g  5 5 . 0 ’ C,  i s  e q u i v a l e n t  t o  1 5 . 0 * C  an d  t h e  

d a t a  m u s t  be  c o n s i d e r e d  t o  be p e r i o d i c .  T h e r e f o r e ,  t h e  

e x t r a p o l a t i o n s  a r e  u n n e c e s s a r y  and  i n s t e a d  a s i n g l e  i n t e r p o l a t i o n  

i s  p e r f o r m e d  t o  f i l l  i n  m i s s i n g  d a t a  f r o m  t h e  l a s t  t o  t h e  f i r s t  

e x p e r i m e n t a l  d a t a  p o i n t  u s i n g  a p o l y n o m i a l  f u n c t i o n .  T h e  v a l i d  

d a t a  i s  t h u s  n e s t e d  i n s i d e  t h e  F o u r i e r  r a n g e  so  t h a t  t h e  a n a l y s i s  

c a n  be  p e r f o r m e d  e f f i c i e n t l y  on a n y  r a n g e  o f  d a t a  f r o m  1 5 . 1  t o  

5 0 . 0 * C . I t  m u s t ,  h o w e v e r ,  be  n o t e d  t h a t  t h e  r e s u l t i n g  F o u r i e r  

s e r i e s  i s  o n l y  v a l i d  w i t h i n  t h e  l i m i t s  o f  t h e  o r i g i n a l  d a t a .  W i t h  

t h e  d a t a  n e s t e d  w i t h i n  t h e  F o u r i e r  r a n g e ,  t h e  u n d e s i r a b l e  

p e r i o d i c  e f f e c t s  d e s c r i b e d  a b o v e  a r e  a v o i d e d  by c h o o s i n g  t h i s  

f u n c t i o n  t o  b e  c o n t i n u o u s  a t  0 ( 2 u ) .
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6 . 5  DISCONTINUITY ELIMINATION AND INTERPOLATION FUNCTION

T h i s  f u n c t i o n  m u s t  be  c o n t i n u o u s  and  m u s t  i n t e r p o l a t e  v a l u e s  o f  

t h e  f r e q u e n c y  w i t h  t e m p e r a t u r e  f u n c t i o n  b e t w e e n  t h e  l a s t  d a t a  

p o i n t  an d  t h e  f i r s t  d a t a  p o i n t .  No m a t t e r  w h a t  t h e  v a l u e s  o r  

s l o p e s  o f  t h e  d a t a ,  i t  m u s t  e v a l u a t e  t o  t h e  d a t a  a t  t h e  end  

p o i n t s  and  m u s t  a l s o  h a v e  t h e  same s l o p e  as  t h e  d a t a  a t  t h e s e  

p o i n t s .  Such  a f u n c t i o n  w i l l  e n s u r e  a s m o o t h  p r o g r e s s i o n  o f  t h e  

d a t a  v a l u e s  t h r o u g h  t h e  f o l d  o v e r  r e g i o n  so t h a t  no e f f e c t s  d u e  

t o  l a r g e  d i s c o n t i n u i t i e s  w i l l  s p r e a d  i n t o  t h e  r e g i o n  o f  r e a l  

d a t a .  A c u b i c  s p l i n e  i s  t h e  s i m p l e s t  p o l y n o m i a l  e x p r e s s i o n  t h a t  

m e e t s  t h i s  r e q u i r e m e n t .

To s i m p l i f y  t h e  f o l l o w i n g  d e s c r i p t i o n  and  b e c a u s e  t h e  r a n g e  o f  

t h e  c u b i c ,  m u s t  be c o n t i n u o u s ,  v a r i a b l e  x m u s t  now be ma pp ed  i n  

t h e  r e g i o n  o f  t h e  en d  d a t a  p o i n t  ( i . e .  whe n  x i s  c l o s e  t o  4 0 0 )  t o  

be c o n t i n u o u s  w i t h  i t s  v a l u e  n e a r  t h e  s t a r t  d a t a  p o i n t .  T h a t  i s :

i f  x > 2 0 0
x : - »  x -  4 0 0 ( 6 . 1 4 )

So f o r  c a l c u l a t i o n s  i n v o l v i n g  t h e  c u b i c  s p l i n e  a l l  t h e  x v a l u e s  

m u s t  be c l o s e  t o  z e r o .

To r e d u c e  t h e  e f f e c t  o f  n o i s e  on t h e  s l o p e ,  t h e  g r a d i e n t  i s

a p p r o x i m a t e d  a t  t h e  s t a r t  and  end  p o i n t s  o f  t h e  d a t a  ( x  , v  ) and
a a

( X p ^ p )  by t a k i n g  t h e  a v e r a g e  s l o p e  f r o m  e a c h  o f  t h e s e  p o i n t s  t o  

t h e  t e n  c l o s e s t  p o i n t s :

, 10 v l x  ) - v (x
. , 1 a a + r

s ( x  ) = t t  I  -------------------------------- -
a 10 r =  1 x -  x

a a + r

and

s ( x b )
10 v l x  ) -  v l x .  ) 

_L_ y  b___________b + r
10 r =  1 x.  -  x w

b b + r

( 6 . 1 5 )

( 6 . 1 6 )
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T h e  v a l u e s  o f  x , x , v ( x  ) and  v ( x  ) a t  t h e  end  p o i n t s  a r e  t h e n  
a h a  b

s u b s t i t u t e d  i n t o  t h e  e q u a t i o n  b e l o w  t o  g i v e  c o e f f i c i e n t s  f o r  t h e  

c u b i c  f u n c t i o n :

a -  m -  b ( 6 . 1 7 )

b = c -  s ( x ) 
b

+ 3m ( 6 . 1 8 )

c = s ( x ) 
a

( 6 . 1 9 )

d = v ( x  ) 
a

( 6 . 2 0 )

m = v  ( x ) -  c 
b

-  d ( 6 . 2 1  )

T h e  i n d i c e s  o f  t h e s t a r t  and  end p o i n t s  a and  b d e p e n d  on t h e

r a n g e o v e r  w h i c h  t h e  c u b i c  s p l i n e i s  r e q u i r e d  t o  i n t e r p o l a t e

m i s s i n g d a t a .  T h e i n t e r p o l a t i o n i s  made by s u b s t i t u t i n g  t h e

i n t e g e r v a l u e s  o f  x f o r  w h i c h  a n o t i o n a l f r e q u e n c y , z ( x ) , i s

r e q u i r e d  i n t o  t h e  e q u a t i o n ,

z ( x ) = a y 3 + b y 2 + cy  + d ( 6 . 2 2 )

w h e r e  y i s  t h e  n o r m a l i s e d  v a r i a b l e :  

x -  x
_ ------------ ( 6 . 2 3 )

x -  x 
b a

Now z ( x )  f o r  n e g a t i v e  v a l u e s  o f  x h a v e  t o  be  a s s i g n e d  t o  t h e i r

c o r r e c t  d a t a  p o i n t  by i n v e r s e  m a p p i n g :

i f  x < 0 ( 6 . 2 4 )
X : x + 4 0 0

Now a l l  i n d i c e s  f r o m  0 t o  3 9 9  h a v e  t r u e  o r  n o t i o n a l  f r e q u e n c y  

d a t a  and  t h e  t r a n s f o r m  c a l c u l a t i o n  as  d e s c r i b e d  e a r l i e r  c a n  be  

c a r r i e d  o u t .
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6.6 RESULTS AND DISCUSSION OF THE APPLICATION OF THE FOURIER 

SERIES METHOD

Th e  c o n d i t i o n e d  d a t a  f o r t h e f r e q u e n c y  r e s p o n s e  o f a PZC, w i t h

r e s p e c t  t o  t e m p e r a t u r e , a r e shown i n  f i g . 6 . 1 l a ) . T h e  d a t a  has

b e e n  p o o l e d  f r o m  f o u r r u n s , a v e r a g e d  and  f i t t e d t o  a c u b i c

s p l i n e .  T h e  c u b i c  s p l i n e  i s  shown as  t w o  r e g i o n s  o n e  b e l o w  1 7 * C  

and  o n e  a b o v e  5 2 * C .  T h e  c o e f f i c i e n t s  o f  t h e  F o u r i e r  s e r i e s  

d e s c r i b i n g  t h e  r e s p o n s e  c u r v e  w e r e  c a l c u l a t e d  and  a r e  l i s t e d  i n  

t a b l e  6 . 1 .  I t  s h o u l d  be n o t e d  t h a t  as r  i n c r e a s e s  t h e  

c o e f f i c i e n t s  d e c r e a s e  s h o w i n g  t h a t  t h e  h i g h  f r e q u e n c y  t e r m s  a r e  

l e s s  i m p o r t a n t .

