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. vom.. 

The difficulties encountered in quantitative analysis by gas 

c ro: iatography are discussed, with particular reference to detection 

:: "vste:. s. The properties of an ideal detector for quantitative analysis 

:: re listed. A description is given of the mode of operation of 

detectors for -as chromatography, and the extent to which 

they are suitable for quantitative work is assessed. It was 

concluded that no one detector possessed all the properties required 

or an ideal detector. In particular a qualitative knowledge of the 

sample for analysis was required by all detectors; and calibration 

was required by the majority of detectors. The extent to which the 

runel mass detector overcomes these limitations was assessed. it 

i> s ec; n that the response of the mass detector depends solely on 

-: ei ht changes caused by adsorption of materials eluted from the 

chromatographic column thus completely eliminating the need for 

calibration and qualitative information. The response of the detector 

is integral, so that the problems associated with peak area measurement 

. 
do not arise. The sensitivity of the detector is of a similar order 

to conventional hot wire detectors. The detector gave a quantitative 

response to all materials analysed, covering a wide boiling range: 

the canner limit was determined by the maximum column operating 

temperature, and the lower limit by the extent to which the detector 

was cooled. The detector responded quantitatively to water. At room 

teiaporature the detector responded on a qualitative basis to organic 

and inorganic gases. The detector was used for the calibration of 

other detector. and was operated in conjunction with the Martin gas 

density balance to determine the molecular weights of eluted materials. 
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CTIAPTER 1. 

The Problems Associated with Quantitative Gas Chromatography. 

1.1 Introduction. 

Qualitative as chromatographic analysis is a particularly 

valuable method of separating and detecting the constituents of 

mixtures. Quantitative gas chromatography has not reached the same 

state of refinement as qualitative analysis. The reasons for this 

si. tuation will become evident on considerinb the errors which may 

arise. There are many inaccuracies in quantitative analysis, and 

these are discussed in the order in which they occur in an analysis. 

The materials for analysis are themselves subject to composition 

chnn ffes if not stored correctly: the taking; of a sample and the 

method of injection can make an appreciable difference to the result 

if care is not taken. Irreversible adsorption of a proportion of the 

components of the mixture within the chromatographic column can occur 

and thus render the results valueless. One of the major difficulties 

encountered is the inability of all common detectors to give a response 

which is a simple function of a stoicheometric property. Since 

detection systems form the main part of this work, the -properties of 

an ideal detector for quantitative analysis are discussed in detail 

in the following chapters. 

The interpretation of results is often a source of difficulty in 

quantitative analysis. Even assuming that detector responses are 

accurately )mown, the measurement of peak areas obtained from a 

detector of differential response is both time-consuming and subject 

to errors. 

1.2 Discussion. 

An outline of the difficulties which may be encountered. in 

quantitative analysis has been given. The means by which those 

difficulties can be overcome, and the resultant errors minimised are 
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now to he discussed. 

1.2a Sample Storage. 

The storage of a sample to be analysed by gas chromatography 
l 

would not at first sight appear to be the concern of the nnalynt. 

But this is far from so, in that incorrect storage will lead to 

changes in the composition of a mixture with time. Consider a simple 

case in which a sample from a reaction product in an industrial process 

is monitored at daily intervals. If an analysis is carried out 

immediately after a sample is removed from the reaction vessel, and 

a second analysis performed on the same. sample several days later, 

the results may not be the same. Such an occurrence with samples 

taken on different days from the same reaction vessel may lead to the 

erroneous conclusion that the composition of the product varies from 

day to day. Poor storage df a mixture in which the components differ 

in volatility will lead to preferential-loss of the more volatile 

components. The percentage composition of the more volatile materials 

will thus decrease with time, and the amount of the less volatile 

m^terials present will appear to increase. Obvious methods of 

minimising; this effect are to store the material in 'completely air-tight 

bottles oz' phials in a refrigerator.. But losses of the more volatile 

components will still occur on opening the vessel to remove a 'sample 

for analysis. The recommended methods of minimising changes in 

composition are to have as little as possible air space in the sample 

bottle, to open the bottle, as infrequently as possible, and for the 

minimum amount of time. A better method-of minimising sample losses 

is to never open the bottle at all, but to fit thh top with a rubber 

septum which can be pierced with the needle of the syringe used for 

injecting the sample into the chromatograph. 
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1.2b Sample Injection. 

Methods of sample injection. There are two common methods of 

injecting a liquid sample into a gas chromatograph, the first using 

R class microrirette, and the second a syringe fitted with- a metal 

hypodermic needle. The micropipette can be discharged on to an open 

column2, through which the carrier gas supply has momentarily been 

shut off. Losses. of the more volatile components of the. mixture can. 

readily occur after discharge on to the column, prior to reconnection 

of the carrier gas supply. Alternatively a closed system maybe used3, 

in which the carrier gas is not shut off. The pipette is fitted with 

a piece of soft iron, and is introduced into a sealed chamber via a 

system of stopcocks, such that there is no interruption of the carrier 

gas supply. The pipette is then lowered onto the column by means of 

a permanent magnet attached to the outside of the chamber. In general 

the disadvantages of the micropipette system are that the pipette is 

usually designed to hold only a fixed sample size; lower boiling 

components are preferentially lost by evaporation:. there is an inherent 

delay between removing the sample from the bottle and introducing the 

sample to the column; sample bottles fitted with septa cannot be 

employed; the outside surface area of the pipette is large compared 

with the bore and hence the pipette may hold an. excess charge unless 

carefully wiped. Lastly, it is not possible to inject into the column 

packing, but only on to the column. Hence back diffusion into the 

space above the column can occur. 

A syringe has several advantages over the micropipette. Injection 

can be accomplished simply by piercing a rubber septum 
4 

at the top of 

the column with the syringe needle. There is no interruption of the 

carrier pas supply and stopcocks are not required. There need be 

virtually no delay between filling the syringe and injecting the 
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cortcnts on to the cölumn. It is possible to inject the sample into a 

flash. vaporization chamber (see below), or on to the column. For 

quantitative analysis, injection into the. column packing is the most- 

satisfactory procedure. Several precautions must however, be taken 

when using a syringe. The outside of the needle should be wiped free 

of excess sample before injection', and all air should be excluded 

between the sample top and the syringe piston. Since all materials 

exhibit a finite vapour pressure, any air trapped in the syringe will 

result in part of the sample entering the vapour phase, thus changing 

its composition. Injection must be deliberate and rapid, retaining 

the needle in the injection port for the same short time for all 

injections. The septum must not be permitted to leak and should be 

renewed as necessary, 

A syringe is capable of riving reproducible and representative 

sample injections provided the precautions noted above are taken. 

However for accurate quantitative work it is advisable to check the 

syringe calibration. The author has found. on a particular. syninge that 

although calibration was necessary, the performance of the syringe, 

and the reproducibility of the injected sample size did not deteriorate 

at all over a period of nine months continual use. Details of syringe 

performance are discussed in Chapter 4. 

A method of sample injection has been proposed in which the need 

to calibrate detector response with respect to sample size is 

eliminated5. The sample is introduced into a chamber, maintained at 

the temperature of the column, and is held in this chamber until thermal 

equilibrium between the sample and the operating temperature is reached. 

Only then is the sample allowed to pass on to the column. This ensures 

that a fixed volume of vapour is always introduced to the column. It is 

claimed that peak parameters, reduced to unit weight, are independent 
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of s-r. mnle weight, which is not the case with direct injection. Hence 

calibration of a detector at only one sample size, suffices for all 

other sample sizes, provided that the vapour pressure in the chamber 

does not exceed the saturated vapour pressure. The alternative method 

of nreheatin- a sample is to inject the sample into a chamber at a 

temnerature such that -. vacporization of all the components of the 

mixtiire occurs immediately, and they are swept without delay as 

vapours on to the column. This method must be used with care since 

fractional distillation of the components can occur before reaching 

the column, and isomerisation or decomposition may occur if too high 

a temperature is used. 

The injection of samples which are solids at room temperature 

introduces additional difficulties. -Any method which involves the 

direct removal of a solid. sample from the bulk w: i. ll not give a 

representative analysis of the bulk, due to fractional crystallisation 

which must have occurred during the preparation of the solid. Samples 

reust be taken in the liquid phase, either by melting the solid, or 

dissolving the solid in a solVont. Care must be taken to choose a' 

solvent which does not form one of the constituents of the mixture, --. 

does not react chemically, and is well separated chromatographically 

from all the constituents. The sample should be injected directly 

into the column using a syringe. 

The analysis of gaseous samples may be carried out usinc a syringe, 

but adsorption on to the walls of the syringe can lead to erroneous 

quantitative results. A syringe for gas analysis must be. exceptionally 

clean, and should contain no lubricant. It must of course be gas 

tight. For accurate quantitative analysi s injection by means of a. 

mns . namnling valve is more satisfactory, but lubricants and rubber or 

PTFE fittings must be avoided. The analysis of the contents of a 

1ý 
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cýliný? er of liquified Cases poses a particular problem. By 

repeatedly taking samples in the gaseous phase, and injecting into 

the chr. omatogranh via a gas sampling valve, the percentage composition' 

of the mixture will be seen to change. Consider a cylinder . containing; 

dual proportions of a number of gases. For early samples the gas 

with the greatest vapour pressure will predominate, but this gas will 

be used up preferentially, so that as sampling proceeds, its -proportion 

of the total. will progressively decrease. 

l. 2c Adsorption Effects. 

Adsorption of a sample within the column can occur on the walls 

of thr column itself6, on the stationary phase7 and on the inert 

support . Preferential adsorption of one of the constituents of a 

mixture will render a quantitative analysis invalid. Irreversible 

adsorption on the column walls is not readily detected by inspection 

of the resulting chromatogram and is usually observed indirectly by 

na. lysing synthetic mixtures. Adsorption on column walls can be kept 

to a minimum by using glass columns, in which the active sites have 

been rendered inactive by treatment with trimethylchlorosilane or a 

similar material. For column inlet pressures over about 30 lb/sn. in. - 

it is -usual, '' to use metal columns, and stainless steel is preferable 

to copper. If a copper column is used it is essential to pretreat it 

by heating strongly (800°C), and at the same time rpassing nitrogen 

through it for at least 24 hours, before packing. Even after such 

treatment the copper will still contain a substantial number of active 

sites, and in addition, when operated at high temperatures may promote 

dimerisation or rearrangement of the materials under analysis. In 

particular, the use of copper columns should be avoided for the analysis 

of compounds containing multiple bonds. Adsorption on a metal column 

can be. roduced by coating the inside surface with the stationary phase 
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to be used on the inert support. Unfortunately only polar stationary 

phases will sntisfactorily coat the walls and even then the coatinC 

trill only last for a month or so, depending on the operatinC conditions. 

In general, it is on the inert support thnt adsorption of components 

nr. edominently occurs9. A number of methods of support pre-treatment 

have been proposed, to eliminate adsorption sites. Acid and alkali 

10 
washing of the support to remove iron and aluminium is often employed, 

but thorough washing after treatment is essential, and even then 

activity is still significant. The addition of small quantities of 

hig'ily polar and involatile liquids to give preferential adsorption 

on the support has been triedll' 12, but is not particularly successful. 

13 Deposition of silver or' gold on the support has been used but 

lthough surface activity is reduced, there is a danger of chemical 

reaction occuring between the deposited. material and the components 

passing through the column. Deactivation by heating the support to 

about 1300°C is very effective 
14, 

but the most satisfactory method of 

minimising support activity is to treat the support with 

12,1,5 trimethylchlorosi lane or hexamethyl disilazane The latter 

compound is to be preferred in that it has. a much lower volatility 

and toxicity. The surface reaction is represented by the equation: 

CH CH. ý 13 F 
CH3 - Si - CH3 CH3Si - CH3 

(CH 
3)30. NH `81 (CH3 )3+ OH, OH ---ý 00+ NH 

- 'Si -0- Si- -Si -0- Si - 

A description of the procedure has been publishedl6. 

Adsorption losses within the column as a whole can represent a 

considerable amount of'the total quantity of component present. But 

the amount of adsorption is not proportional to the charge. The same 

amount of adsorption will occur, irrespective of the sample size. 

/ 
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Revertible adsorption affects the shape of th' resulting peak, in that 

it displays a tail. In extreme cases the tail is very long and only 

just above the baseline. Peak area measurement is thus very difficult, 

rind tho results obtained geometrically and by digital integration will 

not include the tail and therefore will cause a significrnt error (see 

Chanter 7). The smaller the sample size injected on to the column, 

the greater will be the proportion in the tail of the peak. It is 

rossible to estimate the amount of material lost by irreversible 

adsorption by plotting a graph of peak area as ordinate against size of 

slninle as ab. scissal. Assuming a detector 

concentration, a straight line graph will 

not pass through the origin. The point on 

line, represents the amount of charge lost 

is advisable to use as large a sample size 

with the capacity of the column and of the 

response linear with 

be obtained, which does 

the abscissa cut by the 

by adsorption. Hence it 

as possible, consistent 

detector. 

A somewhat different approach to minimisinc adsorption effects, 

which is used in cases of extreme adsorption, is to inject larCe 

r, uantities of the material which is itself adsorbed, until all the 

active sites are filled: Only then is a quantitative analysis of 

this material attempted.. 

1.2d Detectors. 

gor most quantitative work there will be a reasonable amount of 

sample available so that detectors of high sensitivity and low limit 

of detection are not essential. It is preferable to use a detector 

which has a predictable response factor, although its sensitivity may 

n loci. In the analysis of trace components, and in the. interests 

of high column efficiency and high resolution, it may be essential, ' 
to use a highly. sensitive detector even if extensive calibration 
is necessary. 

The analysis of materials retained for excessive periods on a 
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columu noses a problem. As retention time increases, the peaks will 

become progressively more spread, which in turn often results in peals 

of small height. Area measurement becomes imprecise, and open to 

cross errors. A procedure has been proposed. 
17 

to overcome this 

problem, in which amplification of the detector output is increased 

in proportion to retention time, so that all peaks are approximately 

the sarge height (assuming equal response). This makes the later peak 

areas rather large, but by making the recorder chart speed inversely 

proportional to retention time, reasonable sized. areas are obtained. 

-It irý quite probable however that by"adopt5. ng this method, rather than 

t^e conventional method, other errors would be introduced, thus 

invalidating the advantages claimed. It is preferable to avoid, 

whenever possible, extremely long retention times, by using higher 

column temperatures, and carrier gas flow rates. The analysis of a 

mixture containing materials of a widely different physical or 

chemical nature, giving retentions from a few minutes to several hours, 

is often carried out by increasing the column temperature as the 

analysis proceeds18, thus maintaining reasonable retention times for 

all the materials. More recently the technique of flow programming 

h? s been introduced19. From the quantitative aspect, both of these 

procedures must be used with caution. Many detectors give a response 

which is either temperature dependent or flow dependent: calibration 

brscomes difficult and even more time consuming than normal. it is 

often easier and more satisfactory to incorporate a column in front 

of the main column to remove preferentially some of the components of 

a mixture20, and to analyse this fraction subsequently. By choosing 

suitable stationary phas(P the two runs can each be carried out in a 

reasonable time without resorting to temperature or flow programming, 

1 
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There are a number of different methods of carrying out the 

nue. ntitative analysis of mixtures, which to some extent depend- on the 

nature of the detector. Several methods are described below. 

Ah, ýoiute determinations are carried out by measuring peals arms for 

]ino.., n amounts of each component, and calculating the calibration 

factorst Graphs are plotted of amount against response for each 

me. terial! This method must be adopted for detectors of unpredictable 

response. Internal normalisation is used when the variation of the 

calibration factor with molecular species is predictable, e. g. the 

as density balance21. 

Cx = Ax/Mx 1.1 

SJA/M 

where CX is the fraction of component of molecular weight MXand 

riving a peak area A in a mixture containing j components. 

Calibration may also be carried out by preparing mixtures of 

known composition, and measuring all. response factors relative to one 

of the components of the mixture. For a detector which does not have 

a response linear with concentration, the addition of known amounts 

of the component to a fixed concentration of an internal standard is 

made, and a graph plotted of: 

peak area of component amount of component 
against 

peak area, of standard amount of standard 

To analyse a mixture containing the component, a known amount of the 

standard is added, and using the calibration graph, the amount of 

component is estimated. 

A method eliminating extensive calibration but which in itself 

is time consuminc, can sometimes be used to advantage. A chromatomran 

of a number of components of unknown concentration is compared with 

that obtained from a known synthetic mixture, run under identical 

conditions. The approximate, composition of the mi;: ture is estimated, 

', 
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, nd on identical synthetic mixture prepared. The chromntoCram. s are 

comnared, and a new mixture made tip if necessary. This procedure is 

limited to about six component mixtures. 

1.2e Interpretation of Chromatograms. 

The : accura. cy, of a quantitative analysis will depend a great deal 

on the correct interpretation of the chromato7rar. The majority of 

detectors h^. ve a differential response, and the composition of a 

i: ixture can be estimated either by measurin,; peak heights or peak areas. 

It i more fundamental to measure peek areas in that the total area 

is nr. onort-ional to the total amount of material present: this. is the 

riethod used where the detector response in a simple function of a 

stoicheometric property of the components. However, in cases where 

the detector response is not predictable it is often easier to use 

peak height measurements. The measurement of peak heights has, 

hiowever, no logical basis: a peak height simply represents the 

concentration of the component at a given time, and is not therefore 

a measure of the total amount of -the component in a mixture. The use 

of peal: height measurements demands constant column operating; conditions. 

For exam}le changes in the operating temperature during an analysis 

will affect retention times, and hence peak heights are affected. 

The corresponding peak areas remain constant. On the other hand, (in 

the case of the katharometer), peak areas are affected by changes in 

flow rate, so that flow rate variations cannot be tolerated: but by 

us in- peak height measurements, small flow rate variations do not 

affect the quantitative analysis. Peak height measurements are 

limited. to symmetrical peaks: in cases where. distorted peaks are 

ohtýained, peak area measurements must be employed. In general peak 

height measurements are acceptable for the quantitative analysis of 

large charges of non-polar materials. The analysis of small amounts 
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of polar materials often give rise to distorted peaks, caused for 

example, by adsorption effects. Peak height measurements are.. 

inaccurate and area measurements must be made. 

Several methods of obtaining the area under a peak are used2'2. 

To some extent, the method adopted will depend on the geometry of the 

peak to be measured. ' For a, Gaussian curve, the peak . area is proportional 

to the product of the peak height and the peak width. The peak width 

is measured at a constant fraction of the peak. height, usually at-the 

half height position (which will give 84; ö. of the true area) or at the 

baseline. This method demands a itable baseline and is not satisfactory 

for distorted peaks.. Ror diffuse (but symmetrical peaks), peak widths 

at the base are difficult to"measure,. and. the half height position is 

preferred; 

The area of a peak can be r. educed to the measurement of the area 

of a triangle by the following 
., means. The area is proportional to the 

product of the. peak height,. and: the distance between the intersection 

of the tangents to the-points of-inflection of the curve 1h with 

the baseline. The peak height,! in this instance, is either the height 

of the chromatographic peak, or,. the. height. of the constructed triangle. 

Triangulation. is only satisfactory for symmetricgl peaks. 

The product of peal; height and retention distance has been used 

for quantitative estimation. The method assumes that column 

performance is independent of, the substances under analysis, and that 

the calibration constants for the'detector are proportional to retention 

volumes. The method is theoretically incorrect, and should not be used. 

for serious work. 

The areas of, distorted peaks. can be measured either by using a 

nlanimeter, or by cutting out the peaks, and ReihinG the paper. 

Planimetry requires skilled operation, and several determinations must 
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he carried out on each peak. The cutting out of peaks also demands 

care, anal the result will be affected by changes in. moisture content, 

var*. ations in the thickness of the paper: moreover the chromatogram 

is destroyed. 

Integrators are used for peak area meäsurement23, but älthouZh 

prorlucinG a result rapidly, they are very expensive. Integrators may 

demand a stable baseline and virtually complete resolution of components. 

Digital integrators 24 
require, n finite deflection from the baseline 

before cotuntinr beginn:, they are not therefore reliable for measuring 

the areas of peaks with long; tails (but see Chapter 7). Analogue 

intenratoro25 produce an integral chromatogram, and hence measurements 

rust still ho performed, although step heights can be measured with 

more precision than peak areas. Dio torted peaks,. and those with ton- 

tails can be satisfactorily measured. 

The most widely used methods of determining peak areas are; peak 

height and width measurements, triangulation, and plonimetry. The 

repeatability and reproducibility of these three methods have been 

investigated22' 
26. 

Repeatability is defined as the measure of 

precision of the results obtained by one operator using one set of 

apparatus. Reproducibility is defined as the measure of precision of 

the results obtained by, different operators using different sets of 

apparatus. The first method is easily the most precise, and. nianimetry 

the least satisfactory. Errors, arising in the first method were 

separately investigated and it. was found that peak height errors were 

greater than peak width errors, caused primarily by difficult; in 

locating the. baseline. However since widths are usually much smaller 

than heights, the two error sources contribute roughly in equal 

proportions. For. wide Peaks the measurement of widths depends more 

r': nd more on an. accurate measure of the peak heights, and hence there 

io a decrease in the precision of the resulting area as retention time 

increases. 
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The Author has carried out similar experiments using peek height 

and w . 
dth measurements, pealz weights, and integrators, to determine 

, peak area.. These results are presented in Chapter 7. and compared with 

tI-one obtained by Scott 
22 

The quantitative analysis of compound peaks poses an added problem. 

To what extent do the peaks overlap and what proportion of the compound 

real: it to be allocated to each component27? For a resolution of 

r^reater than 50%, the peal; heights of the individual components are 

not affected, so that analysis based on peak height measurements may be 

used. For analysis based on peak areas, internal norr. alis&--tion is 

carried out on the total area, and the ratios of the peak heights used 

to determine the proportion of the two components. This assumes equal 

detector response factors. In cases where the valley between the peaks' 

i3 too ; hallow to obtain accurate peak widths for area measurement, 

t''e width can be estimated by plotting a graph, of the peak widths of 

all the components in the mixture, against retention time; the widths 

of the unresolved peaks are obtained by interpolation. When resolution 

is less than 50%, peak heights are affected, and relative peak positions 

may also be affected. Results are generally unreliable. Whenever 

possible quantitative estimation of unresolved components should not be 

, ttenipted, rather the operating conditions should be changed to obtain 

complete resolution. 

The detector output is usually fed to a potentiometric recorder, 

often via an amplifier. It is therefore. essential 

ann)lifier and recorder respond in a linear manner. 

the recorder-amplifier system is usually caused by 

or poor equipment, since equipment with linearity 

=; ö are readily -available. In Teneral this part of 

apparatus is the only one which does not introduce 

quantitative analysis. 

that both the 

Non-linearity in 

incorrect setting up, 

i v±ations of less than 

thh' chromes tor; r. aphic 

errors into a 
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1. ý Conculsions. 

Loss of the more volatile components of a mi:: ture can occur if 

the �r. mnle to be analysed is not properly stored. It is advisable to 

store samples in full bottles, and to remove aliquots with a syringe 

through a sertum, fitted to the bottle. It is preferable to inject 

nam, ples directly on to the column, and to use a syringe rather than 

a micr. onipette. Adsorption effects can be minimised by use of either 

a stainless steel or preferably a Class column, and-by deactivating 

the inert support with hexamethyl disilazane prior to coating with 

stationary phase. A detector for quantitative analysis must either 

be calibrated for each material at all concentrations employed, or 

have a predictable response. Quantitative 
, 
analysis is preferably. 

based on peal: area measurements, rather than peak height measurements. 

The most satisfactory way of determining peak areas is from the 

product of the peak height and width. The quantitative analysis of 

unresolved peaks is not recommended. 

The accuracy of quantitative gas chromatography depends on so 

, i; nny factors, that reliable-results can only be expected when the 

c; reatest care is exercised. 
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1. 

. ýýLLlý 
rT Eý 2. 

Th^ Characteristics of a Detector for Gas Chromatography. 

2.1 Summary. 

The characteristics of a detector suitab7. c. for gas chromato; rarhy 

are discussed, with n^rticular reference to the quantitative aspect. 

: Iethoc, s are given by which the behaviour of practical detectors can 

be measured. The performance of detectors can be assessed by a set of 

numerical values, and in addition by qualitative description. 

2.2. Discussion. 

The properties of an ideal detector are so numerous, and in some 

instances conflic_tinu,, that no single detector can satisfy all the 

requirements. A most important property of a detector is that it 

must have a predictable response. Ideally a detector should. respond 

equally to all materials, either on a weight basis, or on some other 

stoichiometric property. Using such a detector, negligible calculation 

iý7, involved, 
"to 

find the weight percent of a mixture. In addition, 

absolute quantitative analysis is possible if the total- amount of 

sample injected is known. In practice no detector is found to satisfy 

this reouirement over anything more than a small concentration range, 

or for more than a limited number of materials. In general therefore 

it i. ^ necessary to measure experimentally the response of a detector 

to the materials under analysis. Qualitative analysis should therefore 

precede quantitative analysis. Detector calibration for the constituents 

of even a relatively simple mixture is a time consuming process. 

For a detector, whose response factors have been measured, the 

amount C of any component x in a mixture will be given by the expression: 

Cy = aA 2.1 

1 -1a. 
A 

where A,, is the peak area representing component x, and A is the total 

area of j components. 'a' values are calibration constants relating 

peak area to the amount of component. For an ideal detector the values 
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of 'o' for th^ 'j' comronentr would be identical. 

to the requirement of predictable responses for all. 

-aolecules, is that of a linear response for each material, over the 

.. 'hole range of concentration encountered in gas chromatogr. aphy, it 

i. s found in practice that . 
fear detectors even approach such behaviour1-3, 

and in reneral calibration is required for each material at all 

concentrations. The response of a detector, and hence the calibration 

thus falls into two parts: the response with respect to concentration, 

of :,. rarti. cular species, and the response for riifferent species at 

each ccncentration. Both responses can normally be obtained from a 

sin, 7le series of experiments. 

2.2a Detector Calibration. 

Various mcthods have been proposed for the calibration of 

detector response against concentration. For a relatively insensitive 

detector, the obvious method is to inject, using a syringe, known 

amounts of the material'in question, on to, the column; a graph is 

plotted. of sa nle size against the peak area of the resulting 

chromatogram. To minimise losses due for example to adsorption within 

the column, the unknown mixture must be run under identical conditions. 

gor sensitive detectors such as the flame ionisation detector',, thic 

etiiod is unreliable, in view of the very small charges required (<1 lil). 

The diffusion of a solute from a glass capillary into the carrier ; as 

stream has been proposed 
ýý: 

. by varying the amount of solute, different 

concentrations of solute vapour are obtained. The procedure is time 

consuminc in that only one substance may be used at a time. In the 

nethod used by Swoboda5, the carrier gas is saturated with the vapour 

of n solution containing- the components of'interest (as'solutes)o The 

nmonnt of solute in the carrier gas, is calculated from Henry's Law, 

and the detector response obtained. A whole range of concentration is 
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covered by repeating the experiment with solutions containing different 

uroportions of solutes. 

The continuous dilution of a. solute by a ras stream has been used 

for detector calibration 
6. 

The concentration of the solute will riecay 

e''nonentially with time, and hence for a linear response a plot of 

log renk area against time will be a -straight line. Deviations from 

linearity are thus immediately obvious. Unfortunately at low 

concentrations, where the method would be most valuable, the rate of 

ch, mr; e of solute concentration may also depend on the rate of desorption 

o. ' the solute from the walls of the dilution vessel, although this can 

b^ minimised with careful design7. Adsorption errors are eliminated 

hr plý. ci_n^ the solute in a high boiling solvent8. In add. ition, any 

nuriber of solutes may be examined at one time, thus decreasing the 

calibration time significantly. Other methods of detector calibration 

o- varour dilution have been discussed by Gregory9 and Krugersl"G 

The vapour dilution technique in, the'form described by Fowlis and. 

Scot;; 
3, 

is ideally suited for detectors of low limits of detection and 

high sensitivity. For the more insensitive detectors, the Author has 

used the mass detector3, whose response is predictable, to calibrate 

other detectors, by incorporating the two detecting systems in series 

or in parallel. Indeed this method is not restricted to the calibration 

of relatively insensitive detectors, but may also be used for the 

calibration of high sensitivity detectors, provided a suitable stream 

sp_ii. ttiný device is incorporated in the system. A detailed description, 

of this work, together with some calibration curves for a number of 

detectors is given in Chapter 6. 

A detector which responds solely toa particular chemical species 

or which has a widely differing response for different species, can 

sometimes be used to advantage. For example a detector which responds 
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predominently to sulphur containing or halogenated compounds 
ll, 

will 

select these materials from a mixture, and ignore all other materials, 

thus simplifying analysis of the sample. Such a detector can for 

certain ipDlications be as valuable as a detector giving an equal 

response for all the components of the sample. There still. remains 

ho'iever, the problem of 7nalysing the remainder of the mixture, so 

that even in cases such as described above, the ideal detector will 

be required 

2.2b Detector Requirements. 

lt ir: evident that a detector which does not reouire calibration 

is of gren. t value, even if it does not satisfy all the remaining 

requirements of an ideal detector. 

A detector should be insensitive to random changes in carrier gas 

flo;:: rate and to pressure fluctuations. Similarly, a detector should 

be insensitive to random temperature changes, particularly if it is 

2 
measuring a property which itself is' temperature dependent. A 

detector sensitive to such fluctuation,, can yield erroneous quantitative 

data, even if it has previously been calibrated. Baseline changes are 

often the result of such fluctuationc12. exact location of the 

b^., eline is made difficult, and peak area determinations become 

innrecise. 

Detection systems which attempt to measure small changes in'large 

values are in general unsatisfactory, although several systems have 

been pronosedl3. for example the measurement of the gas florw rate. 

change accompanying the elution of a solute. 

A detector must have a high signal to noise ratio in order that 

the two effects may be unequivocally distinguished. Noise is defined 

as the random fluctuations of the out-nut of the detector occurring at 

any instant. The signal is the output change which occurs when a 

sample enters the detector. 
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2.2c Detector Sensitivit, f. 

The relative merits of detectors are often described in terms of 

sensitivity. However there is no single definition of the term 

sensitivity, so th^t comparisions on such a basis can be very 

ii. sleaciinm. The first quantitative definition of sensitivity was 

made by D-I. mbat and co-workers in a paper on quantitative analysis 
14 

in general: 

Sw = ASrF 2.2 

TW 

where SW = sensitivity ml my mg 

A= peak area cm2 

W= weight of sample mS 

Sr = recorder sensitivity my cm 
1 

T= chart speed cm min-1 

F= flow rate at exit ml min-1 

(The symbols have been changed to conform with those used in the 

remainder of this discussion). 

McWilliam proposed that, for a differential detector the minimum 
15 

detectable signal represents the minimum detectable gas concentration, 

but for an integral detector the minimum detectable weight is quoted. 

Ile defined sensitivity as the change'in gas concentration which gives 

a signal equivalent to the background noise, i. e. sensitivity is 

ex7ressed in terms of micrograms per millilitre S2. It is necessary 

to quote the noise level. Rn(I. N) and in addition the baseline drift 

(11V hrýl). In some cases the drift may be the limiting factor, rather 

than the noise level of the system. Mc, Tilliam also points out that 

since the sensitivity of a detector will vary for different chemical 

species, any relationchin between detector resronce and some molecular 

paramete'. r should be quoted with sensitivity values. Therefore auoti. n; 

scil3itivities in terms of the minimum detectable sample size for a 

differential detector is misleading, since by changing column conditions, 

the w: i. dth of a given peak can be reduced, and hence the minimum 
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detectable sample size is reduced. However, such figures are readilY. 

converted to a concentration basis by dividing the minimum detectable 

; rei-ht by the volume V of the carrier , as in which the component is 

e1u`ed (mal). 

s2 s 2.3 

V 

whereSý = sensitivity jig and S2 = sensitivity li- m1-1. V is obtained 

fr. om the peak ýridth. 

The term detector output D introduced by I4ctiilliam15 is identical 

to the definition of 'sensitivity' given by Diribat. (equation 2.2). 

In snort, the Dimbat and AIcWilliam definitions of detector 

sensitivity are related by the expression: 

SW Rn 2.4 

S2 

The most satisfactory set of definitions to describe detector 

sensitivities is to be found in a paper by Younr; 
16. 

Young defined the 

sensitivity S, of a detector, as the ratio of the change in response 

R, to the corresponding change in the quantity measurec4, Q. 

i. e., S= 
__ 

2! 5 

where R is measuredin mV, Q is measured in mM minli therefore S is in 

mlmVmM1. 

'or a detector whose response is not linear with concentration, 

sensitivity will vary with the amount measured. A new term was 

introduced which is self descriptive. The term is the limit of 

detection 
o and. can be regarded as a quantitative measure of the 

vague terrl "sensitivity" referred to in many early pavers on detectors17. 

The limit of detection is the smallest amount of the quantitr measured 

which can be detected with a specified degree of certainty. The 
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uncerIC-i. nty is regarded as the noise level, Rn (-peak to peals). 

-i na1 to noise ratio (minimum) is two, thus: 

S= 2R 2.6 
n 

Ro 

ý.. e. the limit of detection: 

Ro 2R 
]'1 

2.7 

S 

The 

A rri7. h of -. I against R, has a slope S. If S is known, then Ro can be 

rnic? tlated if Rn is estimated. The noise level may be measured 

c irectly from the chromatogram, 'n 4s ? preoo -xi n 

A7-though the relationship only holds when R is a linear function of 

n, a re. sonable estimate of the limit of detection can be obtained for 

most detectors, provided that S is measured near the limit of detection. 

In addition there is an uncertainty in estimating ßn, and hence 
o. 

Details of est_mating the noise level by a statistical method have been 

uublishocii8, but the simple graphical method mentioned above is quite 

satisfactory to give reasonable values for Qo. Qo values describe an 

act»al situation, and tale into account noise levels, whereas S is an 

inreali. stic term and may lead to erroneous conclusions. For example 

comparison of the sensitivities of a thermal conductivity cell 
14 

and 

cross-section detector'3 gives values of S of 4x 101E and 5.5 x-10 
4 

respectively, but identical values for 
o, 

since the noise level of the 

cross-section detector is higher than that of the katharorneter. 

E. pression 2.5 is very similar to the definition of sensitivity given 

b; ' Dirbnt (expression 2.2), and can be rearranged so that values of S 

can be obtained directly from chromatograms. The Dimbat expression 2.2 

can be written: 

`w= PF ml mV mg-1.2.8 

W 

-he concentration units are not. particularly convenient, althouCh"values 

of SV1 are within an order of r nitude of sensitivities quoted in 
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volume/volume units. 

The Young expressions 2.5 and 2.7 can be written: 

Z= PF ml mV mM 2.9 

11 

^ncI qa = 2Rr AI mM ml- 2.7.0 

PF 

where p= neck area mV min 

F= flow rate ml minnt 

W= weight of component mg 

TAI = a~ount of component mM. 

Concentration measured in millimoles per millilitre is more 

useful., and is about twenty times the V/V ratio under normal worl-inr; 

conr1itions. It follows from equations 2.8 and 2.9 that the limit of 

detection can be expressed in terms of milligrams per millilitre (% 41) 

or millimole per millilitre (Qo). 