TABLE 6 . 1

r a b
r r

D 1 2 1 4 4 . 8 2 6
1 - 8 . 9 5 5 2 . 5 0 5
2 - 5 . 8 7 9 - 3 . 9 7 6
3 1 . 5 0 3 - 4 . 1 4 2
4 2 . 5 1 4 0 . 1 2 2
5 - 0 . 1 4 3 0 . 7 6 2
6 - 0 . 1 7 6 0 . 0 5 4
7 - 0 . 0 0 1 - 0 . 1 3 2
8 - 0 . 1 3 4 - 0 . 2 2 6
9 0 . 1 3 2 0 . 0 8 7
10 - 0 . 0 5 6 0 . 2 1 7

F i g u r e  6 . K b ] I shows t h e  r e c o n s t r u c t e d t e m p e r a t u r e  r e s p o n s e

o b t a i n e d by F o u r i e r  s y n t h e s i s u s i n g  t h e c o e f f i c i e n t s  g i v e n i n

t a b l e  6 . 1 • T h e  s y n t h e s i s e d r e s p o n s e i s  a s m o o t h e d o u t

r e p r e s e n t a t i o n  o f  t h e  m e a s u r e d r e s p o n s e  a nd c a n  t h u s  be u s e d f o r

t e m p e r a t u r e  c o m p e n s a t i o n  o f  t h e  PZC r e s p o n s e .  A l l  t h e  s a l i e n t  

f e a t u r e s  o f  t h e  m e a s u r e d  r e s p o n s e  a r e  d e s c r i b e d  w i t h o u t  t h e  

d i g i t i s a t i o n  and e x p e r i m e n t a l  n o i s e  i n h e r e n t  i n  t h e  m e a s u r e m e n t s .
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Furtherm ore ,  the amount o f  data to  be stored has been reduced to  

only  21 numbers. The expected f requency  response a t  any chosen 

or ambient  tem pera ture  can now be obta in ed  by s u b s t i t u t i o n  i n t o  

the F o u r i e r  s e r i e s ,  eqn. 6 . 4 ,  w i t h  r  l i m i t e d  to  10 and where:

x = 10T -  151 ( 6 . 2 5 )

This c o r r e c t i o n  ha 

i n t e r v a l s  over the  

c o r r e c t i o n  i s  to  a 

appears t h a t  the

s been a p p l ie d  to  the  uncoated c r y s t a l  a t  0 .1 *C 

range 17 to 52*C as shown in  f i g .  6 . 1 ( c ) .  The 

t em pera ture  o f  25*C.  Using th e  c o r r e c t i o n ,  i t  

c r y s t a l  i s  tem pera ture  independent  over t h i s

range



6 . 7  THE IMPLEMENTATION OF COMPENSATION IN A SENSOR

The advantages o f  using a F o u r i e r  s e r ie s  to  r e p r e s e n t  

e x p e r im e n ta l  data a re  ( i )  smoothing and r e p r e s e n t a t i o n  are  

o bta in ed  i n  a s i n g l e  c a l c u l a t i o n  and ( i i )  the r e s u l t i n g  data  i s  

e a s i l y  t r a n s p o r t a b l e .  Advantage ( i i )  a r i s e s  as the  c o e f f i c i e n t s  

given  in  t a b l e  6.1 f o r  the 21 term F o u r i e r  s e r i e s  can e a s i l y  be 

i n p u t  i n t o  another sensor system, manual ly .  Such a procedure  

would be very  ted io u s  f o r  a lo o k -u p  t a b l e  o f  even j u s t  100 

p o i n t s .  The c o e f f i c i e n t s  could o f  course also be t r a n s f e r r e d  by 

e l e c t r o n i c  means.

A d isadvantage  o f  a F o u r i e r  s e r ie s  method is  t h a t  many sine and 

cosine c a l c u l a t i o n s  are r e q u i r e d  and these are r e l a t i v e l y  slow 

computations in  comparison to simple  a r i t h m e t i c  o p e r a t io n s  such 

as a d d i t i o n ,  s u b t r a c t i o n ,  m u l t i p l i c a t i o n  or d i v i s i o n .  This  

problem can be overcome f o r  c r i t i c a l  r e a l - t i m e  a p p l i c a t i o n s  by 

using lo ok -up  t a b l e s .  Look-up t a b l e s  can be implemented in  a 

number of  ways as discussed below.

In a d e d ic a t e d ,  micro pro cess or based, ’ smart '  sensor t h e r e  are  

var io u s  p o s s i b i l i t i e s  f o r  the s to rag e  and r e t r i e v a l  o f  response  

d a t a .

1) D i r e c t  C a l c u l a t i o n  o f  Temperature Responses from the F o u r i e r  

Series

In t h i s  method 21 sine  and 21 cos in e  c a l c u l a t i o n s  are c a r r i e d  

o u t ,  along w i t h  a r i t h m e t i c  o p e r a t i o n s ,  i n  ord er to  c a l c u l a t e  the  

t em pera ture  response a t  a s i n g l e  t em p era tu re .  Sine and cosine
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computat ions are slow s e r ie s  c a l c u l a t i o n s  and so a d isadvantage  

of  t h i s  method i s  t h a t  the r a t e  o f  r e t r i e v a l  o f  a tem perature  

c o r r e c t i o n  va lu e  w i l l  a lso  be slow.

This method i s ,  however, th e  most e f f i c i e n t  a t  s t o r i n g  

t em pera ture  responses as only 21 numbers need be s to red  f o r  each 

response.

2) Look-Up Tab le  o f  the  Temperature Response

In t h i s  method the response i s  c a l c u l a t e d  using the  F o u r ie r  

s e r ie s  method a t  each tem p era tu re  increment l e v e r y  0 . 1 * 0 ,  t h i s  

i s  done only once. I t  i s  these  response va lues  a t  a l l  

tem pera tures  o f  i n t e r e s t  which are stored  and the computer merely  

s e l e c t s  the response i n d i c a t e d  by the  tem perature  sensor in  r e a l ­

t ime .

The r e t r i e v a l  r a t e  i s  the f a s t e s t  o f  a l l  the methods. However,  

since  a l l  p o s s ib le  responses must be s to r e d ,  i t  has the  g r e a t e s t  

storage req u i rem en t .

3) Look-Up Tab le  o f  Sines and Cosines

In t h i s  method the sine  and cos ine va lues corresponding to each 

tem pera ture  inc rement  are c a l c u l a t e d  and stored along w i t h  the 21 

c o e f f i c i e n t s  f o r  each response,  t h i s  i s  done on ly  once.

A c o r r e c t i o n  v a lu e  is  o b ta in ed  by using the  F o u r i e r  s e r ie s  

c a l c u l a t i o n  but  lo o k in g -u p  the sine  and cosine v a l u e s .  Thus only  

a r i t h m e t i c  o p e r a t io n s  are c a r r i e d  out  which are r e l a t i v e l y  f a s t .



The r a t e  o f  r e t r i e v a l  i s  t h e r e f o r e  f a r  g r e a t e r  t h a n  by m e th od  1)

although slower than method 2 ) .  The g r e a t  advantage i s  t h a t  once 

the i n i t i a l  storage overhead o f  the lo o k -u p  t a b l e  i s  made a l l  the  

subsequent s torage  o f  responses f o r  any number o f  sensors has the  

same a d d i t i o n a l  s torage  requ irem ent  as method 1) even though the  

r e t r i e v a l  r a t e  w i l l  be f a r  g r e a t e r .

The choice of  method is  a t r a d e  o f f  between r a t e  o f  r e t r i e v a l  and 

storage  req u i rem en ts ,  w i t h  the choice o f  t r a d e  o f f  dependent on 

number of  data sets  to  be s t o r e d .  As an example, the  data storage  

used f o r  each of  these  im plem en ta t io n  methods i n  BBC BASIC are  

given in  t a b l e  6 . 2 .  The storage increment i s  the  a d d i t i o n a l  

storage  re qu irem ent  f o r  each subsequent data se t  a f t e r  the f i r s t .

TABLE 6 .2

T y p i c a l  Storage  Requirements

Method
! Storage ! 
; ;

Storage ! 
increment !

! (b y te s )  ! (b y tes )  !

! 1 ) D i r e c t  ! I
! c a l c u l a t i o n  ! 
! ;

105 !
!

105

2) Look up 
t a b l e 2000 2000

3) Table  of  ! * !
s ines and ! 505 ! 105
c a l c u l a t i o n  ! j

jI
i

The a s t e r i s k  symbol ( * )  i n d i c a t e s  dependency o f  the  

on the te m pera ture  r e s o l u t i o n .  This has been set  

e q u i v a l e n t  to  a t a b l e  o f  400 p o i n t s .

es t im ate  

at  O . I ' C
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Method 1) would only be used where memory i s  very  l i m i t e d ,  

method 2) f o r  f a s t  r e t r i e v a l  i n  a one PZC response s i t u a t i o n  and 

method 3) where many data sets a re  needed.

Since the tem pera ture  compensat ions o f  the response o f  PZCs were  

not c a r r i e d  out  i n  r e a l - t i m e  in  t h i s  work,  speed o f  c a l c u l a t i o n  

was not  an im p o r tan t  f a c t o r .  T h e r e fo r e ,  method 1 ) ,  d i r e c t  

c a l c u l a t i o n  was used throughout t h i s  a p p l i c a t i o n .  The r e s u l t  of  

ap p ly in g  th e  tem pera ture  compensat ion procedure to  a PZC coated  

to  measure S02 i s  discussed in  the  next  c h ap te r .
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6.8 FIGURES

(a) (t>)

Temperature Deg C 

(c)

(a) Conditioned 
frequency data

(h) Reconstructed data

(c) Temperature 
corrected data

Figure 6.1 Fourier analysis and temperature 
correction of a piezoelectric 
crystal sensor.
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CHAPTER 7

THE ON-LINE MEASUREMENT OF S02

1B8



7.1  INTRODUCTION

In t h i s  chapter  the  e f f e c t  of  te m pera ture  on a coated  

p i e z o e l e c t r i c  c r y s t a l  (PZC) mass sensor used f o r  the d e t e c t i o n  of  

sulphur d i o x i d e  i s  i n v e s t i g a t e d .  This i s  p o s s ib le  since  a method 

f o r  the  au tom at ic  compensat ion o f  the PZC element of  th e  sensor  

w i t h  re s p e c t  to  tem perature  has a l r e a d y  been developed i n  t h i s  

work.  A microcomputer measuring system is  t h e r e f o r e  used to  

compensate the f requency changes a r i s i n g  from mass changes, a t  

d i f f e r e n t  tem p era tu res ,  f o r  the changes a r i s i n g  d i r e c t l y  from  

te m pera ture  changes. I n f o r m a t i o n  i s  obta ined  on the e f f e c t  o f  

t em pera ture  on the behav iour o f  the  coa t in g  and on the SO  ̂

a d so rp t io n  process.  This i s  an advantage over e x i s t i n g  PZC 

i n s t r u m e n t a t i o n  where t h i s  i n f o r m a t i o n  i s  not a v a i l a b l e .