The nQo value was introduced, the definition of which is analogous 

to the definition of PH: 

rqo = log 1 2.11 10 
Qo 

The recommendntion: > of Yoiing Co a long way toward standarcl isin,: 

the mcthods of detector comparisons. It is however necessary to 

standardise the conditions under which the measurements are made. This 

can be achieved by operating with a chromatographic column under 

standard conditions, or preferably using an empty column, and specifying 

the fo11o; ";: inm variables: 

flow rate, temperature and nature of the carrier -as, 

the type and quantity of sample, and the manner of injection, 

the dimensions of the empty column. 

: gor the purposes of the calculation of 0 
o values, the detector 

: holulri be taken to include the associated amplifier, where aprropriate. 
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I': was recor; nined that there are two extreme types of differential 

detector 
19: 

?. ) a detector in which the response is proportional to a change in 

the concentration of the material eluted in the carrier gars. 

('. i) n detector whose response is proportional to the rate of entry of 

the srinle into the detector. 

The forrier type is represented bfr an idea]. katharometer, and the latter 

by a. fl; ime ionisation detector. Purnell proposes that the definition 

of sensitivity given by Young (equation 2.19) is to be used for 

concentrnti. on sensitive detectors. This renresents a recorder response 

(peak height) per unit concentration of sample in the carrier gas at 

the detector. This is most suitable, since for an ideal katharomete. r, 

for n fixed sample size of material eluted from a column, at various 

different flow rates, the peak height would remain constant. Purnell 

e:: tended the proposals of Young, and expresses sensitivity solely in 

terms of moles: 

Sm =P Fm 2.12 and hence Qom = 2RnM 2.13 

FP 

where P= pea?: area mV min (quoted as mV mM by'Purnell19) 

Fm = flow rate mM min-' 
J 

Sm = sensitivity mV 

i. e. S is the sensitivity in terms of moles/mole, (i. e. V/V). ' 

It is however simpler to calculate Sm using the equation: 

Sm = PF 2.14 

1ýIZ 

where N1 is the gaseousvoltune of the sample at the temperature and 

pressure at which the flow rate is measured. 

For c1etectoýs sensitive to the rate of entry of sample, 0nkiehong20 

»ropooed the expression: 

Sý =P2.15 

w 
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where P= neat: area pul sec. 

hrnin, after Young it is preferable to write: 

S=P and 
q= 2RgI4 2.16 

non 
I1 P 

q 

Sr is thus the electrical response of the detector in microcoulombs 

ner millimole of eluted material. This definition has the' added 

attraction that for an ionisation device Sq/96! 5 gives the apparent 

ionisation efficiency of the process occuring in the detector 
21 

However Qö, the minimum detectable rate of entry of a component into 

the detector is not easy to envisage in practical terms and Condon22 

proposed that Qo (equation 2.10) should be used, even though it may 

seem to be inappropriate. 

It is not essential, indeed it is not always possible to nntote 

precise figures for the limit's of detection. -Usually all that is 

required is the order of the detection limit of one detector, compared 

to that for another detector, under specified orerating conditions. - 

It is particularly useful to know the smallest amount-of a 

component which can be detected, in the analysis of trace impurities 

in a mixture. It can often arise that the limit of detection of a 

particular detector is above that of the highest acceptable 

concentration of an impurity. A knowledge of detection limits is 

thus required. It is also useful to know detection limit. values when 

analysing materials which are difficult to separate. Since column 

performance approaches'ideality at an infinitely small sample size, 

the greatest chance of successfully separating materials is when very 

small charges are used. It is worth noting that, irrespective of the 

method used to describe sensitivity, it is the peak height which 

limits measurement. It is of no value. to obtain a large peak area, 

with a negligible peak height. The limits of detection for a number of 

detectors are given in Chapter 3. 

I 
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The upper limit of detection it a value not found in the 

literature, but which under some circumstances it would be helpful 

to know. It is proposed that the upper limit of detection Q, be 

defined as the largest quantity of sample which can be detected before 

detector overload (not column overloud) occurs. Detector overload is. 

readily observable in the form of distorted peaks (to be distinguished 

rom distortions caused by adsorption within the column, too low an 

operating temperature etc. ). For example an overloaded. B-ray Argon 

ionisation detector will give a split peak for a single component 

(figure 21). The sensitivity at which overload just occurs is: 

S= Rmax 2.17 

0 

Rmax 2.18 

S 

with units as in equations 2.10,2.13 or 2.16 as appropriate. RmaY 

is measured in millivolts and is the point at which anomalous response 

begins. It could arise, through lack of recognition of the symptoms, 

that an operator could attempt to resolve a split peak, which was the 

result of detector overloading. 

An alternative definition of overloading has been proposed23, in 

which the detector is said to be overloaded at the point where the 

response ceases to be'linear with respect to concentration. ' The 

definition is misleading in that it implies that a detector has no 

useful. workinr; range beyond its linear dynamic range. In many instances 

the useful working range of a detector is several orders of magnitude 

r, reater than the linear dynamic range. 

The analysis of trace components and major components in the same 

mixture will frequently require a l. nowledge, both of the lower limit 

of detection and the upper limit of detection. The dynamic range of a 

detector may be defined as: 

ý eý QO 2.19 



ý. s 



-29- 
This must be distinguished from the linear dynamic range, which is the 

range over which the detector will give a linear response. (for a given 

The linear dynamic range is usually very much smaller than 

the dynamic range, except in the case of an-ideal detector, when the 

two values are equal. 

Experimental determination of the limits of detection, and the 

dynamic ranges are carried out using the various techniques described 

under detector calibration. 

On the basis of the above discussion, it is proposed that the 

follo; rinm numerical description be given for each detector: 

(i) the upper and lower limits of detection, 

(ii) the dynamic and linear dynamic ranges, 

(iii) the baseline drift, 

(iv) the conditions under which (i) - (iii) were measured. 

2.2d Response Time. 

There are .a 
number of other factors which must be considered. A 

detector should have a rapid response time15. Three factors contribute 

to the overall response time of a detector: 

(i) the speed of response of the sensing element, or the process 

involved. 

For example the changes in temperature of a katharometer filament are 

relatively slow compared with ionisation processes. 

(ii) The detector volume. 

(iii) The time constants of the associated equipment (e. g. recorder). 

The speed of response of a detector can limit the resolution 

observed. A detector of response time 5 seconds, will not be able to 

distinguish between two adjacent components which have relative retention 

times of less than 5 seconds, even though the column itself may be 

capable of resolving the components. For excessi y- long speeds of 
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response, peak distortion occurs, and although the total a. rea under 

the peak is not affected, it is difficult to obtain an accurate 

a. sessment of the peak area. 

In the case of a detector of instantaneous response, it is 

possible to increase the limit of detection by suppressing the noise 

electrically. This will increase the response time (iii), but 

n. rovided. it is still small (-<1 sec. ) this is of little consequence. 

Loss of resolution of separated components can occur aithin a 

detector if the detector volume is excessive (several cc's) 
19 and 

r1istortion of peaks will occur. In addition, if the volume of the 

, 3etector is l; reater than the volume of the peak, the detector cannot 

measure accurately the true differential response (i. e. the rate of 

change of concentration) and serious errors in analysis may result. 

The effects of detector volume on peak symmetry and retention volume 

l 
have been considered mathematically by Johnson and Stross? F. 

`. -; ith commercial gas chromatographic apparatus the time constant 

of the associated electrical equipment is usually negligible, except 

for the potentiometric recorder, whose response is in general of the 

order of 1 second for full scale deflection. For the majority of 

applications this is satisfactory, but for high speed analysis using 

capillary columns it. may be necessary to use an oscilloscope in place 

of the recorder25. In the case of high' sensitivity detectors of high 

impedence, particularly the flame ionisation detector, even small stray 

capacitances can give rise to a significant increase in the overall 

response time. For example the presence of a capacitance oft0OpF, will 

result in a time constant of 1 second, for a system of resistance 

about 1010 ohms 

Experimental methods of'determininr; the speed of response of a 

detector ere described by several authorsl2' 
26,29. 

Schmauch defines 

" ý, l 
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response time, rt, as the time required to introduce the gas into the 

Measuring region (r) and the time required by the. measuring transducer 

to reach a new equilibrium (ra), 

e, rt =r+ ra 2.20 

Ust,. al'ly r r. 

Only r is independant of the carrier gas flow rate. a 

The time taken for the introduction of the gas into the measuring 

region will depend on the construction of the detector, and on whether 

the gns enters by diffusion or direct flow (cf katharometer designs 

described in Chapter 3). Expressions are derived to describe the two 

moans of flow, but these only represent extreme cascr since in most 

detectors diffusion and direct flow must both contribute. For pure 

diffusion the concentration of the compound (C) in the measuring 
m 

rerion is given by: 

C= e-t/r fet/r C dt 2.21 
mo 

r 

where C 
o= concentration of the compound at the opening of the 

. 
diffusion channel., 

t= time between introduction and measurement, 

r= response time. 

r will depend on the volume of the measuring region, the diameter and 

length of the diffusion channel, and the diffusion constants of the gas 

and sample. To determine the response time, an instantaneous change 

in the concentration of the component is applied to the detector: 
/ 

Cm ='Co (1-e-t/r) 2122 

and r=t when Cm = 0.632C© 

Hence r is calculated from the resulting; chromatogram. 



-32- 

For direct flow: 

C= Co rt2.23 
vd 

where F= carrier as flow rate - ml minVd = detector volume': nl. 

The experimental procedure is simple, and a procedure based on 

tant, described by Schmauch12 has been used by the Author (see Chapter 

6). The paper also described the effect of response time on peak 

reometryy, and position. 

The method of mcasurin- response time adopted by King 
26 

is based 

on the assumption thr. t for a detector of zero response time the ratio 

rm 1: area/retention time, is constant. By plotting a graph of this 

ratio as ordinate against residence time of the sample in the detector, 

for a practical detector, a curve is obtained. The residence time is: 

Ad = Vd 2.24 

F 

The ratio, peak area/retention time will reach a maximum. At thi3 

point the residence time is equivalent to the response time, i. e.: 

td ý. r 2.25 

Purnell19 gives the expression for the response time of a direct floor. 

detector a. s: 

V 2.26 

F 

which is of course readily obtainable from 2.23 and 2.24. No 

experimental. procedure is given. Note that although the expressions 

2.21,2.22 and 2.26 do not include the contribution rat'the response 

time which is measured experimentally will include this contribution, 

if the Schmauch procedure is adopted. The terms "measuring region 

volume'' $, t1detector volume" are not necessarily synonymous, i. e. 

there is a distinction between "effective detector volume" and"geometric 

24 
detector volume". :; n estimate of the effective detector volume can 

be obtai. ned. 'from peak widths. By injecting; a sample into a short empty 

L 



column, and assuming rapid injection, of .a small sample 
size and a negligible band broadening until the detector is 

reachod, the width of the resulting peak is governed by the effective 

detector volume, and the response time r. Using; this procedure the 

contribution ra to the total response time, is excluded. The effective 

detector volume, and hence r, are calculated from a knowledge of the 

recorder chart speed and the carrier gas flow rate (see Chapter 4). 

Purnell considers, in addition to the above contributions to 

response, the dead volume existing between the column and the detector. 

however this is not strictly related to the detector performance, and 

can be minimised by good design. In any case, dead volume in. this 

region will merely introduce an equal delay to all components: only 

in the case of fairly large dead volumes will band diffusion produce 

inferior results. By operating two'detectors of similar volume in 

series, a measure of the loss of resolution occuring between the 

detectors can be obtained. The Author has carried out such experiments, 

the results of which are given in Chapter 4. The response time of a 

detector should be included in any table of detector characteristics. 

2.2e Other Detector Characteristics. 

The remaining properties of an ideal detector do not lend 

themselves to numerical description. 

The etecting element should not be required to operate at such 

a temperature that pyrolysis of the detected components may occur 

(except with flame detectors). - A system in which components never 

come into contact with heated filaments is to be preferred, since 

oxide formation on the filaments and corrosion can result in changes 

in the sensitivity (Young definition) of the detector during; its life, 

thus upsetting; calibration. Ruch a system is found in the Martin gas 

density balance2. In general a compromise must be reached. In the 

case of the katharometer corrosion of filaments is minimised by using 
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a diffusion cell (see Chapter 3), at the expense of a rapid response 

time. 

It should be possible to automatically record the response of a 

detector, rather than be limited to manual plotting. This is a 

condition easily fulfilled in the vast majority of detecting systems. 

A detector should be a simple piece of equipment, being readily 

constructed and requiring the minimum of maintenance. For some 

applications a detector is required to be robust. Eaoe of operation 

riuut be borne in mind, although since after initial setting up, a 

detector response is automa ally recorde this should present no 

faculty. difficulty. 

The degree of control required to-maintain adequate sensitivity 

and stability is an important factor. A detector which works perfectly 

satisfactorily only at a carrier gas flow rate of 100 ml min-' 0.2 

ml min-1 is obviously very limited in applicability. A detector must 

be as versatile as possible, i. e. must operate over a wide range of 

conditions and respond to as wide a range; of materials as possible. 

Of groat importance, at least from the non-scientific aspect, is 

the cort of the detecting; system: this must include not only the 

detecting element itself, but in addition the associated amplifier, 

control unit and recorder. It does not follow that cost is directly 

related to the "degree of ideality" of a detector. 

James? 7 has proposed that a detector-should respond not only to 

the instantaneous concentration, but at the same time to the total 

ma, -ýs eluted, since integration, either geometrically or electrically, 

of a differential signal lends to inaccuracies (see Chapter 1). It 

is difficult to envisage such a detector: the nearest approach to this 

ideal is to operate two detectors in series, one having a differential 

response, and tlieother an integral response. Such a system has been 

deed by the Author, and is discussed in the following chapters. The 
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re_inti. ve advantages of detectors gßvinf; differential and integral 

. recnonse are listed below. 

Differential Response: the component band centre (peak maximum) is 

readily detected. This is particularly important for the determination 

of retention data28. Partially resolved peaks'and very small peaks 

nre more readily observable. 

Integral Response: the need for integration procedures is eliminated. 

and quantitative estimation only involves step height measurements. 

It in more precise, easier, and less time consuming to measure step 

heif7hts-(see Chapter 7). Quantitative estimation is not difficult with 

distorted hands. ("Band" signifies the actual component profile, 

whereas "peak" and "step" describe the detector output profile). 

The odv intn,; es of a differenti<nl detector indicate that it i: riore 

^uitab1e for qualitative analysis, whereas the integral detector jr, 

rar ciitierior for quantitative analysis. Two detectors in series thus 

rive the advantages of both'type$ of. detector, and do not give rise to 

any additional disadvantages. 

Proposals are put forward for the qualitative description of 

detectors, linted in order of importance. In addition to the numerical 

description of a detector, given,. in sections 2.2c and 2.2d qualitative 

description is necessary. The extent to which a practical detector. 

fulfils the function of an ideal detector is described in the following 

terms: 

(i) versatility, 

(ii) insensitivity to random changes in operating conditions, 

(iii) ease of construction and operation, 

(iv) cost, 

(v) robustness. 

- 

.1 
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2.3 Conclusions. 

The most important characteristic of a detector suitable for 

quantitative analysis is that it must have a response which is 

+redictable for all chemical species, and which varies linearly with 

: -ample nize. DAtectors with responses specific to certain chemical 

types can be useful in specialised fields. 

Detector sensitivity is most satisfactorily described in terms 

of the system proposed by Young16. It is helpful to quote both the 

unser and lower limits of detection, and the linear dynamic range. 

A 
. 

detector must have a rapid response time and a small effective: 

volume to minimise r. esolution- losses and peak distortion. 

An integral detector is the more satisfactory for quantitative 

nn zlysis . 
2.4 List of SýTmbols. 

Svmbol Si. mnificance Unitd 

a response factor 
A peak area cm2' 
C fraction of component - 
C component concentration in 

m measuring region - 
C initial component concentration as C 

o m 
F flow rate of carrier gas ml mini 
F mM min m 
M amount of component mM 
Ivj n rr n ml 

P peak area mV min 
P itA sec 
Q quantity measured mm ml -1 
Qo lower limit of detection _ mM ml- 

Qom if it It " (moles/mole) 

n rr rr rr u mI'I sec71 
Qo w r. rr ºr I mg ml-1 

Q00 upper limit of detection as 0, Is 
0 

r sample introduction time sec 
r5 response time of transducer sec 
rt response time of detector sec 
R response mV 
Rmax onset of anomcOlous response mV 
Rri noise mV(or )IV) 
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S, Tmbol Sir*nificance Units 

Rp noise IIA 
S sensitivity mlmVmM-l 
Sl if dig 
S2 It Jig m1 

S it mV m 
-1 . rt ýlA sec ml-1 

S recorder sensitivity mV cm-1 r 
-l S sensitivity mlmVmg w 

t time lag introduction- 
measurement sec 

td residence time sec 

T chart speed cm min 
Vd detector volume ml 

W weight of component mg 
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CHAPTER 3. 

Detectors for Gas Chromatography. 

Introduction. 

The literature contains a vast number of references to detection 

systems. The majority of detectors never gain widespread acceptance, 

usually clue to a failure to satisfy even a few of the requirements 

discussed in Chapter 2. In some instances, however, the failure of 

a detector to gain popularity is less readily explained. For each 

detector described below the principle of operation is ; i_ven and 

reference is made to any papers giving constructional details. The 

response characteristics are critically discussed, and finally the 

value of the detector as a quantitative instrument is assessed. The 

two commonly used detectors, namely the katharometer and the flame 

ionisation detector,, are described first, and these are followed by 

a number of flame detectors in which different modes of detection are 

employed. There are a number of detectors based on radiological 

ionisation, and each of these is discussed. Discharge detectors are 

mentioned, although they are little used. Detectors based on the 

measurement of density and volume changes are important from the 

quantitative aspect, 'and these are discussed in detail. These are 

followed by a number of detectors, which although not in common use 

have been the subject of study by some 'workers. The value of auxiliary 

detection techniques is summarised. 

3.1 Katharometer Detectors. 

. one of 
The katharometer is)the most widely used of all detectors, and at 

the same time satisfies the least number of criteria for a good detector. 

It was first used in gas chromatography by Ray1 and Griffiths2. 

The response of an ideal katharometer depends on the difference in 

thermal conductivity between the pure carrier gas and the eluted 

components in the gas stream. In the basic"katharometer a heated wire 
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is p1iced along the path of the carrier gas. Under constant conditions 

of flow rate and temperature, the resistance of the heated wire will 

remain constant. In the presence of a component, there is a change in 

the thermal conductivity of the atmosphere surrounding the heated coil 

and. the temperature of the coil, and hence its resistance will change. 

In general the thermal conductivities of organic vapours are lower 

than those of the permanent Cases so that a temperature increase occurs, 

and hence the resistance of the wire decreases. The thermal 

conductivities of a number of organic compounds have been rublished3. 

If the wire forms one arm of a Wheatstone bridge, balanced when pure 

carrier gas flows, the amount of unbalance, in the presence of a 

component, can he used as a measure of the amount of component present. 
I 

For an ideal gas mixture, thermal conductivities (k) should be additive 
4: 

knot = xlk1 + x2k2 3.1 

xl = mole fraction of solvent of thermal conductivity kl 

x2 = mole fraction of solute of thermal conductivity It2 

The change in thermal conductivity is given by: 

(a ). _ kl - kne t 3.2 

Thus by measuring the change Q, k, the amount of comronent present on a 

io1ar basis can be found. However, expressions derived from the kinetic 

theory by Hoffmann5 do not predict simple additivity of the thermal 

conductivities of the-components of a mixture. The different molecules 

in a 1-as mixture will have different cross-sections, and hence the 

mean free path lengths will be different. Equation 3.1 is rewritten: 

lc K11 + 1.21 3.4 

K1 K2 

where the ratio Krepresent mean free path chances of components in the 
X. 

pure ntate, ý and in mixtures. Thermal conductivities are only additive 
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when the'sample and carrier ; as are matcheü with respect to mass, 

col! 4-lion di^. meter, intermolecular force constants etc. 
6. 

Numerous attempts have been made to correlate theoretical and 

experimental katharometer responses. Using a carrier gas such as 

nitrogen, which has- a low thermal conductivity (i. e. the same order as 

or-cnic materials), the response for different species, even at similar 

molar concentrations cannot be predicted5' 
7-9 

However, by using a 

carrier gas of high thermal conductivity, such as helium or hydrogen, 

the response of many organic compounds is found to be similar at 

similar concentrations. Using helium the theoretical responses of 

the katharometer to a number of organic compounds have been' calculated, 

using equation 3.3 and compared with experimental values10 The 

_majority of theoretical values were about llö below the experimental 

values. Better agreement was obtainedl0' 
11' by basing the resnonsec 

on a wei(ht basis rather than a mole basis. Despite the lack of 

,, eneral agreement, it has been shown that for a limited number of 

homologous series, the katharometer response per mole of solute, 

relative to benzene (RB), can be represented by the equation 
10,12 

RB = Xl + X2M 3.5 

where Mý molecular weight of carrier gas (helium) 

Xl, X2 are empirical constants for the homologous series. 

. 
The equation was found to be satisfactory over a wide temperature 

range (30°C to 160°C), over a ten fold concentration change, and for 

a wide helium flow rate range. 

Schmauch and Dinerstein9 considered the response of a katharometer 

to be the product of two factors, the cell factor, which depends on 

the oneratin conditions, and the thermal conductivity factor. Using 

helüim, response is approximately linear for many compounds, and at 

any given temperature only a single response factor is required for 

each material. However, using nitrogen, complete calibration is 

required. The effect of changing operating parameters on detector 

response is discussed in detail9' 16. 
-Hioffmann5 has developed 
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enuntions to predict molar response factors. The results are in 

e-: cellent agreement with experimental values for a variety of organic 

compounds, when helium or hydrogen is employed. The equations do not 

satisfactorily predict response factors when nitrogen is used. 

Theoretical response factors have been published by several other 

13,14 
workers . 

For semi-quantitative work, response factors based on very simple 

relationships are sometimes satisfactory. For example, using helium, 

Tastman15 found a direct relationship between response and (molecular 

I 
weirht)ý of the sample. Even using nitrogen, the expression is 

satisfactory for a few homologous series. In addition, compounds with 

similar structure and similar composition give similar respon. ae factors. 

Again, using helium it has been demonstrated experimentally that&emi,. 

nuantitative results are obtained by calculating the percentage weights 

of the components of a mixture directly from the nercentnf; e areas of 

the peaks. The theoretical basis of this relationship has been 

discussed 
ý7. 

Using simple thermal conductivity corrections for response, 

the quantitative analysis of water-alcohol, and other simple solvent 

mixtures; has been successfully carried out, with helium. as carrier 

gasla Experimentally determined response factors for hydrocarbons 

in helium, have been published19. 

In an attempt. to obtain predictable response factors on the basis 

of equation 3: 1 Jordan et a16 have proposed the use of mixed carrier 

gases such that their molecular properties match those of the components. 

Quantitative determinations of carbon dioxide have successfully been 

carried out using a mixture of helium and nitrogen as the carrier gas. 

Obviously such a method cannot be adopted for tie. analysis of complex 

organic mixtures. 

It is clear that the response of the katharometer using nitrogen 

as carrier gas, is unpredictable. Under certain conditions distorted, 

split or negative peaks are obtained (see figure 3.1). Such effects 

:1 



were first reported in 19562-22. Peak inversion� are most readily 
23 

observed at high flow rates, and are therefore probably not caused by 

decomposition of material on the hot wire, but by changes in the slope 

of thermal conductivity isotherms of the different components of a 

mixture 
24. 

This view has been substantiated by several other workers? ' 

21,25. 
However this explanation is open to critisism in that peak 

inversions only occur in carrier Cases of low thermal conductivity, 

whereas changes in the slope of thermal conductivity isotherms would 

be expected to occur with all-carrier gases. In addition the detailed 

mechanism of peak splitting as sample size increases cannot be explained 

on the above basis. A comprehensive study of peal, inversion effects 

has been carried out by Bohemen and Purnell23, in an attempt to find a 

more satisfactory explanation. Inversion temperatures were found tobe 

very dependent on flow rate, but thermal conductivity is essentially 
i 

pressure and flow rate independent, thus ruling out previous explanations. 

The response of the katharometer depends upon the differences between 

the thermal conductivities and heat capacities of the solute and solvent. 

With nitrogen as carrier gas, these two terms are often of opposite 

sign, so that by changing the flow rate it is possible for either the 

thermal conductivity or heat capacity contribution to predominate, 

i. e. a positive or neg tive peak can be formed, and peak inversion will 

occur when convection and conduction are of a-similar magnitude. On 

this basis conditions were predicted to avoid peak distortions, and 

these were found to be substantially correct. In general, peak 

distortion can be avoided by decreasing the carrier gas flow rate, and 

by' decreasing the filament temperature. The effects of changing 

these parameters are illustrated in figure 3.2. 

Since response factors using nitrogen as carrier gas, are so 

dependent on the precise experimental conditions employed, values taken 

from the literature must be. used with caution. The only comprehensive 

set of response factors to be published, are those determined by 

26 Jamieson. 
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Katharometer design has received much attention. The simplest 

form of Wheatstone bridge for a lcatharometer-consists of three external 

resistors, with. the heated filament within the detector block. Small 

external temperature fluctuations will upset the bridge balance and 

rive rise to an unstable baseline. By incorporating one other arm of 

the bridge in a floor of pure reference gas, adjacent to the katharometer 

filament proper, temperature fluctuations are minimised. The reference 

supply must be operated under the same conditions of temperature, 

pressure and flow rate, as the analytical supply. An extension of 

thin arrangement is to incorporate all the arms of the Wheatstone 

bridge within the detector block, thus ensuring greater thermal 

stability. In addition,, by incorpörating opposite pairs of filaments 

in each gas stream, sensitivity is increased two-fold, since a change 

in the gas composition will upset both sides of the dhoatstone bridge, 

and in opposite directions. The effect of bridge current on 

katharometer response has been studied9' 
22 

Details of katharometer 

design form the subject of many papers 
20,21, 'and a comparison between 

the responce times of detectors of different geometry has been made by 

Schmauch 
25. 

The direct flow katharometer has a fairly rapid response 

time (about -- sec. ) but is very sensitive to small flow rate fluctuations, 

The latter can be minimised, at the expense of a rapid response, by 

relying on diffusion of the components to the heated filament. When 

diffusion is the sole means by which components reach the filament, 

response times become excessively long, resulting in anomalous responses, 

as discussed in Chapter 2. As a compromise, the semi-diffusion pattern 

is generally accepted. The choice of detecting elements lies between 

thermistors and heated metal filaments or coils. Metal filaments are 

usually of platinum or tungsten. Tunmsten is usually fitted to 

commercial katharometers. For the analysis of corrosive materials, 

nickel has been used27. Thermistors are norm<ýily operatedonly a fett 

decrees above that of the detector cell itself, but suffer from the 
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disadv^ntar; e that it is difficult to obtain a pair of thermistors 

exactly matched for. recistance, and temperature dependence. of 

resistance. In contrast the matching of metal filaments 
. 
is a simple 

n. tter. Thermistors were first used in katharometers at the Rational 

Chemical Laboratory28, and a. comprehensive study has been carried out 

by Cowan and Stirling. The general conclusions are that thermistor 29 

-athrtromcters should be left running permanently to minimise noise, and 

that in general they are no more sensitive than a good hot wire 

)-ath<r. rometer. They are however particularly useful in analyses where 

thermal decomposition of materials 3. s 7_i!: eJ.; r to occur on a hot filament. 

Constructional details of a thermistor katharometer have been publi shed30 

The design of katharomoters for operation at high temperatures 

(400°C) has been undertaken by several workers31,32 

In -eneral the detector volumes of 1_atharometers are of the order 

of 2. ^J., and hence for high resolution, and for use in conjunction 

with capillary columns, they are unsatisfactory. Micro-volume 

32-34 17athn. romoters (as small as 3 1) have been described and are 

available conmercially35. 

There have been several works reviewing the design and 

characteristics of katharometers, of which the most recent is that by 

Lawson and Miller36 . 

A katharometer can detect all organic materials and the permanent 

Cases. It is very sensitive to flow rate and temperature chances. 

The detector requires skill to construct, but its operation is simple. 

The detector is robust, readily commercially available, and is not 

expensive. The hote wire filament detector is satisfactory for 

cualitative analysis', provided that the materials under analysis do 

not corrode, or decompose on the filaments, and a rapid response time 

is not required. The detector may be used for quantitative work with 

helium as carrier gas, provided. that calibration is carried out for 

each material under the conditions for analysis. The use of nitrogen 

an a carrier gas for quantitative analysis is not recommended, since 
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e--ten^ive calibration for each. material at all concentrations is 

reniiired, and anomalous response is often observed. The calculation 

of response factors on a theoretical basis is partially successful., 

provided helium or hydrogen is used as the carrier (; as, but is 

unsatisfactory for nitrogen. The calculation of response factors 

demands a ! -nowledme of the qualitative nature of, the mater-". al, and 

frequently- a knowledge of several physical constants as well. 

The detector has little to recommend its adoption for quantitative 

work, particul<arl. y in Great Britain, where helium is extremely 

expensive. 

7. J.. 1 Katharometer Performance. 

Type of Cell Volume Response Time Limit of Compound Ref. 
Katý arometer ml sec. Detection 

mMnl 

Hot wire 5x 10`-7 1la 

Hot w ixe - 12 Cyclohexane 25 
diffusion 
Hot wire - semi 11 " 25 
diffusion 
Bote wire - semi 3 2 25 
r? irect flow 
Hot wire --semi 0.6 <1 25 
direct flow 
Therm: i. stor 8x 10-7 ý6 

Hot wire - micro 0.04 0.07' 5x 10-7_ Ether 34 

Hot wire -4 30 8x 10 
8 

Iieptane Chapter 
filament semi- 6 
diffusion 

Hot wire - micro 0.003 10 
6' 

Propane Chapter 
6 

3.2 Flame Ionisation Detectors. 

Thermal ionisation of organic materials by a flame forms the basis 

of oneration of the flame ionisation detector. The carrier -as from a 

chromator*raphi. c, column is mixed with ahydrogen-oxygen supply at the 

column exit and is burnt at a jet. The jet forms one of an electrode 

pair. The other electrode is placed vertically above the flame. The 

electrical. resistance along the 'length of the flame is continuously 

monitored. The introduction of an organic vapour into the filame greatly 
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increases the concentration of ions present, resulting in. a decre^se 

in the resistance of the flame. The use of such a system for gas 

chromatol-; rrnphic detection was proposed by I-ic? ". 'iilio. m and Dewar in 

19 3'7. Such was the simplicity and elegance of this device that it 

aroused considerable interest, and detailed studies were undertaken by 

several worlcers38 
1F1. 

The mechanism of the ionisation processes 

oc rin;, in the flame is not straightforward, and has been studied by 

421: -43 41 
several workers 91. '. 

', most recently by Krugers The various 

parameters which affect the detector performance have been studied39 

particularly by Onkiehong 
38 

and I'IcIJilliam47. In general it is agreed 

that operating the electrodes at a potential difference of about 200 

volts, '9 will ensure that the detector response is. independent of the 

several workers 
42'z': 43, 

most recently by Krugers 
41 

The various 

parameters which affect the detector performance have been studied39'45 
8 47 

particularly by Onkiehong and I'IcWilliam. In general it is agreed 

exact voltage, and of the electrode spacing Electrode spacings are of 

the order of 1 cm. Up to about 180 volts, the linear dynamic range is 

a function of the applied voltage, and at any given voltage is greater 

if the jet is made the cathocie51, although this conflicts with earlier 

observations 
46 

The electrode shape is not critical, but it has been 

demon. ^trated that greater sensitivity and stability are obtained if the 

upper electrode is the. anode. 

The effects of changing detector geometry on response have been 

studied in more detail, in an attempt to imprQ'vs the overall response 

1 
of the detector 

41,44' 58 
. 

Results obtained by Mcl-Tilliam47 indicated that the response of the 

detector was linear with respect to concentration over a wide range, 

and calculable on the. basis of carbon content, for many materials. It 

has been shown by many other workers that for a large number of 

substances, linearity extends over several orders of ma-,, nitude3$'9'8 

Indeed Purnell 
49 

states that the detector in linear over its whole 

range of operation: the detector can be calibrated. with fairly large 

rcasurable quantities of material, and extropolated to zero concentration. 
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Details of the determination of the linear dynamic range of the 

detector using a logarithmic dilution technique (see Chapter 2) have 

boon described by Scott50. Ido deviations from linearity were observed 

for several different species over a range of four orders of concentration 

A recent comprehensive study of the linear response of the detector to 

a variety of materials, under various operating conditions, showed 

that the linear dynamic range extends over at least six orders of 

5i 
marnitudo " Detector response is in many instances predictable, and 

empirical calibration for different materials may be avoided, provided 

that a response correction factor, C, is used38: 

C= Mx 3.6 

12C 

where M. = molecular weight of 'component x, containing C carbon atoms, 

i. e. the response should be predictable on the basis of the amount of 

carbon present, and not on the 

was found to work satisfactori 

and several other species 
52-58 

oxygenated compounds54, and in 

total amount-of material. This equation 

Ly for simple hydrocarbons52,54,57 

but gives less satisfactory results for 

the case of halogenated materials breaks 

down. 

The Variäti©n: of calibration factors, with changes in the carrier 

rnc, hydrogen and air flow-rates has been investigated 
51,58,59 

The 

lower limit of detection can be extended if great care is taken to 

purify the carrier gas. An improvement in sensitivity is obtained if 

oxygen is used for combustion in preference to air58, and extremely 

pure helium or argon is used as the carrier gas60. 

The substance-specific correction factor proposed by Kaiser61 has 

been used to predict detector response. The theoretical substance- 

Üpec]. fic correction factor, ST, for a homologous series is defined as: 

s M. C 3.7 Týs 
P"I C. 

sý 
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where M. . molecular weiht of the j th member of the series, 

containing C carbon atoms 

T"ic = molecular weight of the standard, of carbon number Cs 

The experimental ; substance-specific caxrection factor SE is: 

sR-1=M. 3. ö 

r. j iýIsRý 

where r= relative weight response, experimentally determined, 

ß. = relative molar response. 

Ideally for a given compound: 

ST = SE 3.9 

This condition is found to be satisfied by many aliphatic and 

aromatic hydrocarbons, includin- some halogenated materiln, but 

deviations are ob8erved for other classes of compounds. However by. ' 

54 
allowing for the carbon deficiency of a compound, good agreement 

between theoretical and experimental substance-specific correction 

factors can be obtained. Carbon deficiency values for a number of 

types of compound are listed by Maggs51. The response factors, expressed 

on a weight basis, a molar basis and in terms of specific correction 

factors, for a number of common materials have also been published 

by Il, s51. rigF 

The detector responds to all organic materials, although the 

sensitivity towards organo-metallic compounds is low, and decomposition 

of such materials in the flame leaves a metallic deposit in the 

detector which further suppresses sensitivity. A detector designed 

specifically for the detection of organo. silicon materials is described 

below. The use of halogenated materials, will produce by pyrolysis, 

hydrochloric acid which results in detector corrosion. The use of 

Solvents mich a chloroform siioiild therefore he avoided. IIotrcver, 

L^r1r? iel . ̂nd Cullis claim, that by' using carbon dioxide as carrier CCs, 

hydrochloric acid is notlforme'dat the detector62. Anomalous response 



-51- 

effects have been reported by several. irorkers, in particular peak 

r-; ) itting above a particular concentration leve147,63 

The detector does not respond satisfactorily to water, and it 

has been stated by several workers, that this has no significant 

effect on the resronse of the detector to the remaining constituents 

6't 65 
of the : ixture unless eluted simultaneously. However roster and 

6 Niirfi n demonstrated. that the presence of moisture in a sample will 

suppress detector response sufficiently to invalidate response factors 

detormined under non-aqueous condition. >. The -presence of moisture, 

derived from the carrier gas will also suppress the detector response 

so that for reproducible results it is essential to dry the carrier gas. 