I n i t i a l l y ,  the  data handl ing  procedure descr ib ed  in  Chapter  6 was 

used to  i n v e s t i g a t e  the  e f f e c t  of  tem pera ture  on the s t a b i l i t y  of  

a qu ad ro l  c o a t i n g .  Temperature c y c l i n g  was found to  be a u s e f u l  

procedure f o r  m o n i to r in g  and a c c e l e r a t i o n  of  the  cur in g  process,  

which y i e l d s  a co a t in g  s t a b l e  up to  55*C.

At t h i s  p o i n t  the response o f  coated PZCs to  an i n j e c t i o n  o f  a 

smal l  sample c o n ta in in g  SO  ̂ i n t o  a f lo w in g  gas stream was 

determ in ed .  This i s  discussed here in  co n ju n c t io n  w i t h  the  

advantages o f  d i s c r e t e  measurement and the e f f e c t  on d i s c r e t e  

measurement o f  v a r i a t i o n  in  the  f lo w  r a t e  o f  the  c a r r i e r  gas 

stream.

F i n a l l y

va r io u s

a number 

tem peratures

of  SO  ̂ measurements were c a r r i e d  out  at  

and a tem pera ture  c o r r e c t i o n  was a p p l i e d .



The m e th od  i n v o l v e d  i s  more  c o m p l i c a t e d  t h a n ,  a l t h o u g h  s i m i l a r

t o ,  the  c o r r e c t i o n  found i n  Chapter  6 f o r  an unco 

The d i f f e r e n c e  i s  t h a t  the  e f f e c t  o f  temperature  

c r y s t a l  i s  d escr ib ed  by a F o u r i e r  s e r i e s ,  so t h a t  

can r e f e r  to  t h a t  data when compensat ing. The 

procedure i s  l i m i t e d  by the e f f e c t s  o f  cur ing  and 

the c o a t i n g .

ated c r y s t a l .

on a coated

the computer

use of  t h i s

s t a b i l i t y  o f

The e f f e c t  o f  tem perature  on the S02 adsorp t io n  i s  d e r iv e d  from 

tem pera ture  compensated SO  ̂ c o n c e n t r a t io n  measurements. This  

e f f e c t  and p a r t i c u l a r l y  the unexpected change i n  a d so rp t io n  

mechanism above 35*C are d iscussed.
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7 .2  COATING

C r y s t a l  coa t in gs  are o f  v i t a l  importance to  PZC sensing.  

S p e c i f i c i t y ,  s e n s i t i v i t y  and d u r a b i l i i t y  of  sensors w i l l  be 

achieved by th e  informed choice and subsequent screen ing  and 

m o d i f i c a t i o n  of  c o a t in g s .  I n h e r e n t  n o n - s e l e c t i v i t y  i s  an 

advantage ,  i f  i t  can be overcome f o r  s p e c i f i c  a p p l i c a t i o n s ,  

since i t  w i l l  make the  PZC hardware standard f o r  d i f f e r e n t  

a p p l i c a t i o n s .

S p e c i f i c i t y  and s e l e c t i v i t y  f o r  a p a r t i c u l a r  a p p l i c a t i o n  are  

p r i m a r i l y  obta ined  by the use o f  sorbent  co a t in g  m a t e r i a l s  w i t h  a 

c e r t a i n  degree o f  s e l e c t i v i t y  i n  the t a r g e t  a n a l y t i c a l  

environment .  I t  i s  not necessary to  be s e l e c t i v e  over components 

t h a t  are not  norm al ly  p resen t .  For in s ta n c e  in  s o f t  d r i n k s ,  w i t h  

S02 as the  t a r g e t  m olecu le ,  CO  ̂ must be considered as a p o s s ib le  

i n t e r f e r e n c e  but NO  ̂ need no t .  S e l e c t i v i t y  i s  t h e r e f o r e  achieved  

by screening p o t e n t i a l  co a t in g  m a t e r i a l s ,  modify ing  and improving  

t h e i r  so r p t io n  of  the t a r g e t  species  r e l a t i v e  to  p o t e n t i a l  

i n t e r f e r e n c e  from the atmosphere under t e s t .  Secondly,  

i n t e r f e r e n c e  can be reduced by using membranes to  f i l t e r  out  

unwanted components e . g .  w ater  vapour i n  S02 headspace a n a l y s i s  

of beverages.

S e l e c t i v e  coat in gs  have been developed f o r  the  d e t e c t i o n  o f  CO, 

C02 , Hg, HC1, H2S, Hg, NH  ̂ and S02 as w e l l  as f o r  va r io u s  o rgan ic  

compounds amines, a ro m at ics ,  hydrocarbons and organophosphorus  

compounds L7. 1 ,  7 . 2 ,  7 . 3 ,  7 . 4 ,  7 . 5 ,  7 . 6 ] .  The t h e o r e t i c a l  bas is  

of  PZC sensing has been w e l l  re p o r te d  and was discussed in
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C h a p t e r  2.

The co a t in g  o f  c r y s t a l s  w i t h  q u a d r o l ,  i n  ord er to  adsorb S02 

s p e c i f i c a l l y  and the s torage  c o n d i t io n s  f o r  o p t im a l  l i f e t i m e  are  

d is cu ssed .  Another f a c t o r  to  be considered in  the development of  

a commercial  d ev ice  i s  th e  e f f e c t  o f  the  environment on the  

d u r a b i l i t y  o f  the c o a t i n g .  I r r e v e r s i b i l i t y ,  co a t in g  lo ss  and 

poisoning  a l l  le ad  to  d eg r e d a t io n  of  the s e n s i t i v i t y  o f  the  

c o a t in g  and thus reduce the  u s e f u l  l i f e t i m e  o f  the sensor.

Quadro l ,  N , N, N‘ . N ' - t e t r a k i s  ( 2 - h y d r o x y p r o p y l ) e t h y l e n e - d i a m i n e ,  

has a l r e a d y  been re p o r te d  as a good co a t in g  f o r  p i e z o - e l e c t r i c  

c r y s t a l s  i n  the d e t e c t i o n  of  SO  ̂ [ 7 . 7 ,  7 . 8 ,  7 . 9 ] .  I t  possesses a 

strong a f f i n i t y  f o r  b in d in g  S02 w i t h  a marked s e l e c t i v i t y  over

the ad so rp t io n  of o th er  gases. From the f i g u r e s  g iven by

Karmarkar,  Webber and G u i l b a u l t i t  can be c a l c u l a t e d  t h a t a

q u ad ro l  coated PZC. i s  4000 t imes l e s s  s e n s i t i v e  to w ater  vapour  

than to  S02 . However, t h i s  hydrophobic na ture  of  qu ad ro l  i s  

i n s u f f i c i e n t  to  supress th e  e f f e c t  o f  water  vapour a t  ambient  

hum id ity  l e v e l s .

A t h i n  co a t in g  i s  e s s e n t i a l  to  minimise the tendency o f  the  

co a t in g  to  be v o l a t i l e  which in c rease s  w i t h  t h ickn ess  and a lso  to  

reduce cu r in g  and response t imes by low er in g  d i f f u s i o n  g r a d i e n t s .  

The stock o f  uncoated c r y s t a l s  was kept  i n  an evacuated  

d e s i c c a t o r  because absorbed w a te r  compounds the problem o f  

s t a b i l i s i n g  the c o a t in g .

S evera l  methods f o r  co a t in g  c r y s t a l s  were i n v e s t i g a t e d :  smearing  

w i t h  co t ton  swabs, dropping  from a m i c r o - s y r i n g e ,  a p p l i c a t i o n
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from a m i c r o - p i p e t t e  and sp ray in g .  Quadrol  (minimun 98Z by non- 

aqueous t i t r a t i o n )  was obta in ed  from Fluka AG Chemicals,  i t  i s  a 

h i g h l y  viscous l i q u i d  so in  a l l  these methods a s o l u t i o n  o f  the  

c o a t in g  iri a v o l a t i l e  s o lv e n t  was a p p l i e d .  Quadrol  r e a d i l y  

d is s o l v e s  i n  many o rg an ic  so lv en ts  ( E t h a n o l ,  methanol ,  

ch lo ro fo rm ,  d ich lo ro methane  e t c ) .

The c o n c e n t r a t io n  o f  the s o l u t i o n  ap p l ie d  to  th e  PZC i s  c r i t i c a l  

in  o b t a i n i n g  an even d i s t r i b u t i o n  of  c o a t i n g .  In  o rd er  to  ach ieve

the  r e q u i r e d q u a n t i t y  and degree of co a t in g  a t  a f i x e d

c o n c e n t r a t io n a change in volume of co a t in g  s o l u t i o n  i s

necessary .  This cannot always be d e l i v e r e d  by the co a t in g  

process.  Since the most mass s e n s i t i v e  p o r t i o n  o f  a c r y s t a l  i s  

i t s  c e n t r e ,  i t  i s  not  necesary to coat  the p e r i p h e r y .