: later vapour is continuously -produced in the detector chamber by 

combustion, and it is therefore essential to have sufficient' ventilation 

and forced air to sweep out the vapour. In addition the temperature 

of the detector must be sufficient to prevent condensation of water 

vapour within the chamber. If condensed water is allowed to collect, 

the response is progressively suppressed and. finally the flame is 

extinguished. 

The overall performance of the flame ionisation detector is such 

that it approaches the pcrforma. nce of an ideal detector. The detector 

has a very low limit of detection, and is extremely stable. It has a 

wide linear dynamic range, and calibration at all concentrations is 

not necessary. Response factors, at least for simple hydrocarbons, are 

nrerl: i. ctable from a knowledge of molecular weights, but for other 

materials it is preferable to determine experimentally the correction 

factors. In some instances where this is not possible, it is reasonable 

to calculate the detector response, on the basis of the response of a 

ri_mil_ar material. The detector has a verb small rl_ead volume, and rapid 

rer. -once. It i, simple to construct, is robust and very cheap. The 

cjetector r'. nd n. ssoci. ated electronic equipment can be constructed in the 
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i<anora. tor- 

Lo, 68 
and excellont commercial detectors are available83 

A control unit which can give linear, lor*arithmi_c or integral output 

has been d(-scribed. by Dewar : end Maier69. The logarithmic output is 

adjusted such that no peak exceeds full scale deflection of the 

record(, r, and at the sarge time, minor peaks are readily observable. 

r 1iß rietector is "blind" to all inorganic gases. The detector totally 

destroys the sample under analysis, but by incornoratinr, a stream. 

ýnli_i: tý. nrn device at the column outlet, a major portion of the sample 

may be recovered. Sample destruction may he an advantage in the 

aralv:; is of toxic materials. A disadvantar; (, of thin; detector, serious 

in laboratories where space is limited, is that three separate r-, as 

sir)nlies are renuired. 

3.2n. A number of modifications have been made to the basic flame 

ionisation detector, for the specific detection of certain elements. 

A detector for the qualitative and Quantitative estimation of 

organosilicon comrounds has been described by Gar7o and Fritz70. 

Orgg. nic comnotunds are detected in the normal manner, but organosilicon 

compounds are detected as i split peaks (often incorrectly 

named inverted peaks), or negative peaks. By adding methane 

continuously to the carrier gas just below the jet, (i. e. by increasing 

the carbon content of the flame), the carbon-silicon ratio can be 

adjusted to give all negative peaks for silicon containing materials, 

and positive peaks for true organic materials. Thus a selective detector 

is obtained. The quantitative response of. the detector can be related 

to the carbon-silicon. ratios in the organometallic materials. 

3.2b Detqils of a flame ionisation detector with an enhanced response 

for halogenated and phosphPx'us containing; materials have been given by 

K'rmen71. A wire gauze, treated with sodium hydroxide i^ placed in a 

h_ydror; en-oxygen flame. The presence of a halogen, or nhosnharus 

increases the rate of volatilisation of sodium from the gauze, and the 
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i, in'al vapour is detected by ionisation in n. second flame. The detect-or 

(Ioe^ not recnond to other materials since these are burnt in the 

first flame. The response of the detector is proportional to the 

aiount of halogen present, but calibration is required. By operating 

the lower flame as a conventional flame ionisation detector, specific 

and non-specific responses are simultaneously obtained70 Details of 

the construction and performance of a combined f1. -une ionisation 

detector and soidum thermior. -c' detector have been published by Janak 

and Svcjanovsky72 

. 2c It was observed by Graiff73, that, by employing a singing flame, 

instead of a ouescent flame, in the flame ionisation detector, a two 

fold increase in sensitivity was obtained. Resonance was found to 

occur at certain gas flow rates. In a subsequent paper Graiff74 

described the operating characteristics of the detector, and proposed 

a mechanism to account for the enhanced response. There is probably 

an increase in the ion concentration oribn collecting efficiency of 

the electrode. Since the flame is oscillating, diffusion of oxygen 

and components to the flame front, and removal of combustion -products- 

from the reaction zone, is encouraged. There is little quenching and 

heat loss, since the vibrating flame is ejected clear of the burner tip. 

A. C. amplification of the flame output can be used, which has the 

advantage over D. C. amplification that it is simpler, 'cheaper, and 

more stable. The detector is claimed to have a greater linear dynamic 

range and to have greater sensitivity and stability than the 

conventional flame ionisation detector. However subsequent workers75 

have found difficulty in producing a singing flame, and in maintaining 

the flame, once resonance has set in. 

There are three detectors related to the flame ionisation 

detector, in that componento emerging from the column are burnt at a 

jet. The mode of detection i: however different. 
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',. ',. The Flame Thermocouple Detector. 

Thf, flame thermocouple detector, introduced by Scott? 
6' 77 

measures the change in temperature which occurs in a flame when a 

component is, introduced at the jet. The hot Yunction of a thermo- 

cou, Ple is placed slightly above the normal flame and the cold junction 

is placed. in constant temperature surroundings. When an organic 

vigour enters the jet' the flame lengthens and engulfs the thermo- 

con. pJ. e. The output from the thermocouple is fed directly to a 

suitable recorder. Although in the original work, hydrogen was used 

as carrier -as, improved performance is obtained if nitrogen is used, 

and hydrogen introduced at the column exit38' 
78,79. primavesi and 

co-workers8o studied the temperature cont-ours. within the flame, in 

order to determine the most suitable site for the thermocouple. 

Scott 
76 

showed that the response of the detector, at least for simple 

hydrocarbons, was directly related to the mass of materl. a7. present, 

after a correction had been made for the heats of combustion of the 

79 
com;,, ponents. Henderson and Knox continued the investigation and 

obtained excellent agreement between experimentally determined. relative 

response values, and those calculated from relative heats of combustion, 

for a wide range of compounds. This would suggest that provided heats 

of combustion are known, the detector only requires calibration with 

one compound, although doubt is cast on this statement by Bullock81 

and Primavesi82. The relationship between response factors, and heats 

oý. conmbustion has also boon investigated by Cullisss The use of 

oxyr-en for combustion is recomriended84, as this increases the linear 

dyn. nic range of the detector. 

Although it io evident that the detector has many commendable 

Features, further study of the rennonse and linearity is necessary. 

The Author has measured the linearity of the detector over a limited 

r. aný; e for a few materials, and the results are given in Chanter 6. 

The detector is very simple to construct, and any commercial flame 
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Toniration chamber may be used. No amplifying device is required and 

izence the detector is remarkably cheap. In common with the flake 

ionisation detector there is an insignificant response toward 

inorganic gases. The detector is not widely used, not because of any 

overriding disadvantage, but probably because it offers no distinct 

advantage over the flame ionisation detector. 

3.4 Flame Photometric Detectors. 

A farther modification of the hydrogen flame detector was niade 

by Grant90. Column effluent is combined with a stream of coal gas, 

and the mixture burnt at a jet. The light emitted by the flame is 

measured, via a reflector and condensing lens, by a photocell, and 

the resulting current recorded by a microammetor. The introduction 

of an organic vapour into-the flame causes a large increase in light 

emission. Excellent quantitative data have been obtained with this 

detector, and the linear dynamic range is stated to be "good". For 

stable operation the device demands steady gas flow rates. A 

particular advantage of the detector is that although its response 

: gor the members of a particular homologous series is constant, the 

response between different series is in many cases quite different. 

Thus is offered a detector which gives characteristic responses for 

c'iffcrent chemical classes. 

3. ß! a A sim-ple modification, by incorporating a niece of copper wire 

in the fln. ine, renders the detector specific for halogenated materials, 

i. e. the effluent is continuously subjected to a Beilstein test. This 

, and 
86, 

has been used successfully for qualitative work' 
107 

theg2? nt. itative aspect has been discussed, although no experimental 

confirmation carried out'07 

3.4b Juvet mnd co-workers91' 
92 

described a flame emission detector 

which cou7_d oner-te selectively or non-selectively. The detector 

onorn, tnc snI ctivoly by e"cznininC specific cmis. nion 1. -i. ne^, chn. ractcristic 

of particular functional rouro or fra; mento. A table of response. 
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fn. ctorc reln. tive to benzene, for two 0.3 fferent eher. Dcteri. ^tic 

-^vc7. enmths are given, hu t no attempt is rude to Predict re:: ponse 

: 'actor^. Plots of molar response nmainst carbon number for most 

homolo ous series, are in f-^ener. al non-linear, althourh the linear 

r. yn,. m;. c ranre (for benzene) e;. tends over. three orders of macnitur? e. 

The rennonsc time is ne-li-i_ble, and response is virtliallyy independent 

of flw. r rate. The detector can be made non-selective by obtaininC a 

broad band spectrum, rather than specific emission lines. Using the 

non-selective mode, the lower limit of detection is increased. 

Constructional details of the detector are Civen92 Using a similar 

system Braman93 investigated the response to various compounds at 

specific we. velenJths and related this to the chemicý,. l structure. 

U. nin;; in addition a flame ionisation detector, empirical relationships 

between structure and the relative resnonne ratio of the two detectors 

are e; iven. The detector was found. to -ive a non-linear re, sponr7e with 

respect to concentration for most materials, although in some instances 

deviations from linearity were, slight. Details of the design of a 

r, ingle detector in which both modes of detection operate, are given. 

3.4c A flame photometric detector with a response specific for - 

phosphorus and sulphur containing; materials, to the exclusion of all. 

other materials including; halo-ens, has been developed by Brady and 

Chancy 
94 

3.5 The Limit of Flammability Detector. 

A flame detector which gives an integral response was invented by 

Behrendt95. A mixture of propane and oxygen, just below its 

flammability limit is fed into the column effluent and to a pilot 

flame. The addition of an or, ranic material, from the column, results 

in mixture above. the fimmmability limit, an explosion occurs nnrl n 

f l. nme har,! flashes into the effluent las , stree. m. The resulting gas 

e: rnansion is r'uantitative and her meant of an electrolysis cell actuated 

by a relay, an exactly correct volume of oxygen is fed back. into the 
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e'-riizent (cf section 3.19a) . Hydrogen generated is collected in a 

n . t'-ortet: er. an d measured and by this means an intep; ral resronse is 

obtained. Ob vious disadvantnres are the difficulties of maintaining 

the as mi: -tu re just below the flammability limit and the necessity 

for a. . '-ý. lled orerator. 

3.5.1. Flame Detector Performance. 

R'" ne of Li. mitlof Detectionl Linear Dynamic. Compound Ref. 
Detector sec MM-11. Range . 

Pinne 3x]. o 
ý2 4 : 10 17) 106 Propane 121h 

ionisation - 2:: ]. 0 - 2x10 1.0 he-+t^ne 50 
(Section 3.2) 6xl0-11 i+x1.0-13 p-dich. l_oro- 72 

bennene 
7x10-- 11 di-isopropyl 72 

-12 -1+ 6 methyl phosphonate 
1 b 1x10 1x10 10 enzene 5 

Finne 1x10-9 5x102 silicon 70 
i± onisa. ti. on 
(Methane) 

Blame 6x10-9 4:; 10-Z1 p-dichloro- 72 
ioni., ation 

-11 
benzene 

Na salt 2x10 di-isopropyl 72 
methyl phosphonate 

1. me thermo- 4x10_5 2 152 
couple 6x. 10 >10 benzene Chapter6. 
(Section 3.3) 

Flame 1x10'5 io3 ' ! Fl 
e::: iý; , ivity 

(Section 3.4) 

Flame (copper 2x10-7 6x10-9 chlorine 86 

wire) 

Flame photometric 4x10-1"0 small benzene 92 

3.6 Radio-ionisation Detectors. 

Ionisation by radiation is a process employed in several detection 

systems. Several different ionising reactions can be used. for the 

measurement of concentration chan ges within a das stream. 

3.6^ `The Arion Detector. 

The most popular detector of this type is the macro arson detector 

of Loveloclt96. The basic detector consists of a small brass cylinder 

holdinr; the ion-. sing source (usu^lly 90Sr). 
The cylinder itself acts 
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ao one electrode, and the other electrode is a-length of brass rod, 

in the axis of the cylinder. Arr^on. is used as the carrier gas, and on 

entering the ionisation chamber, the argon atoms are excited to a 

metastable state (of ener; lr about 11.6 eV). On introducing any 

component whose ionisation potential is less than that of argon, 

energy- transfer occurs from the metastable argon atoms, resulting in 

102 
ionisation of the foreign constituents This causes an incresse in 

the current developed across the ionisation chamber, which is amplified 

and recorded. The ionisation potentials of most orrar_ic comho>>nds. 

. 
the. energy of metastable argon atoms., 

and several i. norc*anic cases are lower than` ; 6464 oxen. The equation 

relating the current increase to the concentration of the vapour in 

the ionisation chamber has been derived by Lovelock96' 
97 

AccordinT 

to this equation, at some finite concentration of organic vapour, the 

ionisation current will increase to infinity. This current rise is 

limited by placing a linearisinr resistor in parallel with the detector. 

However it has been shown that no one resistor will give more than a 

limited linear dynamic range, and that its presence contributes 

significantly to the response time of the detector39 To overcome 

these difficulties Lovelocký8' 
99 

modified the cell design to induce 

an internal positive -spade charge. It has been found that the detector 

is sensitive to some substances of ionisation potential greater than 

11.6eV, contrary to expectations. This is explained by assuming that 

there is a small number of argon atoms or ions present in higher 

resonance levels. 

The linearity of response of a macro argon detector has been 

studied by Scott and co-workers, under different conditions. Of applied 

voltage and flow rate, and for a variety of organic materials. I. t was 

concluded that the detector has a very small linear dynamic range, and 

that calibration for all substances at all concentration levels is 

necessary for accurate quantitative work50. 
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C^. 1culý. tj_onr of response factors for. different species on the 

basis of collision frenuencies between organic molecules and argon 

atmis gras attempted by Loveloc? 
96 

From the kinetic theory the.. 

relative ; polar res-nonce R, i^ g . ven by: 

R=K (rc a- rx)2 1+3.7.0 

i"I T"l 
C Y. 

where M= molecular weicht of carrier pas, of radius rc 

M= molecular weight of organic compound, of radius rx 

K= proportionality constant. 

Good ar reement between cnlculi. ted and experimental response factors ' 

':. s ohta4. ned for a number of different species of molecular weights up 

to about 100. Above this value there was an increasing divergence of 

the response factors. 

The res-nonce of the detector to several classes of compounds hau 

88 
been puhli! -lied, includiný* methyl esters `ý7 and steriods Complete 

calibration was found to be necessary, and virtually no linear response 

with respect to concentration was found., However, it has been shown 

for a variety of hydrocarbons, including aromatics and unsaturated 

materials, that the response for each component of a mixture, expressed 

as a percentage of the total, is a direct measure of the percent weight 

of the component, without the necessity for peak area correction factorr6. 

The simple argon detector is very sensitive to most organic 

materials, but gives only a weak response to fluorocarbons and nitriles.. 

st does however respond-to a few inorganic gases. The detector has a 

rather low upper limit of detection, detector overloading resulting in 

r, (- k splitting . However . by using anitrogen- argon mixture as carrier 

the vrner limit of detection can be significantly extendedl03 The 

lo":! er limit of detection is even greater than that of the flame 

ionicat: ion detector, so that the detector is particularly suitable for 

the analysis of minor constituents, even though calibration is required. 

The detector does not resnond to water, but the presence of water 
98 

vapomr, derived either from the carrier gas, or the sample under analysis, 
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seriously affects tüe response of detector100. The sensitivity is 

reduced, the response may become random, and recovery to normal 

i)'haviour may take . several days. Sources of contamination of argon 

are considered by Evans and Scott 
101. 

It is essential to dry the 

carrier : by passing it though a molecular sieve via metal tuibin( and 

ens . r. c that all samples are completely free from water before analysis. 

74.6b The Helium Detector. 

i"Ictastable helium atoms have a higher energy than metastable 

argon atoms, so that an ionisation detector using helium as carrier 

--is should resnond to a 'greater variety of material; than the argon 

detector. Usi. n; * this system detection of the permanent gases has been 

accomplished by several workers 
1o4. 

It is essential to use extremely 

pure helium, since impurities present in the helium, will themselves 

be ionised in the detector chamber, and give rise to a high background 

current. A detector in which the helium is excited by tritium hao been 

teed by Hartmann ^nd Dimiclc 
l06The 

detector was calibrated by the J 

lo;; arithrnic dilution technicue and values for the linear dynamic range 

and limit of --, detddtI6n" are quoted. The need to use extremely pure 

helium is otressecl. 

. 
6c The Micro Argon Detector. 

Follow .n on from the work. on the simple macro argon detector, 

105 
Lovelock. has developed a miniature version of this device, which as 

the name implies has a much smaller dead volume, and hence more rapid 

re. ^nonse time. Sensitivity is sirnificantly higher than in the macro 

z.. rron detector. 