I n i t i a l l y  a s o l u t i o n  of  q u ad ro l  in  e th a n o l  was made up of  a conc­

e n t r a t i o n  such t h a t  smearing i t  onto the e l e c t r o d e  on the p i e z o ­

e l e c t r i c  c r y s t a l  s u r face  w i t h  a co t to n  swab gave a f i n a l  

f requency  change of  about  20, 000 Hz. This r e s u l t e d  in  a t h i c k  

co a t in g  which was very v o l a t i l e .  D i l u t i n g  the qu ad ro l  s o l u t i o n  to  

0. 24 m/V gave a more u s e f u l  change of  about  4000 Hz. However,  

smearing l e f t  d ry in g  marks in  the form o f  l i n e s  a l l  over the PZC 

s u r f a c e .  These i n d i c a t e  an uneven d i s t r i b u t i o n  o f  q u a d ro l .

Adding s o l u t i o n  dropwise from a m i c r o - s y r i n g e  

the  c e n t r e  of  the PZC i s  more even ly  coated  

However, d ry in g  r in g s  occured around the  

e l e c t r o d e .  This was not c r u c i a l  s ince  t h i s  area  

to  mass than the e l e c t r o d e  which was f u l l y

was p r e f e r r e d  as

by t h i s method.

o u ts id e of  the

i s  le ss s e n s i t i v e

c o a t e d . The drop
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t e n d e d  t o  w a n d e r  u n d e r  t h e  i n f l u e n c e  o f  g r a v i t y .  I n  o r d e r  t o

r e s t r i c t  the  d ry in g  s o l u t i o n  to  the c e n t r e  o f  the PZC, th e  PZC 

had to  be c o n t i n u a l l y  t i l t e d  from the near h o r i z o n t a l .

L a t e r  d ich loro methane was used as the  s o lv e n t  s ince i t  i s  more 

v o l a t i l e  than e t h a n o l .  This shortened the  t ime taken  f o r  

e v a p o r a t io n  making the c r y s t a l  ready  t o  put as id e  sooner and 

reduced the amount of  s o lv e n t  in c o r p o r a te d  i n t o  the  c o a t i n g ,  

which reduced cu r in g  t im e .  However, as d ich loromethane i s  le s s  

viscous than e th a n o l  i t  was hard er to  r e s t r i c t  the  d r y in g  drop to  

the c e n t r e  of  the PZC by t i l t i n g .

Apply ing s o l u t i o n  d i r e c t l y  to  the PZC e l e c t r o d e  su r face  by 

c a p i l l i a r y  a c t io n  using a m i c r o - p i p e t t e  is  more a c c u r a t e .  The 

p i p e t t e  can be held in  p lace  w h i l s t  most of  the s o lv e n t  d r i e s  

thus a l lo w in g  the co a t in g  to  be held a t  the c e n t r e .  In  a d d i t i o n  

the volume can e a s i l y  be c o n t r o l l e d  a t  the  lo ad in g  stage  and t h i s  

method i s  more l i k e l y  to  be r e p r o d u c i b l e  than the prev io us  two 

methods.

Spraying gave an improved co a t in g  q u a l i t y .  The hand held  De 

V i l b i s s  S p r i t e  Major  a i r b r u s h  was used, suppl ied  w i t h  an a i r  f lo w  

of  8 .2  1/min a t  2 b a r .  The a i r b r u s h  was ad ju s ted  to  e l i m i n a t e  

s p l u t t e r  and a c o a t in g  o f  w e l l  d e f in e d  th ic kn ess  and s t r u c t u r e  

was o b ta in e d .

The cu r in g  process i s  im p o r tan t  as measurements made i n  the  

presence o f  so lven t  eva p o r a t io n  w i l l  produce erroneous r e s u l t s  in  

the d e t e c t i o n  o f  the  t a r g e t  gas.
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Quadrol  was added, dropwise,  by th e  c a p i l l a r y  method in

- L
dich lo ro m ethane  ( 1 . 7  x 10 m/ V) .  About 20 p i  o f  s o l u t i o n  was

added. The curing  can c o n v e n ie n t ly  be fo l lo w ed  by m o n i to r in g  the  

f requency  according to  the Sauerbrey eqn. 2 . 19  w h i l s t  purging  the  

d e t e c t o r  c e l l  w i t h  dry argon. F ig  7.1  i l l u s t r a t e s  the  process of  

c u r in g  over success ive  tem pera ture  cyc les  w i t h  the same c r y s t a l .  

Curve [ i ]  i s  the tem p era tu re  response when the c r y s t a l  i s  coated  

w i t h  q u ad ro l  and i s  then heated through the tem p era tu re  range  

shown. I t  can be seen from curve [ i ]  t h a t  a t  tem pera tures  above 

3b*C t h e r e  i s  a p ro g re s s iv e  loss  of  mass which i s  assumed to  be 

e v a p o r a t io n  of  the so lv e n t  and q u a d r o l .  When the  tem pera ture  

cy c le  i s  repeated  the tem pera ture  a t  which mass lo ss  i s  observed  

occurs a t  p r o g r e s s i v e l y  h ig h er  te m pera tures  (curves L i i ] , [ i i i ] ,  

and [ i v ] )  u n t i l  the coated c r y s t a l  behaves in  the  same way as the  

uncoated c r y s t a l .

Repeated tem pera ture  cycles  of  the  uncoated sensor are shown in  

f i g .  7 . 2 .  W it h in  e x p e r im e n t a l  e r r o r  ( r e l a t i v e  standard d e v i a t i o n  

of 11 i n  AF f o r  fo u r  co nsecut ive  tem pera ture  c y c le s )  the  response  

of the sensor w i t h  resp ec t  to  te m pera ture  remains th e  same f o r  

each cy c le  and hence has the same g e n e r a l  form as th e  coated ,  

cured c r y s t a l ,  a l though the nominal s t a r t i n g  frequency  (AF = 0 Hz) 

i s  h ig h e r  owing to  the absence o f  c o a t i n g .  I t  can be assumed 

t h e r e f o r e  t h a t  the c o a t in g  i s  cured a f t e r  fo u r  h e a t in g  cyc le s  and 

t h a t  the dev ice  is  now in  i t s  prepared  s t a t e  f o r  use as a sensor.  

At tem pera tures  above 55*C r a p id  mass lo ss  occurs from the cured,  

coated c r y s t a l  corresponding to loss o f  quadro l  i t s e l f  from the  

c r y s t a l  su r fa c e .
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7 .3  MEASUREMENTS

Having developed s a t i s f a c t o r y  methods f o r  co a t in g  p i e z o - e l e c t r i c

c r y s t a l s ,  th e  d e t e c t i o n  of  SO  ̂ i n  a f lo w in g  argon stream using a

PZC can now be demonst ra ted.  A reasonab le  d e t e c t i o n  l i m i t  of

0 . 06  vppm i s  o b ta in e d .  These exper iments  were done under d ry ,

t h e r m o s ta t te d  c o n d i t io n s  to  f i n d  th e  t r u e  response o f  th e  PZC to

SO w i t h o u t  i n t e r f e r e n c e  from th e  e f f e c t s  o f  tem p era tu re  and 2
hu m id i ty  which are both reduced by the choice of  c o n d i t i o n s .

A SO  ̂ m ix tu re  of  a 380 vppm c o n c e n t r a t io n  a t  atmospheric pressure  

in  argon was prepared  in  the gas d i l u t i o n  ap para tus .  The 

d i l u t i o n  techn iq ue  was descr ib ed  i n  Chapter  3. The coated ,  cured 

PZC was placed i n  the measurement apparatus ,  as described  

e a r l i e r .  A Hamil ton Bonaduz 1001 ILL 1 ml gas t i g h t  syr in g e  was 

used to  take  a sample from the s i l i c o n e  rubber septum and 0 .9  ml 

was i n j e c t e d  i n t o  the gas stream t h a t  impinged on the quadro l  

coated PZC. Subsequent samples were prepared by success ive  

d i l u t i o n s  of  the gas in  the r e s e r v o i r  w i t h  argon. The response of  

the coated PZC over s e v e r a l  ord ers  o f  magnitude of  c o n c e n t r a t io n  

was r a p i d l y  o b ta in e d .

Three such runs c a r r i e d  out  w i t h  the  w ater  bath c o n t a in in g  the  

d e t e c t o r  c e l l  held  a 40*C and w i t h  argon f lo w  r a t e s  o f  about  60

ml /min  are shown in f i g s .  7 . 3 ( a ) , (b)  and ( c ) .  These are

l o g a r i t h m i c p lo t s of the maximum frequency change from the

b a s e l i n e  f r e q uency versus SO c o n c e n t r a t i o n .  Not i c e  t h a t  an order

of  magnitude change in  c o n c e n t r a t io n  does not g ive  r i s e  to  a 

corresponding o rd er  of  magnitude change in  change o f  f requency .
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At low c o n c e n t ra t io n s  most o f  the SC>2 i s  adsorbed s t r o n g l y ,  ye t  

a t  h ig h er  co n c e n t r a t io n s  most o f  the  S02 f lows past  the PZC 

w i t h o u t  r e a c t i n g  w i t h  i t .  A probable  cause o f  the decrease  in  

s e n s i t i v i t y  to  S02 w i t h  i n c r e a s i n g  S02 ad so rp t io n  i s  th e  changing  

n a tu re  of  the ad so rp t io n  process as discussed below.

A b lank was obta in ed  by i n j e c t i n g  pure argon and measuring the  

f requency  change. I t  was al lowed f o r  i n  f i g .  7 . 3 .  The va lu e  was 

found to  be 5±1 Hz a t  these f l o w  r a t e s  and i s  due to  a 

p e r t u b a t i o n  of  the gas stream by the  i n j e c t e d  volume l e a d i n g  to  a 

pressure  change, to  which the PZC responds.

A q u a n t i t a t i v e  theory  o f  the ad so rp t io n  process i s  now d escr ib ed .  

The heat  of  ad so rp t io n  o f t e n  d e c l i n e s  markedly w i t h  i n c r e a s in g  

a d s o r p t io n .  T y p i c a l  r e s u l t s  are shown by Moore [ 7 . 1 0 ] .  This  

e f f e c t  obv io us ly  i n d i c a t e s  a non-un iform  s u b s t r a t e  w i t h  the heat  

of ad so rp t io n  being unequal  a t  a l l  the a d s o rp t io n  s i t e s .  

According to  Moore, the la c k  o f  u n i f o r m i t y  may e i t h e r  p r e - e x i s t  

in  d i f f e r e n t  a d so rp t io n  s i t e s  or be caused by r e p u l s i v e  forces  

between adsorbed molecules making adsorp t io n  a t  some s i t e s  less  

f a v o r a b l e  than a t  o thers  and markedly lo w er in g  the  heat  of  

a d so rp t io n  a t  h ig h er  a d s o r p t io n s .  Since the  qu ad ro l  c o a t in g  i s  a 

l i q u i d  a l l  s i t e s  are e q u i v a l e n t  so any e x i s t i n g  n o n - u n i f o r m i t y  

can be d isco u n ted .  However, i f  the S02 to  q u a d ro l  bond i s  

p a r t i a l l y  i o n i c ,  as is  the case f o r  hydrogen bonding,  

e l e c t r o s t a t i c  r e p u ls io n s  may become s i g n i f i c a n t .  Moreover,  as 

m olecu la r  ad so rp t io n  i s  b a s i c a l l y  c o v a le n t ,  r e p u l s i o n  can be 

l a r g e  w i t h o u t  a p p r e c ia b le  s e p a r a t io n  o f  charge,  i . e .  s t e r i c ,  

since  adsorbed molecules have very r e s t i c t e d  g e o m e t r ic a l
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c o n s t r a i n t s .

At e q u i l i b r i u m ,  t h i s  behav iour can be descr ibed  by an e m p i r i c a l  

ad so rp t io n  iso th erm  due to  F reu n d l ic h  [ 7 . 1 0 ] :

0 = K p1/m 17. 1)

where,  0 i s  the f r a c t i o n  o f  s i t e s  occupied by adsorbed 

mole cu le s .  K i s  a co n s ta n t ,  m i s  a number g r e a t e r  than one and p 

i s  the  p a r t i a l  pressure  o f  SO^. An analogous eq u a t io n :

AF = A p 1/m ( 7 . 2 )

descr ib es  the response seen in  f i g s .  7 . 1 ( a ) ,  (b)  and (c)  under

n o n - e q u i l i b r i u m  c o n d i t i o n s ,  where the  f requency change, AF, 

depends l i n e a r l y  on 0 and where A i s  a co n s ta n t .  This  

s i m i l a r i t y  pro bab ly  i n d i c a t e s  t h a t  the SO  ̂ molecule i s  bonded to  

the  sur face  by an ad so rp t io n  process described  by the theory  

l e a d i n g  to eqn . 7 . 1 .

F i gs .  7 . 1 ( a ) ,  (b)  and (c)  show t h a t  0 . 06  vppm o f  S02 can be

d e te c te d  using the methods described  here .  This d e t e c t i o n  l e v e l

can be achieved because a d i s c r e t e  measurement i s  being taken .

Long-term changes in  te m pera ture  and hum id i ty  between

measurements and between runs have no e f f e c t  s ince  a measurement

o f  the b a s e l in e  f requency  (which i s  a record o f  these e f f e c t s )  i s

obta in ed  both b e fo re  and a f t e r  each measurement o f  SO . The2
b a s e l i n e  frequency  a t  each d i s c r e t e  S02 measurement being

i n t e r p o l a t e d  from the b a s e l i n e  f req u en c ies  f o r  the argon gas 

stream b e fo re  and a f t e r  the S02 i n j e c t i o n ,  as p a r t  o f  the peak 

l o c a t i o n  pro cedure .  This i n t e r p o l a t i o n  a l lows f o r  s h o r t - t e r m  

v a r i a t i o n s  i n  b a s e l in e  f requency  du r in g  each measurement due to
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When measuring low c o n c e n t ra t io n s  o f  a n a l y t e ,  however,  the peak 

could not be d i s t i n g u i s h e d  from the sloping b a s e l i n e  due to  

v a r i a t i o n  in  the r e s i d u a l  h u m id i ty .  This may a lso  pose a problem 

i f  the  tem p era tu re  was to  vary s i g n i f i c a n t l y .

A p o s s ib le  d isadvantage  o f  making a d i s c r e t e  measurement i s  t h a t  

a memory e f f e c t  occurs a f t e r  th e  measurement. The d eso rp t io n  

k i n e t i c s  of  SO  ̂ from the q u a d ro l  are slow.  T h e r e f o r e ,  a 

c o n t in u o u s ly  s lop in g  b a s e l in e  between each measurement i s  

observed and i s  caused by S02 which i s  s t i l l  bound to  the quadro l  

from the prev io us  measurement. The memory e f f e c t  i s  c o r re c te d  f o r  

using the  background c o r r e c t i o n  procedure d escr ib ed  above.  

Although the  r e s u l t i n g  slope in  th e  b a s e l in e  c o n t r i b u t e s  to  the  

problems in  l o c a t i n g  smal l  peaks.

A more s i g n i f i c a n t  d is ad van tag e ,  however,  is  the  e f f e c t  of  argon 

f lo w  r a t e  on the response.  1 ml samples of  380 vppm of  S02 were 

i n j e c t e d  a t  va r io u s  argon f lo w  r a t e s .  Five  read in gs  were taken  

at  each f lo w  r a t e  and p lo t s  of  the  averaged frequency  changes,  

co r r e c te d  f o r  the  g radua l  decrease in  S02 c o n c e n t r a t io n  as 

samples were taken ,  versus f l o w  r a t e  are shown in  f i g .  7 . 4 .  

Se v e ra l  1 ml samples could be taken b e fo re  t h e r e  was any 

a p p r e c ia b le  f a l l  i n  the c o n c e n t r a t i o n .

The f o l l o w i n g  equat io n  has been dev ised  in  o rd er  to  l i n e a r i s e  

f i g .  7 . 4 :
AF = AF  ̂ * _ J j r0 (7 .3 )

1 + a f r

where AF i s  the f lo w  r a t e  independent component o f  AF. AF is0

r e s i d u a l  t e m p e r a t u r e  and h u m i d i t y  c h a n g e s .
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th e  f lo w  r a t e  dependent component of  AF a t  ze ro  f lo w  r a t e ,  a i s  

the f lo w  r a t e  s u s c e p t i b i l i t y  o f  the adsorp t io n  process and f  i s  

the f lo w  r a t e .

F ig .  7 .4  shows t h a t  the  f requency  change doubles as the f lo w  r a t e  

i s  reduced from 100 to  13 ml /min  and from i t  th e  f o l l o w i n g  va lu es  

f o r  the terms i n  eqn. 7 .3  are ob ta in ed :  AF^=37 Hz, AFQ=136.3 Hz 

and a = 0 . 04753 m l /m in .  S e n s i t i v i t y  to  S02 can t h e r e f o r e  be 

improved merely  by reducing the f lo w  r a t e  but  a t  the cost  of  

lo n g er  measurement and reco very  t im es .

In a d d i t i o n  some S02 appeared to  be i r r e v e r s i b l y  bound to  the  

co a t in g  al though most came o f f  w i t h i n  f i v e  minutes o f  the end of  

the measurement. This b in d in g  probably  occurs through a 

rear rangem ent or an o x i d a t i o n  of  the adsorbed S02 molecu le .

To reduce atmospheric po isoning and to e l i m i n a t e  any water  vapour  

s o r p t i o n ,  coated c r y s t a l s  were kept  in  an argon f i l l e d  d e s s i c a t o r  

and only exposed to  ambient  c o n d i t io n s  f o r  shor t  p e r io d s .  I f  l e f t  

exposed to  a i r ,  coated c r y s t a l s  lo se  s e n s i t i v i t y  to  SO^, probably  

due i r r e v e r s i b l e  r e a c t i o n s  o f  components i n  the  a i r  w i th  the  

quadro l  co a t in g  a t  b ind ing  s i t e s  t h a t  could be used to  bind so2 - 

Having been coated ,  PZCs should not  be stored under vacuum since  

the co a t in g  evaporates under reduced pressure .  Hence the use of  

i n e r t  gas in  the d e s s i c a t o r  to  m a in ta in  a re sonab le  pressure  and 

minimise d e g r e d a t io n .  R ep len ish in g  the argon from the c a r r i e r  gas 

supply a ls o  ensures t h a t  the  c r y s t a l s  are exposed to  any 

r e s i d u a l  w a te r  vapour pressure  in  the gas l i n e .
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Due to  t h i s  l i m i t e d  exposure to  water  vapour and i r r e v e r s i b l e  

r e a c t i o n s  a t  b in d in g  s i t e s ,  even a w e l l  ma in ta in ed  su r face  w i l l  

e v e n t u a l l y  wear out  w i t h  use.  When a co a t in g  was worn out  th e  

c r y s t a l  was washed in  d ic h lo r o m e th a n e , d r i e d  i n  vacuo and then  

r e - u s e d .