?. 6d The Triode ArCon Detector. 

A further improvement in performance is brought about by 

introrlucinE; a third electrode, situated near the anode tip. This forms 

1; ham t: ri_ode m _niature %r Ton detector98 The electrode is net; atively 

ch.? r,; cc1, 'a. nd its purpose is to confine the Primar,, electrons to n 

narrow berm, and to collect any. positive ions. Thus the background is 
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. ýýorcer? from the nignnl, ,. Iith a subsequent reduction in noise, and 

-n (-_-ten�i. on of the lower limit of detection. The detector is not 

r? . ficu7. t to construct, and since its -performance is superior to 

that of the simple n. r-on detectors, there seems little roint in 

(-mn7. o: r-l_n: - the latter. 

ß. 6e The Ionisation Cross-section Detector. 

Th4. s i. m. s the first ionisation detector for -os chromatography and 

ý. ̂ . nroroned by Pompeo and Ot: vo1 
09 in 1953. Practical designs based 

on this proposal .,,, ere introduced independently by Otvo 
s.. 

' ndl Boor11-1. 

The cross--section detector consist; of an ioni_sat . on chamber to which . 

rotent: i. ). l ýrzcüent. The r^s Within the Oeteetor is 

rr77ýr1iatcl with a grey source, nncl the ionisation current recorded. 

in thr presence of-' . carrier , as : alone, the current i small., but 

incrcr.:; es . ̂i^; ni_: "icnntly on the introduction of other heavier ;; a ses or 

vo+-pou. rs. The heavier rases cause an increase in the total cross-section 

for ionisation, and this i: annroxirlatoly proportional to the total 

nuanih^r of electrons in each gas molecule. Provided that hydrogen is 

used as carrier gas, the introduction of any other material will cause 

a lrrr'e increase in the number of electrons present in the chamber. 

use of gases such as nitrogen of relatively high cross-section, of 

ionisation will mive: an increase in the background current and hence 

a decrease in the lower limit of detection. Argon Pnd helium cannot 

be usecl, since the detector would simultaneously function as an "argon" 

, -nd a cross-section detector, resulting in unpredictable responses. 

Det-i17, of the rhysicý. l basis of this, detector have been rublished_112 

The chance in currantL&i rroduced when a component is introduced into 

the g'. n stream is 
, riven by: 

ý1 = K. PV 
" xi(J -o)3 

" RT 

where P, R, '. " have the »sual nh, ysi_co-chemical sir*nificn. nce 

ýI volume of the (letector chamber (cm3) 

x= mole fraction of component 
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cýý molecular ioni3ation cros. ^-section of the comnoncnt 

0c -_ molecular ionisation cross-section of the carrier -as. ý 

Inspection of equation 3,11 shows that the detector resronse is 

pre. ^sý're and ternnernture rlerendent. The relationship a. *, sl? mes that 

tt. e tot. -l molecular cross-necti. on is the sum of the individu, l atomic 

cross-sections of the constituent atoms of the molecule, and is 

independent of the nature of the chemical coib-i. nation. The relationship 

also -s trºes ideal conditions for collection and production of ions 

within the chamber, that a negligible amount of enerrry of the incident 

r^. diation is absorbed by the gas, and that no significant loss of ions, 

for exrinle by recombination, takes place. The conditions can be 

znrroached in practice. Loss of energy to the E,,, -, s can be minimised 

bý v ^ß_n7, a high energy 13-ray source such as 
90Y, 

althour; h many other 

sources have been used 
13. 

If the cell volume is reduced significantly, 
I 

a weak p-ra; ý (emitter selch ss tritium may be usedll+. Details of the 

section 108 114 
construction of a micro cross /detector have been -published ' 

Tritium sources are nonular in view-of their convenience in handling 

and safety, although they cannot be used above 2250C as out assing 

prom the foil occurs. 

Con, sidera. tion of equation till indicates that the detector should 

rive a linear response, under the correct operating conditions, over 

its entire dynamic range, i. e. satisfy an important condition for a_n 

ideal detector. Moreover, response factors for all materials can be 

calculated from a knowledge of atomic cross-sections for ionisation of 

the atoms constituting the molecules 
110, ill. 

Boer. gives a simple 

expression for the calculation of response factors, 1. f! 

f=Q,, - Qc 3.12 

ti"il? ere M- molecular weiht of the component of ionisation cross-section 
Q 
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Cnlclil^ted and observed responses were in reasonable agreement for 

a number of hvcirocarbonslll, and using several different carrier gases 
7. 

: I,, OlUse; 
118 

: has however observed deviations from the theoretical 

res-nonse when u. ̂ inr; carrier ruses of high ionisation cross-section? 

i detector has been rronosed for use as an absolute reference 

115 
standard in oun. ntitative onalysi The mass m"of component 

detected is calculated using the equation: 

rz P -) A 1.1XQ c3t 
L 3 

R [ItT(c Q, 
`) - AxTPQ1 

v: hero v= volume of carrier ras in which the peak is. eluted ('o ) 

I= standing current (amps) 

A_7 = -area of peak (amp sec) 

t= time taken for compound to pass through the detector i. e. 

peak width (see). 

The renaininp; symbols have the same sip; nificance as in equation 3.11 

and 3.12 assuming that P and T are constant and the mole fraction of. 

component is less than 0.01, the expression simplifies to: 

m=Pv AxM 
,. 
Qc 3.14 

RItT(ýi1 
, -ýc) 

P"T %c : 0. and R are known, the remaining quantities can be meast, red, 

and hence the absolute rnc. ss response of the detector fount'. However 

no conclusive experimental evidence is put forward in support of 

equation 3.14; rather the equation is assumed to be obeyed, and 

aimntitative analysis carried out on this basis. 

Hatousek1i6 has used the cross-section detector to obtain both 

a differential and an integral response. Using two ionisation charsbers, 

one in the analytical stream, and one in the reference stream, the 

sensitivity of the detector to temperature fluctuations and pressure 

c': -nre. s i^ minimised, and th^ ionisation current produced by the pure 

carrier ras is automatically coaoensated by the second cell. To. 

obtain an integral signal the in-nut resistance used for a differential 

signal is replaced by 4 capacitor. In-the presence of an eluted 
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component a current will flow and the capacitor becomes 'charred thus 

r-ivti. nC a time integration of the current. The potential rise 3, on 

the capacitor, of capacity C is amplified and displayed as an integral 

ro rpon: -e : 

1 =lt iY-ý) xät 3.15 

C 

The rignificance of the symbols is as in equation 3.1_1. 

In practice it is not possible to balance out completely the 

standing current in the two ionisation chambers, and the residual 

current interferes with the integral response, resulting in a drifting 

baseline. 

The detector offers many attractive features, and. the c1al. ms are 

such that it may represent a most satisfactory detector for quant. tative 

analysis. The response appears to be predictable, nrovidcd that 

j. lol. ecul.:? r weiChts and ionisation cross-sections are known, althouj*h 

confirmation of its response to a greater variety of orr*anic species 

is required. Purnell, however states that its performance is little 119 

better. than a katharometer, and that it offers no advantop7e over other 

ionisation detectors. In view of its predictable response, its ability 

to respond to all materials and its very high upper limit of detection, 

this is a surprising statement. On the other hand; the lower limit of 

detection does not approach that of the argon detector. 

The detector has one serious practical disadvantage: the 

electrodes are easily contaminated, for example. by stationary chase, 

resulting in a particularly noisy and unstable background current. 

The electrodes must be thoroughly cleaned, but in the case of a high 

energy j3-ray source, they cannot be removed without the necessary 

safety precautions being observed. Using a tritium source contamination 

is even more serious since a reduction in emission, and hence in 

detector sensitivity occurs, although a tritium source is safe to 

handle without shielding. 
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i.;. Purnel]119 refers to the above detector as a "cross-section of 

detector, not to be confused with the "electron capture,, 

detector äescribed below. Boer 
ill 

refers to the detector as a. "p-ray 

ionisation" detector, rather than a "cross--section" detector. 

3.6f The Electron Capture Detector. 

The majority of ionisation detectors are designed to minimise 

recombination of ions, whereas the electron capture detector depends 

on the nnrocess of recombination for its successful operation. The 

detector is thus extremely sensitive to compounds of high electron 

affinity. The possibility of using ion combination effects was 

rroý, osed by Lovelock 
120 

and first employed by Goodwin121 in 1961. 

An ion chamber containing an ionisable gas is maintained at a potential 

which is just sufficient for the collection of all free electrons 

produced. On introducing an electron capturing vapour a current 

rjecreasc occurs, which is rolated. to the concentration of the vapour 

h;, - the e: prescion: 

I_ Ie-''c°x 3.16 

where I= c6_1uraLion current in pure carrier ras s 

I currant in the presence of a-component of concentration C 

k constant depending on field strength and the electron 

affinity of the component 

x=a factor depending on the dimensions of the i_on chrimber. 

This :; imnle detector was unsuitable for quantitative analysis, 

since anomalous responses were observed, and even small changes in 

orere. tinr' conditions caused non-linearity of response with concentration. 

122 Several -pechanioms of detection were simultaneously occurring The 

dc'.: ector can also function as a cross-section detector, an argon 

r? ýý,, r, ' or, end an electron mobility detector. The mechanism of 

r? etection which r. reclominatec will depend 'on the precise condition. ^ of 

o-crntion. Lovelock122' L? ' has developed the. (I. etector so that all 
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other than recombination, are virtuali; r elimina. te6, thus 

'_ o;. iov: Lnr the najor source., of -, nori,, lous res-nonse. A simple ionisation 

ch^rilner . r7, erinlo y ecl the ions.; ine; source (tritium) i3 <attnched. to the 

c^~'. -od. c, and at atmosphere pressure the low enerm,. * radiation from the 

'-z^ 
. 
t;. urm c^nnot renetrate the carrier as deeper than about 2 mm. Thus 

rh rorýitive ions and electrons reside in the vicinity of the cathode. 

the detector c^nnot therefore function as a cross-section detector, since 

the introduction of a vapour with a higher ionisation cross-section 

than the carrier gas : -rill merely change the range of radiation, and 

rot the rite of ; veneration of ions. Arrron is used as a carrier gas to 

which a few percent of a non ionisable as (methane or water) has been 

added, to remove anyT argon metastable atoms as soon as they are formed. 

Tiny the detector cannot ft'nci: ion is an argon detector. The presence 

of methrine or water vapour also maintains the electron energy at a 

const^nt thermal level, so that the detector c^nnot function as an 

electron mobility detector. A low -pulse potential is applied between 

the electrodes and the free electrons present are collected. The 

D1ilses are inter"rated to -provide a steady direct current for recording 

nurr., oses. The addition of a compound of hi;; h electron affinity, 

results in a decrease in the number of collected electrons, and hence 

in the output current. Operation in the D. C. mode is sometimes used, 

bitt cz'n produce anomalous responses since the detector. can operate 

rar: iali; r ac a cross- ection detector. 

Detector design and electrode geometry have been discussed by 

several workers, 
124-1-1.6 

and the construction of a detector has been 

de ncribcd in detail131 - 

The detector is so sensitive to compounds of high electron affinity 

r tlihr. ^t-i. on nonr the lower liriit of detection, even by Lo erithnic 

6il. lption techninueE-50 cannot be used reliably. A method of calibrating 

t?, e raci c tor, »sinrn a ^trearl rnlitter, and feodinr* the majority of the 

e'ff7.; zen': to a cross-section detector as a standard, has been u5e1 b: r 
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Loveloc'r1'22' and the response of the detector 'tor: ^rd a number of 

elcet-, -on capturing materials deterý, tinecý . The linear dynamic rrnse of 

i-'le detector is very small, nd response factors based on simple 

ity of the electron capturing fragments of the molecules arc 

unsatisfactory. Response character±_stics cinder various operating 

cond; . 
tion. ^,, and with different carrier -aces have also been studied 

by and Swann127 The sensitivity of the detector toward a 

halor-ennted hydrocarbon compared. with a simrle hydrocarbon can be of 

the order of 10 as large. Response factors for halogenated. materials 

nave been published by several worker 
J30 

In view of the selective characteristics of the detector, and 

its very hi 
, -h sensitivity it is not particularly suited to quantitative 

analysis. If quantitative analysis is contemplated the detector 

should be operated at minimum sensitivity, so that a reasonable sample 

si c may be injected, to minimise loss by adsorption and other effects 

(see Chapter 1). The detector should preferably be used in 

conjunction with a non-selective detector for reliable quantitative 

work. It has been used in conjunction with the cross-section dotectör2, 

the flame ionisation detectorl2`ý, and the gas density balance 
ýý It 

has also been used in combination with other halogen detectors, to 

distinguish between similar materials, by making, use of differences in 

response ratiosl 
l 

Dimick and Hartmann have published an account of 

the oreratinÜ characteristics and applications of a commercial electron 

capture detector140 she detector has the advantage that the presence 

of crater is desirable for successful operation, so that there is no 

difficulty in analysing moist samples, and those contained in water as 

solvent. 

Calibration for all materials is necessary and the linear dynamic 

range is small. The detector is easily disturbed by impurities, 

re. sult;;, n^ in a system which is unstable and difficult to maintain. 
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3.6n The Electron Mobility Detector. 

A detector which functions by measur3ng changes in electron 

mobility in the presence of foreign mrterial has been described by 

Loveloc132. Collisions between electrons and noble ; as atoms are 

elastic at low field strengths. But on introducing* another j-; as, 

collisions between electrons and the molecules of this gas are non- 

elnlstic, the electrons lose: ""energy, and their velocity decreases. 

TyThi. s decreases the ability of the electrons to excite the noble gas, 

and also increases their bulk drift velocity in the direction of the 

applied field. Using a conventional tiar;; onhi detector several workers133 

have made use of this effect, by using as carrier gas, argon contaminated 

with an ionizable gas, at a high potential to ensinre ionisation 

(referred to as indirect ionisation). The introduction of a permanent 

gas into the detector causes a fall in the electron energy, resulting 

in a decrease in metastable argon atoms and. hence a decrease in the 

number of ionised molecules. Lovelockl32 used pure argon which was 

ionised by o. or weak p. radiation, (i.. e. direct ionisation). The use 

of argon is limited to those gases which are not themselves ionised by 

metastable nrrron atoms, i. e. a detector selective for the permanent 

rases io obtained. However by using helium (and an ionisible gas) 

almost all cases and vapours can be detected. The detector also forms 

t 
the s "bject of a paper by Smith and Fidi. anl3 

F 

The response to different gases is not predictable and both forms 

of the detector rec7iiire calibration. As with other ionisation 

detectors, it is very readily upset by impurities. The main value 

of this detector lies in its ability to 'detect the permanent gases, 

and for the determination of very small quantities of water vapour. 
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3. n. 1 radio-ionisation Detector Performance. 

Cell Volume Linit1of Dot: eclion Ref. Lý_nen. r Compound . 
; )e tec for nil t^ce c mMml Dynamic 

R nß; e 

, ',. -, -on - macro o -11 5x10-13 6;: 10_1ý5 102 41. 
(Section 3.6p) lx-10 lx10 heptane 50 

i, rron-micro 
(Section 

,. 
6c) 

:, rF; on-triode 
(Section 3.6d) 
Helium (Section 3.6b) 
Cross-section 
(Section 3.6e) 5 

0.08 
, 1ectron capture 

(Section ti. 6f) 
pul e 0.8 
pulse 
d. c 

Electron mobility 
- indirect 

(Section 3.67, ) 
Electron mobility 
- direct 

1; -10-12 -7.10-14 153 

4710-1' 11. x10-1 ' 7x105 propnne 124 

4x10-14 I-10 75 2x405 propane 104 
5x10 7 10LF ill 

7 
2x1Q- 

y 
- 4xlo 10 5 

114 
10 

-14 -15 
3; 0 

0 t b T 
111 

3x10 5x10 1 e r cnr on a- 

-ý"' 4 3 c^1oride 
hl f 

124 
122 3x10 x10 

1 
orm c oro 

127 2:: 10$ 
1 

0 
103 

oxygen 
r 2x 0 ý en ox 

10-9 5x10-8' 3x102 carbon 124 

10-11 5x10-10 3x10' 
dioxide 
carbon 124 
dioxide 

3.7a Glow Discharge Detector. 

The electrical Properties of a glow discharge at low pressures 

depend upon the composition of the gases present. Thus this phenomenon 

can be used as a basis for a gas chromatographic detectorl35. Although 

the response of the detector cannot be predicted, it will respond to 

all -, ases and vapours, and has been found to have a reasonable. linear 

dynnriic ranGel36 The detector has been satisfactorily used to determine 

impurities in argon' 
37 Decomposition of the components of a mixture 

in the discharge chamber produce carbon deposits on the cathode, which 

have been found to permanently affedt': the emission of the electrodes. 

A major disadvantage is. that the-device must be operated at reduced 

pressures. 

;. 7b Radiofrequency Discharge Detector. 

A radiofrequency discharge can be maintained at atmospheric pressure, 

no that a detector operatin^ on this principle would overcome one of the 

dioadvantages of the glow discharge detector. In addition denositiom on 

the electrodes does not appear to affect the detector response. Using 
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helii'm -s carrier tgas Bowman and Karmen found. that on introducing a 

ca! -: )1e into the detector, there. was a measrrahle reduction in voJ. tarelJ 

detector is claimed to have a wide linear dynamic range and to be 

e: tremely sensitive. Its major disadvantages are that for the best 

results helium must be used, the response i, -ý unpredictable, and expensive 

nnciiliar: r equipment is regt; ircd. tiamptonl4'ý; described a simi. lor 

r. , ý'.; ector in which the rec ion e, although unpredictable is linear for 

sý: _Le sizes of less than about 1 p1. The detector is sensitive to all 

materials, and has a particularly high sensitivity toward hydrogen. 