To study the  e f f e c t  o f  t em p era tu re  on SO  ̂ d e t e r m i n a t i o n ,  the  

d e t e c t o r  c e l l  was i n i t i a l l y  brought to  19*C w i t h  the sensor under  

an atmosphere o f  dry n i t r o g e n  ( <1Z RH) and the b a s e l i n e  frequency  

and te m pera ture  were reco rd ed .  The c e l l  and sensor were then  

r a is e d  to  one of  f i v e  tem peratures  i n  the range 20- 50* C w i t h  the  

sensor under an atmosphere o f  17 vppm of  SO  ̂ i n  dry n i t r o g e n  a t  

atmospheric p ressu re .  Frequency and tem pera ture  measurements were 

taken a t  each o f  the f i v e  temperatures and the tem perature  

c o r r e c t i o n  procedure was a p p l i e d .

The r e s u l t  of  ap p ly in g  the te m pera ture  c o r r e c t i o n  procedure i s  

shown in  f i g .  7 . 5 .  The chosen c o r re c te d  te m pera ture  was 25*C. and 

i t  can be seen t h a t  the c o r r e c t i o n  procedure works w e l l  up to  

about 3 2 -  3 3 * C. There i s  a mean response o f  48±3 Hz f o r  the f o u r  

co r re c te d  data p o in ts  below 33*C and none of  these po in ts  v a r i e s  

s i g n i f i c a n t l y  from the mean.

However, above 33*C the  c o r r e c t e d  -AF va lues g r a d u a l l y  in c r e a s e  

s i g n i f i c a n t l y  from t h i s  mean. I n d i c a t i n g  t h a t  when S02 i s  

adsorbed onto the coated c r y s t a l  some process,  o th e r  than the  

e f f e c t  o f  tem perature  on th e  PZC element,  i s  changing the  PZC 

f requency w i th  tem pera ture  and t h a t  t h i s  process only becomes 

s i g n i f i c a n t  a t  h ig her  t em p era tu res .  There are s e v e r a l  p o s s ib le
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e x p l a n a t i o n s  f o r  t h e  b r e a k d o w n  o f  t h e  c o r r e c t i o n  p r o c e d u r e  w h i c h

can be p o s tu la te d  a f t e r  a c a r e f u l  a n a ly s is  of  the da t a .

Close i n s p e c t i o n  o f  the curves presented  i n  f i g .  7 .5  r e v e a l s  t h a t  

the  g r a d i e n t  of  the tangent  to  p a r t  A o f  the curve lup to  about  

3 2 * 0  i s  the same as t h a t  f o r  the  e q u i v a l e n t  p a r t  o f  the curve  

f o r  the response w i t h  re s p e c t  to  tempera ture  o f  the cured ,  coated  

c r y s t a l  ( f i g .  7 . 1 ) ,  about  0 .8  Hz / * C,  whereas the  g r a d i e n t  o f  p a r t  

B of  the  curve is  s i g n i f i c a n t l y  l a r g e r ,  1 .6  Hz / * C,  when compared 

to  the e q u i v a l e n t  p a r t  o f  the  curve f o r  the cured,  coated c r y s t a l  

which remains a t  0 .8  Hz / * C.  Since the  tem p era tu re  c o r r e c t i o n  

a l g o r i t h m  i s  based upon F o u r i e r  c o e f f i c i e n t s  o bta in ed  from the  

cured c r y s t a l  curves shown i n  f i g .  7 . 1 ,  the  method w i l l  break  

down above 35*C.  This r e s u l t  i s  v a lu a b le  since  i t  r e v e a ls  t h a t  

t h e r e  i s  a comple te ly  d i f f e r e n t  mechanism r e s p o n s ib le  f o r  the  

f requency  response above 35*C.

A l i k e l y  cause f o r  the  in c r e a s e  in  the r a t e  of  change of  

f requency  w i t h  tem perature  i s  d eso rp t io n  of  r e s i d u a l  water  vapour  

from the PZC c e l l  and i t s  subsequent d e p o s i t i o n  on the c r y s t a l .  

This in c rease s  the t o t a l  mass adsorbed and hence decreases the  

f requency  of  the PZC. This mechanism, however,  would a ls o  be 

m a n i f e s t  i n  the exper iments  on the frequency response o f  the  

cured ,  coated c r y s t a l  exposed only to  dry n i t r o g e n .  No ev idence  

of t h i s  kind o f  behaviour was observed and t h e r e f o r e  the p o s s ib le  

r o l e  o f  adsorbed r e s i d u a l  w ater  vapour can be e l i m i n a t e d .  

However, i t  i s  p o s s ib le  t h a t  r e s i d u a l  water  vapour could combine 

w i th  the adsorbed SO  ̂ , which might  a l t e r  the  frequency  response.



A n o t h e r p o s s i b l e  m echan is m  i s  a ch ang e  i n  t h e  a d s o r p t i o n

p r o p e r t i e s  o f  S02 on quadro l  w i t h  tem p era tu re .  I n t u i t i v e l y ,  i t

would seem l i k e l y  t h a t  the  r a t e  o f  d eso rp t io n  of  S02 molecules

from the  su r face  would in c r e a s e  w i t h  i n c r e a s i n g  tem p e r a tu r e .

However, the  r e s u l t s  presented i n  f i g .  7 .5  suggest  t h a t  mass

lo a d in g  i s  i n c r e a s e d .  This a p p a r e n t ly  anomalous behav iour could

be r e l a t e d  to  the  ad so rp t io n  process a l r e a d y  discussed f o r

d i s c r e t e  SO measurements. For sm al l  va lues o f  the f r a c t i o n  of  2
s i t e s  occupied ( 6 ) ,  t h e r e  i s  no i n t e r a c t i o n  between adsorbed  

m ole cu le s .  The F reu n d l ich  iso therm  (eqn.  7 . 1 )  can then be w r i t t e n  

[ 7 . 1 1J :
kTln 6  = —  ln p  + constant  ( 7 . 4 )
Eo

where:  eQ i s  the heat  of  a d so rp t io n  f o r  smal l  8 and p is  the

p a r t i a l  p ressu re ,  which i n  t h i s  experiment i s  e f f e c t i v e l y  

co n s tan t .  Thus an in c r e a s e  i n  tem perature  may a c t u a l l y  in c r e a s e  

the number o f  s i t e s  occupied depending on how v a r i e s  w i t h

tem p era tu re .  This i s  more l i k e l y  to  be t r u e  i f  the n a tu re  o f  the  

a d so rp t io n  process changes, e . g .  from p h y s i c a l  ad so rp t io n  to  

chem is orp t io n  since the heat  of  ad so rp t io n  f o r  the l a t t e r  i s  much 

h ig h er  and the  r a t e s  of  s o r p t io n  f o r  p h y s is o r p t io n  and 

ch em isorp t io n  w i l l  be d i f f e r e n t .

These mechanisms are o f f e r e d only as t e n t a t a t i v e e x p la n a t io n s of

the ad so rp t io n processes and the  apparent f a i l u r e  of the

tem p era tu re  compensation at temperatures above 35 •c.
N e v e r t h e le s s ,  the F re u n d l ic h  iso therm  can be used to  e x p l a i n  

s e p a r a t e l y  the behav iour both a t  ( i )  constant  f lo w  r a t e ,  constant  

te m pera ture  and v a r i a b l e  S02 c o n c e n t r a t io n  and ( i i )  a t  constant
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S02 c o n c e n t r a t i o n ,  zero  f lo w  r a t e  and v a r i a b l e  

F u r t h e r  work to  study the  s o r p t io n  process and 

v a l i d i t y  o f  the  F reu n d l ic h  iso th erm  i s  necessary and 

beginning on page 214 of  th e  next  ch a p te r .

tem p era tu re ,  

to  a s c e r t a i n  

i s  discussed
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C o n c e n t r a t io n  o f  SOg vppra
F i g u r e  7 . 3  C a l i b r a t i o n s  o f  c r y s t a l  f r e q u e n c y  w i t h  

c o n c e n t r a t i o n  o f  s u lp h u r  d i o x i d e .  F lo w  
r a t e  a )  5 6  m l /m in ,  b )  6 0  m l/m in  a n d  
c )  6 2  m l/m in ;  i n j e c t e d  v o lu m e  0 . 9  m l .
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F r e q u e n c y

o f  a  p i e z o e l e c t r i c  c r y s t a l  s e n s o r  f o r  
SOg t o  a d i s c r e t e  s a m p le .
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T e m p e r a tu r e  D eg  C

F i g u r e  7 . 5  T e m p e r a tu r e  c o r r e c t i o n  o f  t h e  S 0 p s e n s o r  
e x p o s e d  t o  1 7  ppm o f  S 0 p .
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In t h i s  chapter  the  s i g n i f i c a n c e  o f  the  e f f e c t  o f  t em p era tu re  to  

the  p r a c t i c a l  use o f  p i e z o e l e c t r i c  c r y s t a l  (PZC) sensors i s  

discussed.  The r e s u l t s  obta ined  by ap p ly in g  microcomputer c o n t r o l  

to  the  tem perature  compensat ion o f  a PZC sensor show t h a t  t h e r e  

i s  an e f f e c t  o f  tem pera ture  on th e  g a s -c o a t in g  a d s o rp t io n  o f  SO^. 

Some f u r t h e r  i n v e s t i g a t i o n s  o f  t h i s  e f f e c t  t h a t  could be c a r r i e d  

out are t h e r e f o r e  suggested.

Humidity was considered to  be an i n t e r f e r e n c e  d ur in g  t h i s  work 

and procedures were fo l lo w ed  to  minimise i t s  e f f e c t .  The 

i n t e r a c t i o n  of  hum id it y  w i t h  coated and uncoated PZCs i s  compared 

in  t h i s  chapter  as are a l t e r n a t i v e  precaut io ns  t h a t  could be 

taken in  f u t u r e  work to  reduce the  i n t e r f e r e n c e  o f  hum id it y  on 

PZC sensor measurements in  ambient  environments.  The p o s s i b i l i t y  

of ap p ly in g  a F o u r i e r  s e r ie s  based compensation procedure to the  

humid ity  problem is  d iscussed .  A s t r a t e g y  f o r  reducing the  

s i g n i f i c a n c e  of  any i n t e r f e r e n c e  w i t h  respect  to  measurements by 

a sensor ,  p o s s ib ly  using F o u r i e r  se r ies  compensat ion, i s  

suggested.  This leads to  a d iscu ss io n  of  how compensat ion could  

be implemented in  m u l t i - p a r a m e t e r  systems using a r rays  o f  

sen so rs .

The chapter  concludes w i th  a d iscu ss io n  o f  the advantages o f f e r e d  

by PZC sensors and suggest ions f o r  f u r t h e r  work t h a t  should be 

c a r r i e d  out  so to  make f u l l  use o f  these advantages.
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8.1 TEMPERATURE

The i n t e r f e r e n c e  e f f e c t  of  t em pera ture  which was demonstrated in  

Chapter  5 f o r  l a b o r a t o r y  work could be considered to  be both more 

of a problem and l e s s  of  a problem f o r  the  p r a c t i c a l  a p p l i c a t i o n s  

of  PZCs. I t  i s  more so in  the sense t h a t  tem perature  changes 

cannot be c o n t r o l l e d  i n  the r e a l  world  whereas i n  the l a b o r a t o r y  

c o r r e c t i v e  a c t io n  can be ta k e n .  On th e  o th er  hand the tem p era tu re  

changes tend to  be le s s  d r a s t i c  i n  the  r e a l  world  than the  

d e l i b e r a t e  changes made i n  the l a b o r a t o r y  to  i n v e s t i g a t e  the  

e f f e c t  of  tem p era tu re .

In Chapter  6 a method which uses F o u r i e r  s e r ie s  f o r  the  

c o r r e c t i o n  of  tem pera ture  e f f e c t s  was d es c r ib e d .  The advantages  

of using F o u r ie r  s e r ie s  to  re p r e s e n t  e x p e r im e n ta l  data are ( i )  

smoothing and r e p r e s e n t a t i o n  are obta in ed  in  a s i n g l e  c a l c u l a t i o n  

and ( i i )  the c o e f f i c i e n t s  f o r  the r e s u l t i n g  21 term F o u r i e r  

s e r ie s  can be t r a n s f e r r e d  to another  sensor system e a s i l y .  The 

microcomputer c o n t r o l l e d  system, developed in  t h i s  work,  was used 

to  acq u i re  ex p e r im e n ta l  d a t a .  The system then used the descr ib ed  

F o u r i e r  s e r ie s  techn iq ue  to  p rov id e  c o e f f i c i e n t s  f o r  tem pera ture  

compensation. This procedure can be a p p l ie d  to  p ro v id e  an 

accu ra te  frequency o f  a PZC f o r  any chosen tem perature  w i t h i n  i t s  

r a n g e .

In Chapter  7 the microcomputer c o n t r o l l e d  system was used to  

monitor  the  p r e p a r a t i o n  of  a PZC c o a t in g  and to  c a l i b r a t e  a PZC 

f o r  SO  ̂ a d s o r p t io n .  L a t e r  in  Chapter  7 the system was used to  

compensate a PZC gas sensor t h a t  was measuring SO  ̂ f o r
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t em pera ture  e f f e c t s  in  the range 15*C t o  50*C.

As a r e s u l t  of  the  apparent  f a i l u r e  of  the  compensat ion process,  

u s e f u l  i n f o r m a t i o n  about the  e f f e c t  o f  t em pera ture  on the sensing  

p r o p e r t i e s  o f  SO  ̂ sensors can be obta in ed  w i t h  the  aid  o f  t h i s  

microcomputer system.

The e l u c i d a t i o n  o f  the a p p a r e n t ly  anomalous s o r p t io n  behav io ur  

of  S02 on a qu ad ro l  coated c r y s t a l  a t  tem pera tures  between 35 and 

5 5 * C w i l l  r e q u i r e  t h a t  c a r e f u l l y  designed experiments are c a r r i e d  

out where vapour co n c e n t r a t io n s  and pressures are s t r i c t l y  

c o n t r o l l e d  dur in g  the s o r p t io n  process.  Experiments o f  t h i s  

n atu re  are p r e s e n t l y  being c a r r i e d  out  using a more s o p h i s t i c a t e d  

t e s t  r i g  and more s e n s i t i v e  su r face  a c o u s t ic  wave (SAW) sensors  

in s te a d  o f  PZCs. The SAW t ransducers  [ 8 . 1 ]  are tem p era tu re  

compensated using an i n t e g r a l  tem pera ture  sensor .  Having rev iewed  

the l i t e r a t u r e .  Fox and A ld er  [ 8 . 2J  g iv e  a c r i t i c a l  comparison of  

SAW dev ices  to  PZCs and f i n d  t h a t  an order  o f  magnitude in c r e a s e  

i n  s e n s i t i v i t y  may be expected .  This in c r e a s e  i s  l i m i t e d  by the  

noise and d r i f t  o f  the SAW sensor system and not  by the SAW 

sensor i t s e l f .

I t  might  be h e l p f u l  to  use sp ec t ro sco p ic  s tu d ies  to  i n v e s t i g a t e  

the S02 on quadro l  a b s o r p t io n .  This could i n d i c a t e  whether the  

SO  ̂ is  absorbed by the S or the 0 or both .

Work i s  a lso  r e q u i r e d  to  u n i f y  the separate  t h e o r i e s  put  forward  

to  e x p l a i n  the behav iour o f  the PZC a t  ( i )  constant  f lo w  r a t e ,  

constant  tem perature  and v a r i a b l e  S02 c o n c e n t r a t i o n ,  ( i i )  a t  

constant  S02 c o n c e n t r a t i o n ,  zero  f lo w  r a t e  and v a r i a b l e
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temperature and ( i i i )  at constant SC>2 concentration , constant 
temperature and variab le  flow ra te . This would require 
experiments to be carried  out a t many more combinations of the 
above parameters so th a t the behaviour of a quadrol coated PZC 
under any combination of SÔ  concentration, temperature and flow 
ra te  can be predicted . However, the use of em pirical theories 
would sim plify th is  m ulti-param eter analysis . For example in the 
general case the flow ra te  dependence of the PZC behaviour might 
be described by a more general form of eqn. 7.3.
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0 . 2  HUMIDITY

I t  has been reported in a number of papers th a t humidity a ffec ts  
uncoated c ry s ta ls . In his i n i t i a l  experiments Bristow [8.3] 
attempted to use an uncoated PZC as a reference c ry s ta l in order 
to co rrect for temperature. However, frequency d r i f t  was observed 
in a flowing a ir  stream and i t  was suggested th a t th is  was caused 
by water vapour co llec tin g  on the electrode . Later Scheide and 
Warnar 18.4] described the use of a reference c ry s ta l th a t 
absorbed water vapour from an a ir  sample. Taking these reports 
in to  account the humidity response of uncoated PZCs was 
investiga ted  in order to describe the in te ra c tio n  in a more 
q u an tita tiv e  way. The re su lts  are presented in Chapter 5 and are 
in d ica tiv e  of a simple condensation mechanism with adsorption 
proportional to concentration at constant tem perature. Since the 
desorption process shows an exponential decay, the recovery time 
for short term exposure is  not proportional to the exposure time. 
This can be a major fac to r in the magnitude of the in terference  
e ffec t of water vapour.

In Chapter 5 the problem of compensating for humidity was also 
discussed. I t  was concluded th a t any humidity e ffec t on coated 
PZCs could not be corrected for by the use of an uncoated 
reference c ry s ta l. This argument assumes th a t a coated c ry s ta l 
is  unlikely  to have the same response to humidity as an uncoated 
reference c ry s ta l. This is  reasonable as the coating could e ith e r  
promote the absorption of water vapour or provide a b a rr ie r  to 
humidity.
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Karmarkar, Webber and G uilbault have reported 18.5, 8.6] th a t 
atmospheric moisture physically  condenses on quadrol coated 
c ry s ta ls  giving a strong response of 300 Hz for a 9 MHz c ry s ta l . 
Although the humidity was not measured in th is  experiement, i t  
appears th a t in terference  from humidity a t normal ambient lev e ls  
is  a problem as the reported frequency change is  comparable to 
ty p ica l s e n s i t iv i t ie s  towards the analyte.