144 
. 7c Sternberg and Paulson have used a Tesla discharge as a 

detecting device, which has the advantage that it is cheap and requires 

no . ancil. ]. i. ary eruipmment. 

Discharge detectors have also been used by several other workers, 

llES, 146ý 
mainly for the onalysit of permanent g^as mixtures. 

ß. 7d A discharge device in which the intensity of the emission 

-pectr. a of excited components is measured photo-electrically can be 

used as 

a selective and as a non-selective detector. The mode of 

detection is identical to that used for th- flame photometric 

detector doccribed previously. The detector readily distinguishes 

between normal hydrocarbons, and those containing halogens, phosphorus 

or sulphur, by a suitable choice of wavelength. It is also satisfactory 

for the permanent gases. Interference between different groups at a 

pecific wavelength is measured quantitatively in terms of the 

selectivity ratio: this is defined as the amount of an unknown 

connared to the amount of he: -ane required to -, ive an identical detector, 

response. Details of selectivity ratios, characteristic wavelengths 

anc? limits of detection for a number of materials are given 
149.. 

The 

detector has a linear response for nonane at least over three orders of 

concentration, which is the same order quoted for the f7. ^me photometric 

detector using hon^ene. 
92 
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7ý Photo-ionisation Detectors. 

139 
the detector consists of a chamber conto. ininp; s glo. r discharge 

ch , -nrp71.7. ee with a 'i ure r'Fts. the ultra violet irradiation from 

he niscl"arge illuminates an ionisation chamber, thnugh which column 

effluent nasses. The discharge can either be orera_tedd at reduced 

r'r ure fusing a : rater pun-n, or, using a radiofrenuency di sch"nrge and 

helix , at atmosphere pressure. The detector has a wide linear d *namic 

range and can respond to nearly all muses and vapours. It is not 

subject to contamination and does not rive anomalous results with 

halogenated materials. 

42 
Yarannel has. used ", photo-ionisation detection in which helium 

is used both as the dischar. ge �as and the carrier gas. The effect of 

various operating parameters on the response has been studied: the 

use of very pure helium- is essential. The main use of photo-ionisation 

detectors is for the analysis of permanent gases. 

3.7.1 Discharge Detector Performance. 

T: '?? e of Limit-? f Detection Linear Dynamic Compound Ref.. 
Detector 

_, 
E: sec mMml Ranr e 

Glow dischar e kx10-9 103 136 
(Section 3.7a) 
RIF discharr-e 1x10_ 

8 
small 138 

(Section 3.7b) 
'_'misnion snectra 2x10-16 hydrocarbons 149 
(Section 3.7d) 

,f Ir 1xlO inorCnnic 149. 
gases 

199 
3.8 Ultra-violet Absorbtion Detector 

The detector cell is irradiated with ultra-violet lieht at a 

n'iecifi c wavelength and the intensity measured by a ph. otomulti plier 

tue. Organic materials, on entering the cell will absorb radiation, 

resulting in a loss of intensity. * The detector has a rapid response, 

in simile to. construct, and has a linear dynamic range to saturation 

level. It is insensitive to changes in carrier gas flow rate, nressüre 

and toriperature. The response is partially selective, but is not 

predictable. The limit of detection is about 2x 10-11 miýunl for 

benzene. 
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.n 
IOIasd. t]_On (tcnu e 

The ioninnation gauge i^ ba^icell., v a conventional triode valve, 

t: e roten i^l difference between the filament and grid, accelte. rating 

electron. ^ which can ionise any as present. If helium is used as 

crýrri. er m^", and the potential difference is jict not sufficient to 

J 
. oni_ce helium, but all materials of lower ionisation notential, then 

the device car be used as a ras chromatographic detectorljF7 The 

detector is orerated at a low pressure and the grid voltage must be 

111 8 
ri. r-orously controlled (to 0.01%) to ensure reasonable stability . 

Although tho detector has a reasonable linear dynamic range, response 

c-ý. nnot be predicted. The res-ponce is imne. ired by electrode oxidation, 

and deco ition of decomnoced materials on the electrode. Oxidation 

can be minimised by a suitable choice of electrode metal (e. r. rhenium 
l4(U 

or tun, fr$ten ). 

ir. adi and Ettre15° have combined an ionisation au ;e and anass 

spectrometer as a single unit for simultaneous quantitative and 

. ý. i_ 
t ý. 

.Z rýB ... 
ý4 JEZ. . 

:: C:. ° : 'Or : 
.s2. 

n :C,: a., O. er Cc.:: °_.. ...... : "Cý7! -: u Q 

detector calibration. 

The limit of detection of the ionisation gauge is about lx 10 

-1 

3.10 
Gs, r Den. siti* Detectors. 

ý. )Aý. The ; "Iar. tin Gas Density Balance. 

The measurement of the density changes of a gas stream emerging 

from a chromato raph offers the basis for a detection system, since the 

response of the detector depends on the molecular weight differences 

between the carrier ; as and the components. An apparatus based on this 

: DrinciP1e was first constructed by Claesson. in 1946154, but the first 

,. r, dien:. t; r br^lance deni necl ns a chromatoCraphic detector was made by 

, i:. rtin and James eight years later 
l55. 

Figure 3.3 is a -it! -, ram of the 

fý o ^ýrste^ c: i. tti! Zn the gas density balance. A reference gas enters the 

detector at A and is split eaually ,o that one part flows upward, and 



ý7 rltrý^ 
.7 
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Tho Gas Dcncitf Balanco. 

01 X# e1 
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: -. e other down; ": ard. The analytical carrier gas stream enters at C, 

n,: is sinilari y split. The divided nnaiytical streams combine with 
r one divided reference streams at D ind D", and these two streams 

'themselves combine at the detector outlet E. When a component which 

heavier or lighter than the carrier pas enters conduit DDthere 

i. ý a nre, nsure chance at point D which is sensed as a flow rate change 

in a conduit XX' parallel to DD', and hence a flow of pure pas will 

occur along XX'. If the component detected. is heavier than the carrier 

^as, the gas flow in XX' i. 1-11 occur in an upward direction, but if the 

density is less than that of the carrier, flow will be in a downward 

direction. The d. etectinr elemc'nt, placed along Y. '', consists of a 

heated wire, at each end of which is a thermocouinle. I"Then there is no 

-'as flog, through XX' the thermocouple outputs are equal, but when a 

lo: thrcugh XX' occurs, resulting from a connonent in conduit DD', 

there is a tom-p'rature gradient between the ' thermocouples, which can 

he related directly'to the density differences between the carrier and 

the component. Since only reference ras passes along XX', no component 

ever comes into contact with the heated filament, so that contamination 

of the filament and pyrolysis of components, cannot occur. In practice 

it found that even when there is only pure carrier pas in both, 

reference. and analytical conduits, there are pressure differences within 

the system, caused by flow restrictions in the conduits. However, since 

the analytical and reference conduits each form a pneumatic ; -Theatstone 

bridge, the incorporation of variable restrictions in the bridCe arms, 

enables the detector to be balanced. (Reference to a pneumatic bridge 

detector has appeared in a Russian journal170, but design details are 

no L ! -, no!,. -n) . 

The orifinal ; as density balance was constricted from a solid. 

cr block. The construction is tine-consuminf* and demands considerable 
156 iIundrty and Primnvesi have constructed a Skeletal t *ne of (as 

d? en5ity balance from copper tubing, and have compared some of the 
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c r^cteriÜi; ics of the two models. The overall conclu. nion: ý were that 

original block detector gives less noise, but ha: a smaller linear 

r nrce than the slteletol model. However both detectors have a 

rantc , *rcatly in eýýcess of that rernii. red for gis 

chrome. tograrhy. The skeletal ras d. ennit, r balance is far easier to 

construct;. Other minor modifications to the original M irtin and James 

rle�it; n have been propo: -ed by several workers157-160, but these concern 

; ainlyr the construction of the detector and do not substantially alter 

the performance characteristics. A pas density balance for use at high 

161 
temperatures has also been described 

The sensitivity of the detector will depend on the volume of the 

main conduit. -:, the power disci; 

the carrier gas. A g'a, of low 

te.;,, r^rature gradient along the 

renerally used as carrier gas. 

of similn. r molecular weight to 

used., to maintain a reasonable 

Dated by the heater, and. the nature of 

thermal conductivity will increase the 

wire, and for this reason nitrogen is 

However for the analysis of materials 

nitrogen other carrier gases should be 

sensitivity. 

The detector is temperature sensitive, and for maximum stability, 

the temperature must be controlled to ± 0.001°C. For, a correctly 

balanced detector, the response is completely flow insehsitiyebut flow 

rate is limited by the onset of turbulence within the conduits: however 

this i: - not a serious limitation of the detector. 

The re.; non$e of the detector is predictabl' from a knowledge of 

molecular weights. By correcting the peal, areas corresponding to each 

of the constituents of a mixture using the expression: 

f= P41,3.17 

Ii -II xc 

where ;X and I"ic are the molecular weights of the constituent x, and of 

t- c carrier j-, as, respectively, 

t, e -, )r"rcentar; e composition of the mixture by weight, is obtained directly: 
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of component :r=Af . 1.00 

ýýof 
1 

Doak Area. 

Thus no e; cner±rnont. ^)_ calibration of the detector is required, and 

the resronse should be linear for ül]_ materials. Although the linearity 

162 
of res-oonse has been confirmed. for a limited. number of compounds , 

the majority of workers who hive rtih1 shoe. data obtained from the 7 

rren, 3ity balance, malte the assurirtion that responme is 41:: ýe. ýrs calculable 

129, 
eciu^tion 'x. 17, and give no experimental . ýu'0onort' 

ý' 161 
In 

the cour. ce or the present ' ork the re,, ronce of the detector to a number 

o dir 4- -L ^rrr. matt Tals has ÖCfen studied and no a nomalou re: 3pox1 iers have 

ýe^n fo,,,, nd under normal olDeratinm conditions. E: cperimental 
details and 

re -u]. tc rc -, ivcn in Chanter 6. 

On th ' annunntion that ennation 3.17 i. ^ obeyed for all naterialo, 

end rrovi. c'; ed that the mass of x is known, the ;; as density balancö may 

he used. for the determination of the molecular weights of unknown 

^? aterialc. A number of workers163-5, including the present Author, 

have used the as density balance, as the basis for a technique to 

determine molecular weights. This is discussed in detail in Chapter 7. 

The Martin gas density balance has many of the properties of an 

ideal n. etector. It is robust and reliable. It does not require 

expensive ancillary equipment. Its response is predictable for all 

-^n. ces n_nd vapours, and it has a wide linear dynamic range. The 

detector is non destructive, and components never come into contact 

with the heated detector filament. However the detector is not easy 

to con eruct, its limit of detection is not very low compared with 

ion sntion detectors, and it requires excellent temperature control. 

. 10b The Gm"w-Hr' c Gas Pens-i. t ;* Balance. 

A study of the ; ̂ac clens: _t;; * 
balance was iindertn1 en bfr Nerhe±m 

1'66 
1 

and , an a rcruJ. t of his work r. Üimr]_ified very on of the O. ctector rrr_ 
1ý7 

de^i nec? The basic difference lies in the fact that the conduit 

xx' (figure 3.3) containing the detecting element, is completely removed, 
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-nd is replaced b t, 7o heated fß_1^meni; s, one in e . ch of the hor. i7ontil 

refere" r' rrr con(li? its, i. e. between BD and B'D' These fi1_amentc 
. 
form 

two ? r. mr of n Z,; he^tston- Art jv! 7tnble flow r. estri. ctor.! are not 

ir-corror<a. ted in the detector. The detector o-npea. rs to perform 

ýt. ýSf^Ctoril ý in that re. oonse f? ctors for some or^'anic 

co"?., Oi'. n(-17, cn1ciiiatoc1 from eciu t' o. n `;. 17 ar ree with cxperirtentnl va11'es. 

A1or,. ^lolus response is observed for hydrogen and cthnne. No value is 

given for the li. nen. r dynamic range of the detector. The detector forms 

orn! erci all; rl(ý', which be the basis of an instrument available commercially'-LO 

ref erred to rs the Gow-; in. c mar, density- balance, to cdistin^; uish it froi: i -- 

tl, e ori^ 1 nai Martin rattern. Little data have been ubli, ^hed on the 

nerfor:; lýnce of the Goya-Mac detector, the onlýT papers bein!; a , cries 
U' 16q 

by (, u-i. llem]_n and Auricourt These authors set out to define the 

ontimium oner... tin conditions for quantitative nnalyoio. The 

r. en itivity of the detector iicinf. - nitrogen is rrreo. tcst for an analytical 

7^-- flot"r rate of 53 ml min-1 and a reference flow rate of 3.00 mi. min-1 

The ner?: ormnnce of the detector was examined using several different 

rý -"r. ier gases, both permanent gases, and those of hi ,; h molecular weight 

suc^. as the halogenated alkanes. The effect of temperature on detector 

sensitivity was studied. The linearity of the detector was briefly 

examined, but no serious study was undertaken. Results of. ruantitative 

analysis of a number of mixtures of low boiling halogenated hydrocarbons 

are ih rood agreement with the true mixture compositions. Each mixture 

was analysed three times, at one sample size only. 

In the present work the linear dynamic range and response of. the 

Cour, Thc gas density balance has been determined for several different 

materials; it is concluded th^t although the detector is in most 

i. n: ;: feces. srt1L; factor; r for relative percentage compositionanaly. sis, the 

absolute recnon e doers not always agree with calculated vnlucs, and 

deviations from linearity occur. Details of this work are to be found 

in Chanter 6. 
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ß. 1.0c The Jet Strebt Detector. 

1 1 very simple detector whose response is a function of density, 

21 is the et i: ream detector This conni-ts of a moving coil 

mr o-ammeter", to the needle of which is attached a vn. ne, held in 

eouilihr . um position h'a ci'rrent nansinr7 through the coil. Reference 

g^s im-in"es on one side of the vane, and the analytical as stream 

on the other side. Elution of components causes a deflection of the 

needle, and the current required to restore the needle to its 

enuilibrium position is measured. Since the response of the detector 

dcuonds on the density difference between the two gas supplies, it is 

calculable, and can be used for quantitative anal: rnis and molecular 

e. °ht determinctions. The main drawback of the device is that precise 

con '. rol of !; as floe, is required for stability. 

x. 10.1 Gas Density Detector Performance. 

T; ?? e of Cell Response Limit-if Deteciion Linear Compound 
Detector Volume Time g sec mMml Dynamic 

ml sec. Range 

33 4xlo-7 4x10-6 Pentanol 
(Ref. 25) 

_ (Ref. Chanter 6) 6x10 
6 

>]O3 octane 

Jerheim - filament 6x10-8 17,10 
6 

butane 
(R-ef. 166) 

iderheim - therrnistor 8 1x10 
8 

2xlO-7 butane 
(Ref. 166) 

Gorr-Mac - filament 8 10-7 4xl0_8 10 
(ý: e f. 35a) 3x10-7 CCCi' 
(Ref. Chapter 6) 11 6x10 small octane 

Pneumatic bridge 5x10-6 
(, 0f . 170) 

3.11 Gas Volume Detector. 

Direct measurement of the volume of components eluted from a 

column is the basis of a detection system devised by J! na1c171 By 

ii,, in- carbon dioxide as carrier -as, complete absorption of the gas at 

the column exit, into a vessel containing potassium hydroxide, is 

accontl-O. izhed. Other constituents of the gas, which are not absorbed 

by potassium hydroxide, pass into a gas micro-burette. Thus the 
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reononse of the detector i: -; rieasured as a volume change, and is 

in'. er; r^l. The detector can be used for all materialo which are not 

a-, Üoroed by, or react with caustic alkali solution and are not soluble 

in : rater: it is not very satisfactoryfor partially resolved components. 

It floes not have a ver " low limit of detection, since volume cllanTes 

.,,. aller than 3.0 eil cannot readily be measured. The detector must be 

operated. at n temperature sufficiently high to prevent condensation of 

constituents in the burette. In Dractice the detector is normally 

orcrate'd at room temperature, thus severely restrictin- materials for 

analysis. The system is very temperature dependent, and. it is essential 

to use cxtrenely pure carbon diofid. e. The detector is cheap to construct, 

and sii: ip]. c to operate, and has* the great advantage that response -is 

predictable for all materials. Examples of the determination of small- 

ariountc of alkanen in gaseous olefin mixtures, usinm an automatic as 

vollime detector have been published by Jnnak172. Experimental procedure 

for. the analysis of gaseous hydrocarbons, and permanent mases, have 

also been published 
173. 

The ucmlr: tcy and precinion of the motliod are bet ter -L-han 2;, ), . ancl 

the limit of detection for any component in a mixture is given as 0.310 

by volume. It is meaningless to quote the limit of detection with 

respect to the concentration in the carrier gas, since this never 

reaches, the detector: in any gaze, the detector gives an integral 

resronse. The absolute limit of detection is of the order of 4x10 
4 

mill. 

Several other rapers have been published on the Janalc detection 

system, the majority of which have arpeared in the less common journal 
? 

3.12 Gns Flow Impedence Detector. 

The pressure developed across a choke through which a gas flo. -rs 

a constant rate is a function of the Fras compors tion. This effort 

r 
las been used ns the basis for a detectorý"75, but sensitivity is low 

and rL oroun control of flow rotte is essential. The limit of rietection 

is about 4x 10-5 mnMml-1. 
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7.13 Siirface Potential. Detector. 