From the work with uncoated c ry s ta ls  in Chapter 5 i t  is  suggested 
th a t there may be a fu rth er problem in terms of the duration of 
the humidity e f fe c t. However, th is  w ill only be confirmed i f  and 
when an inv estiga tio n  is  carried  out to quantify the k in e tic  
aspects of the problem. Karmarkar, Webber and G uilbault offered 
no evidence to support th e ir  suggestion of a physical 
condensation mechanism. Nevertheless th is  is  acceptable as a 
i n i t i a l  assumption about the nature of the process and was made 
in the case of the uncoated PZCs in Chapter 5. Procedures for 
in v estiga tin g  the e ffec t of humidity on uncoated c ry s ta ls  could 
be fu rth e r developed to in v es tig a te  the e ffec t on coated c ry s ta ls  
in order to derive equilibrium  and ra te  constants for the process 
at various tem peratures.

Assuming th a t 
condensation, 
to humidity in 
on the nature

the humidity 
a l l  sim ilarly  
the same way. 

of the coating

e ffec t is  caused by some form of 
coated PZCs are expected to respond 
The response, however, w ill depend 

and on the tem perature.

As a re su lt  of the humidity e f fe c ts , experimental in v estiga tio n s 
are complicated by humidity i f  the PZC is  used in ambient
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c o n d i t i o n s .  F o l l o w i n g  t h e  p ro ce d u res  d e s c r i b e d  i n  s e c t i o n  5 .  A,

the humidity was therefo re  reduced to a minimum for the 
experiments carried  out in Chapter 7, which investiga ted  the 
e ffec t of temperature on PZCs coated for SÔ  sensing, and those 
in Chapter 5 which investiga ted  the e ffe c t of temperature on 
uncoated PZCs.

In a p ra c tic a l PZC sensor used for monitoring SÔ  in ambient a ir  
i t  is  possible to reduce the humidity by using f i l t e r s  and 
membranes in the in le t  gas lin e  18.5, 8.6']. However, th is  tends 
to reduce the response to SO .̂ In fu tu re work i t  may also be 
appropriate to operate PZC sensors a t a higher temperature in 
order to reduce the e f fe c t of humidity as seen in Chapter 5. 
U nfortunately, th is  may also drive off the coating or reduce i t s  
a b i l i ty  to adsorb analyte as was seen in Chapter 7. I t  w ill , 
th ere fo re , be necessary to carefu lly  consider the temperatures at 
which fu tu re measurements are made.

However, i t  is  not possible to reduce the e ffec t of humidity to 
an in s ig n if ic a n t lev e l by e ith e r of these methods without also 
considerably reducing the se n s it iv ity  to S02. Therefore, i t  w ill 
be necessary to compensate for residual humidity in order to 
obtain a true  S02 measurement.

Further work i s ,  however, necessary in order to develop the 
temperature compensation method for S02 measurements described 
here to also be able to co rrect for the e ffec t of humidity. A 
correction  method could be applied in which another sensor 
measured the humidity to provide data for a compensation process.
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The h u m i d i t y  sensor  c ou ld  be a w a t e r  vapour  s e n s i t i v e  PZC [ 8 . 7 ,

8.8 J .
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6.3 REDUCTION OF INTERFERENCES AND THEIR COMPENSATION

In general, fu ture work for elim inating e ffec ts  caused by 
humidity, temperature or any other form of in terference  should be 
seen as a three stage process: f i r s t ,  a physical reduction in the 
v a r ia b il i ty  of the in te rfe r in g  parameter, second, a reduction in 
the response of the sensor to th a t parameter and, th ird , 
elim ination  of the resid u a l e ffec t by independent measurement of 
the parameter and deconvolution of the e f fe c t.

However, i f  some of the sensors used to measure the parameters 
are themselves in te rfe red  with then the measurements are not 
independent and the re su lts  could only be obtained by the 
solu tion  of several simultaneous equations. To carry out these 
ca lcu la tio ns in real-tim e requires the use of a microcomputer 
system. A lim it on the use of microcomputers for correction  is  
the a v a ila b il i ty  of the appropriate algorithm . For instance, 
Fielden, McCallum, Stanios and Alder [8.8] have shown in a binary 
system for the real-tim e humidity compensation of toluene d i- 
isocyariate measurements th a t considering such equations as lin ea r 
is  an over s im p lifica tio n . A b e tte r  choice would be Fourier 
methods which provide a general algorithm to specify non-linear 
responses.

Where a sensor is  in te rfe red  with by two parameters, compensation 
data would have to be measured to define a 3-dimensional surface 
of sensor response to the two parameters. Separate Fourier se ries 
would be calculated  to specify the sensor response with respect 
to one parameter a t various values of the o ther. Then a second
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F o u r i e r  c a l c u l a t i o n  would be per fo rm ed  t o  i n t e r p o l a t e  between t h e

values of the co e ffic ien ts  of the f i r s t  Fourier se ries to specify 
any interm ediate section through the 3-dimensional represen ta tion  
of the sensor response- Thus a correction  value at any 
combination of the two parameters could be ca lcu la ted . H itherto , 
the c ru c ia l data co llec tio n  stage would have been d i f f ic u l t  but 
i t  has been shown th a t ty p ica l data of th is  nature can be 
obtained by using the microcomputer system.
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8 . 4  THE FUTURE FOR PIEZOELECTRIC CRYSTAL SENSORS

To overcome d i f f ic u l t ie s  of s e le c tiv ity  in atmospheres with many 
gaseous components an array of gas sensors could be used, each 
p a r t ia l ly  sp ec ific  to one of the various gaseous species or 
measuring a physical parameter. A microcomputer would then be 
used to simultaneously deconvolute the e ffec t of a l l  parameters 
from a l l  sensors. A large lib ra ry  of data would be involved in 
these ca lib ra tio n s  and the deconvolution algorithm would be 
complicated, probably using some form of patte rn  recognition . 
Therefore, a powerful and e f f ic ie n t  microprocessor based system 
would be required . H irschfeld has already observed and co rrelated  
the response patte rn  of PZC devices with 13 d iffe re n t GC 
sta tio n ary  phase coatings to six organic vapours [8 .9 , 8.10] but 
the complicating e ffec ts  of humidity and temperature have not 
been considered.

D iscrete component o s c il la to rs , as described in Chapter 4, would 
be cumbersome for arrays of PZC sensors and would show a large 
v aria tio n  in performance from o sc il la to r  to o s c il la to r  because of 
the d iffe rin g  to lerances in ind iv idual components.

From the problems with connections from c ry s ta l to o sc il la to r  
encountered in Chapter 4, i t  is  concluded th a t the PZC to 
o sc il la to r  connection should be as short as possib le , preferably 
with the PZC plugging d ire c tly  in to  the o s c i l la to r .  This could be 
achieved by m iniaturising  the e lec tron ics so th a t the o s c il la to r  
can be f i t te d  onto or in to  the gas c e l l .

Integrated c irc u it  o sc il la to rs  based on inverting  logic gates
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1 8 . 1 1 ,  8 . 1 2  J a re  used i n  m ic ro co m p u te rs  and have been used f o r

PZC sensors [8 .8 ]. These o ffe r a considerable size reduction and 
improved ease of construction  compared to d isc re te  component 
o s c i l la to r s .  N evertheless, passive component values s t i l l  have to 
be changed by em pirical methods to achieve optimal performance.

Medium scale in teg ra ted  c ir c u i t  o sc il la to rs  such as the 74 Series 
type 321 and type 626 o ffe r improved performance, functions and 
in te r -o s c i l la to r  rep ro d u c ib ility  stemming from a reduced number 
of ex ternal components. Assuming th a t the small scale design 
problem of a tta in in g  a gas seal a t the PZC combined with a good 
e le c tr ic a l  connection to the o sc il la to r  can be overcome, the 
small size of these in teg ra ted  c ir c u i t  o sc il la to rs  would allow 
one to be dedicated to each PZC in a close packed array of 
sensors with each interconnection being short. The type 626 
in teg ra ted  c irc u it  has an o s c il la to r  enable input so th a t 
o sc il la to rs  could be run in d iv idu a lly . Such precautions would 
ensure th a t the o sc il la to rs  do not in te r fe re  with each o ther.

A method and apparatus for autom atically coating a number of PZCs 
in order to create reproducible coatings of well defined mass, 
thickness and struc tu re  is  requ ired . This w ill enable sensors to 
be produced to nominal s e n s i t iv i t ie s  and with predicted 
to lerances. This w ill f a c i l i t a t e  the design of new coating 
m aterials for PZCs possibly exp lo iting  some of the p roperties of 
SÔ  demonstrated in Chapter 1 and would be a p re req u is ite  to the 
in v estig a tio n  of the chemistry of in te rac tio n s  between coating 
m aterials and analyte gases. An understanding of th is  would lead
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t o  t h e  d eve lo pm en t  o f  improved c o a t i n g s f o r  p a r t i c u l a r

app lications and the commercial ex p lo ita tion  of PZC sensors.

PZC sensors are extremely v e rsa ti le  because the same hardware can 
be used for d iffe re n tly  coated c ry s ta ls  which are sen sitiv e  to 
many d iffe re n t gases. They also have a multicomponent cap ab ility  
in th a t coatings can be sen sitiv e  to a range of compunds of 
in te r e s t .  The output is  in terms of frequency, in te rfac in g  
d ire c tly  with d ig i ta l  e lec tron ics  which allows easie r capture and 
tra n s fe r  of data.

The PZC hardware is  simple, inexpensive, robust, sen s itiv e , small 
and rapid in response. The disadvantages of PZC sensors are poor 
se le c tiv ity  and in terference  from humidity and tem perature.

Although d i f f ic u l t ie s  ex is t in 
worth pursuing because PZC 
advantages, could be used on a 
ap p lic a tio n s .

using PZC sensor
senso rs, by v
very wide scale

s, so lu tions are 
ir tu e  of th e ir  

in appropriate
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