TIi' measurement of surface 

Ütri: i was proposed- by Ph_i. ili. ns 

to ras chromato raphic analysis 

alternatinm e. n. f. is set un by 

notential chanc; c for use as a detection 

176 
and examined for its applicability 

by Griffiths am Phillips'? 
51 l'77 

An 

two dissimilar metals when one is 

vi- ted close to the other. The e. rt. f. depends on the"nature of the 

ins n^s, _, ý. ný between the plates. The device is partially selective, 

and sensitivity is rýreatest for polar materials. It suffers from the 

disadvanta. jes of irreversible adsorption on the plates, non linearity 

of response, and lone; response time. The limit of detection is about 

'4- 10 1111'1': 11_1. 

ß. 1J; - Dielectric Constant Detector. 

IMieasu-terment of the dielectric constant changes of a gas stream 

hw. ve been used as a basis for a gas chromatographic detector by 

rhillirsX751 Turner178, and 1--, lore recently by ZWýinefordnerl79. The 

detector comprises a cell containing a variable capacitor between the 

n1, )tes of which the carrier gas is passed. In Winefordncr's system 

this capacitor forms part of a resonant circuit, such that there is no 

frequency difference between a reference oscillator and an oscillator 

connected to the detector cell. The presence of an impurity in-the 

cell produces a frequency difference which is a function of the amount 

of component. At high concentration the response, measured from peal 

height,, (i. e. maximum frequency change), is non linear, but tends to 

linearity with decrea: -ýing commie size. Theoretically a linear response 

_s e. _pecteö, since the frequency change QF, in the presence of an 

iripiirit r is -ivon by the equation: 

AF =fo Q-; (ICl + Kam) 3.19 

2T 

where fo = reference frenuency 

density of connonent x 

ICl IC? = constants in Debye equation. 

The response of the detector is claimed to be very rapid, and 
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_ J.., , ii.. n nI1. ^, 1'; l_Ve t0 Tr-, ? "_o? 

w7 flucf; uýt±ons. The cell volume 7: -1 

0.0 iil. ) in r^. ther compared to that tiwed by Tturnerl 

. J5 Ultr^. ^enic Detector. 

A detector. ba. r7ed on the mencu. rement of the' velocity of cound ;; gas 

211 
in l9ý-6. A; prrcticn l detector has been devised 

br ýýo;. 
_. _ý1e 

1.80 
f: '. ^ frcauenc a ;ý The detector col l iÜ operated at a L. ý, y, and 

on -. an, -in, - the nc cotnnocition in the eel.?., a c, hcnme in velocity, 

'? ýn o- chan(; e in 1"lnve1 ený_ th occurs, trhich i: detected as a phase 

eh . n^e. This phase change, resulting from the presence of a component 

in the ca-r. ier gas, can be derived from a knowledge of the molecular 

? nd specific heats of the constituent gases or vapours. 

Pro'*idecl that hydrogen is used. as carrier the response to many 

iaterial. c i. m to a moleculnr weight of about 700, is in excellent 

^rree' eni with the theoretical respon. ^e crilciil^tec1 from the eri-uation: 

L1 =Kn (M -iI ) 3.20 
crc 

ii 
c 

I°IC 

where K= con^tant dependin.: on cell path length, fixed frequency, 
temncrature and the universal -as constant 

"ý c= 
specific heat ratio for the carrier gas, of molecular r: ei; ht M 

HV = iiolecuinr weight of component x 

n= riole fraction of component x. 

Th^ response of the detector is dependent upon, temperature, pressure 

and flow rate. The response is lineer ur to about 5% by volume of- the 

carrier 'as, and the linear dynamic range extends over five orders of 

a°nitude. Response factors, u, in, nitrogen as c,,, rrier cannot be 

rrr. cý;. cteý natisfactor. ilf. The detector mray be used for molecular weight 

dý'. -e " ýinati_oný, provided that the weight of the unknown r, taterial (;;,. ) 

is kno': n: 

r'T - 17 
. 
r7 3.21 C 

T"rhere ii riolccu]. ar weir«ht of comnorent 

Ax = peak area eorrospond. in, -; to component x 

K' _ con, ntn. nt for given experimental conditions. 
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Detoctol n. 

One ; j, lnction of a thermocouple is buried in ^. plug of a. ct3. vnted 

c%, arcoa)., in the end of a chroriato-raphic colu'nn. The other thermo- 

coup1c, junction is placed in n. column through which only -ot're carrier 

". ̂ . ýe. ý, ý. ný the he^t 17. her. n' erb -on adnorption of vapours is. detected 

i8i 182 
c 11n,,, (- 

.n 
thermocoturle out-wit Priestley descrio. ed n. method _! 7 71 _i 

in ..,,, -Ich i: 'ýe two ý^ .s ^tremms : re switched every few second.:, from one 

r=rýtnctor to the other, so that an o:, ci1iating signal is received b 
,,, r the 

recorder. He claims that 

cnmnenent present, brit no 

'- i, o"d ri detector b^cea 

A . sorptio , hernrd detector 

end a del; ^ý 7. c rý study of t 

the response is proportional to tho weight of 

experiment-1 evidence is riven. Blurleri83 

on the name nrincinle li. ̂ inm thermistor probes. 

ý 
has been natented by Bevan and Thorburn2"'', 

1$1L 
he device *, "rr c recenti_-* vvndertrken by Lo-,,: en 

T_'"" rc soon Of the detector 4_s not line^r with respect to snmrl. e si^e. 

': es'Jon^e 'Factors calculated from heats of adsorption wer n, only in fair 

F r-f, e lent with observed re spon. -, ess. The response of the detector is flow 

r^te --nd : em Brature dependent: the limit of detection is about 

1L ;: 7.0-5 rig., m7. -ý" (for bensene). The detector in its ? resent form is 

not s^tisfrl. ctory for quontitative analysis without e:: tensi_ve. calibration, 

'nit in view of its sirmlicit. r and cheapness it is useful as ra cjualitati_ve 

(1 0 V'. CA 

"ý-7 Semiconductor Detectors. 
'. 17a. The Semiconductor Adsorption Detector. 

Certain properties of semiconductors chance in the presence of a 

°^.; - or vp. iour. The use of thermistors in katharometer and sorptiothermal 

detectors has already been d. escr. ibed. In additi_oft the measurement of 

chances in the electrical nroperti_es of semiconductors can be used 

c'ircctl.: t as a ac ans of detection. It has been shown that at temperatures 

in the region of 400°C, the adoorntion, and :; ubt enuent desorption, of a 

on n r. n ai. condluctor, will change si nificnntly the electrical 

con''uc i: ivit: J of the scmiconrluctor, rind. this effect can form the basis of 
" lÜ5 

a as chrornatol; ra»hic dotecto. r. Details of the construction of such 
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detector have been rnzbl_i_ herl186 Using zinc o;; icle film, the 

'-cn)onse to n number of orr,.. ni_c comnoirml. s ?, as been mc surer. The 

rerponrýe of t}ý^ r? etector depends on the electron donating or e. ccerti. n 

; )o-,,: er of the compound, but is non-linear, and unpredictable. 

7). 1'7 The Piezoelectric Detector. 

Pie^oelectric ctaartz crystols have been used as detectors by 

187 

A relationship between the weight of a metal film deposited on a 

lý'8, 
cr; Istui, and the resultin change in frecuenc, yA F has been derived 

a ci_mplified version of which is given below: 

F= ICF( 3.22 

A 

;: per. eF= frequency of the quartz plate 

%ýW = weight of deposited film. 

A= area of quartz plate. 

If a liquid stationary phase is coated on to such a crystal, there 

i- a reruanent frequency decrease. ; -Then, the Gas emerging from the 

chromatorraph is absorbed into the liquid there is a furt}ier decrease 

in. frequency and amplitude of vibration, and by measurinm these changes, 

the crystal can be used as a detector for as chromatography. Using; 

the frequency change, &F as a basis for ouantitative measurement, from 

enuation 3.22, it follows that: 

AF = bro 1; 11 - 3.23 

LW0 

where APO = frequency change due to coritin-; of stationary phase on 
the crystal 

AWO = weight of coating 

ý; i weight increase clue to sorbate. 

The /3ifference in frequency between a refer^nce cry6t:?. 1, and the 

anr..; rtical crystal i: - measured. The reference crystal is identical to 

the nna3_, -'; icol crystal, except that it is not coated with stationary 

phase. Many orp^anic vapours show a lin^ar relationship between 'the 

vapour concen. -ration and the value 
ABI /c1; l, so that provided enuation 0 
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3.27) is obe-red, the res? once with respect to concentration : "ýi. ll be 

Tin, = over a tide range. 

Since t'le detector is itself acting as a chromato! rarhic column, 

the recidence time of a riven material in the detector, will depend on 

the nature of the crystal con. tin^, and the material sorbed (i. e. the 

nartitiion coefficient) as well as the carrier as flow rate. 

T"e detector may be made pnrticlly selective by a suitable choice 

oý : >ý: n. tionary phase. The detector renuires calibrationfor all materials, 

tie response in a funct3. on of the weight of each cori; oonent 

ar.; itior. ýd ýrithin the detector stationary phase, and not of the weight 

of rlatorial injected. Irreversibio aý3sorntion on to the crystal coating 

nuct be ne liRibl_e, otherwise er. roneou. s calibration will result, and 

Biere will bý a permanent chanr; e in the basic frequenc, r emitted by the 

crystal. For the sane reasons the detector is presumably very 

suscentable to contamination by impurities in the cnrrier las, and 

stationary phase bleed from the chromatographic column. Loss of 

tationary phase from the crystal itself wß_11 also give rise to 

instabili. tr. 

3.17.1 Semiconductor Detector. Performance. 

Type of Cell Volume Responce Limit of Linear Compound Ref. 
Detector Time Detection Dynamic 

ml sec. mMni Ranre 

k6sorpt-; _on 
4x 10-9 Ethanol 179 

(Section 3.17a) 

Piezool. cctric 0.02 0.04 c 10x8 2x 102 
. 

187 
(Section 3; 17b) 

5.18 Electrolytic Conductivity Detectors. 

Decomposition products of organic compound burnt in. oxygen are 

d. isnolvecl in water, and the resultant change in conductivity is measured. 

In genera'., carbon dioxide, sulphur dioxide and trioxide and h,, 'dro en 

hr, lides will be formed. Several devices based on thi^ nrinci nle have 

1.8c±, ]. 90 
bee., f=ried The end of a chromatogr . chic column is fitten. with 

a combustion cha, ^bor into which oxygen is passed.. The effluent from the 

column ir- thus decomposed, and is rassed into. a chamber through which 
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! later : L^ f1-owing at a con^tant rate. Di. soolution occurs, and'the 

; cl, ý ion lo-: s into n. conductivity cell. The response of the detector 

i- calculable and linear over a wide range. The detector can be made 

r ecific for the detection of halogens and sulphur if the contact time 

of the f; cscs is sufficiently short to prevent carbon dioxide absorption. 

The r? etector can be made specific for the detection of nitrogen. alone, 

by h,! -cir. orenating the components over a nickel catalyst, and passing 

ý'. l9 
the ammonia produced into the cell 

^uantitative analysis relies on a itno,, rled7, e of the qualitative 

nature ol tho compounds, and the method is or course destructive. 

>. 19 Couloretric Detectors. 

Coulon( try can be u, ed for quantitative detection, the amount of 

;: iaterial present being calculable from Faradays Laws. Anon-selective 

fletector reannires the pyrolysis of all. materials to carbon dio, ýide; 

192 
;, rich is then rn. ssed into a coulometer. Several delective detectors 

have been described; for example the detection of sulphur is accomplished 

by oxidising column effluent to sulphur dioxide or reducing to hydrogen 

sulnhide193 Coulson has t_, iven a detailed description of a micro- 

coulormeter which he has used for the detection of chlorine 
194 

3.19a The Reaction Coulometer195 

In this device the coulometric cell output is maintained at a 

conr; tant level by the following system. The carrier ; as, emerging from 

the column, is passed into a combustion furnace, and then. into a 

coulometric cell. The furnace is continuously supplied with oxygen 

by passing a separate pure carrier gas stream through an oxygen 

generator.. In the absence of any eluted material, the oxygen nupT)ly 

to t v' cell remains con. st. a. nt, but ;! hen a component reaches the furnace 

nu: '. ". t;. t'1tivel;; converted, into carbon dio, -ide and , -ratcr, which 

in ^. <? ecrea..; e in the amount of oxygen reaching the cell.. The 

coil ou -nl.. lt 7. s thu Ciecreaser, and by meens of ^ fcecba. ck loon, nn 

enuivalent amount of oxygen is produced in the oxygen generator, 
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returnin;; the o:: 'rr nn co centraV. on in the ce7. l to 
. 
t: former value. 

incr^n: >e in oxvr, en outT. ut h.; the generator is thus a nenvure of 

t1 i01'. 1t of co"? 1Juustec. r? ateri 'l . 
Resnonse ±. s therefore calculable a ni 

7. is r. with re. s, uect to concentra. ti_on. Absolute, in rt i3: iön to relative 

ria`* he carried out rrovi(de! that the molecular 

e 1:, ̂> O: ' a he co 1 -0 e'1 s l7^_flnr "il: 'si arc., ^OZ'ii1. _. x71: 1: -)I C'S arc 

"iv n of 'l, e rua. nt_t^. tivc z. ný. l-sis of imrie allcane, ketone and 

, 
l. cohol 71_.: turns. The recultc are excellent. However the detector 

-, fr-rs fror a Hornher of drawbacks. The response is only predictable 

'o: o. se mater: i, )lc containing; carbon, hydrogen 
. and oxygen. It is not 

�ii _ý. ̂nle for the quantitative znr. 7. -ýsis of halor^enated ýraterialc, or 

nnu or^anic compound which contains elements other than carbon 

l, rýiro^en and ox'*r*en. The detector does not res7ond. to water. It 

nece^r--. r- to have n full ni. ialit^tive ?; nov. -ledre of ^. saranle before 

ru^. ntitr-tive rerult, ^ can be calculated. The metho(l is destructive. 

The re: 7r+onse time, contrary to e: pectation, is in goner. al less than 

rec. Within n the above limitations the detector offers a means of 

obtaining nuartitative analysis ? "rithout the necessity for calibration. 

,. 20 Titr,. tion Detector. 

The t 
_trn1 

ion of materials eluted from a column was used by Martin 

and Jp:: me^ for nuantitative estimations of fatty acid mixtures 
1-96 

^. ýs_nee, 
97 

and pyridine homolo 1l. e. c198. The column effluent is rassed 

directl'r into : -,. titration cell, and burette r. endings are taken either 

^. t fixed time intervals or by adding a fixed volume of acid (or base) 

and noting; the time for neutralisation. Obviously the method. is limited 

to the detoct: Lon of titratahle materials, but it has the great advantaMe 

that response is calculable, and the apparatus is'extremel: r s-'. nle and 

C'. -CTi: onn be mace to record nutomatic^li' if the colour 

1.96 , 21P 
t ! ýe re -ion o -I" the ec uivalonce 7oint are monitored by a photocell 
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,,.? 0.1. Caulometric anrl Titration Detector Perforrwnce. 

Scc"ion Detector Tyne L=-ft of Detection Co. mno? nd Red'. 

`>. 1.9 Si_ ale coiilornoter _2 l4 
x 1.0r, irtl" sul_nhur IU 08 

Reý. ction coiilometer 1Y]. 0 
8 

rmim1-ý hydrocarbons 3.90 

'1.? 0 Titration 0.3 ? ig ec! uly aciclc or hares 196 

Detect : on Technioue^. 

There are rm rther of methods of detection urýed in conjunction 

with rar;; ciirom'. to[; r-aphy, viliich form the basic of rn annlyt-i-cal technique 

in ' hc;;: celve^. Several of these have nlr. ead. y been mentioned in connectio) 

with rar. ticvlar detector (e. m. photometry and coulometry). However 

^ nc j rn 1e to (? ]. CCLI. $ , some of the more i_m? nort?. nt techn'i. (7ves, such 

i. nfr^. -. re(c spectroscopy, on a. more -eneral basis. It is not proposed 

to f-ive ,, rieta. iled. account of these methods for a number of reasons: 

they are not strictly pas chrori to-r. snhic rretoctors; ther are normally 

er'. ý10"('(1 in conjiinction with a conventional (; as chroriatogrrinhic 

detector; their successful operation requires workers skilled not only 

in chromatographic analysis, but, for example, in- spectroscopic 

analysis in addition. 
200 

. 2la. Infra-red Spectroscopy 

Infr. o. -red spectroscopy can of course be applied to mixtures before 

chromato; raphic analysis, but because of the complex nature of the 

spectra obtained, this method is of limited value. It is rar more 

informative to examine the spectrum of each separate comronent obtained 

by as chromator; ra_nh: -. There are two means of nerformin ; the analysis: 

each connonent emerging from the column, observed by a conventional 

detector, is nnssed into a trap cooled with liquid nitrogen, and 

subsenucntly transferred to the infra-red cell: alternatively the 

infra-red nnr,. lysi. s is crrriec3 out on the v,, pour as it emerges from the 

col>>r'n. The first method is more time consuming and there is the danger 

of losing 'alt; off ether .n minor components in tl; e mixture caused by 

ineffective trapping or the formation of fogs. This can ne minimised 
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; ý", 1 ý. ý. 1 "^ ti-, 
-c 

trap with stationrir'ý phase or active charcoal. `2'11C ilse 

of ^. n apparatus20l in which column effluent passes directly into an 

infra-red cell cooled in liquid nitrogen is more et'Licient with respect 

to the lergth* of time for analysis, and recovery of material. It is 

. ; general preferable to eVsrtine samples in the liquid phase, since' more 

infor, -"a. t-i. on about the linuid phase is available in the literature. 

in vicsvr of t hr, small. sample sizes available from gas Chrorna ý0- 

r'? 'ý1 i. not always possible, anr? analýrsis in 
, 
the Vapour phase 

mizst ronieti_?, v ne carried out. 

�an. i nation of i. nfr: t-red spectra has the ad. 6ed advantarne that it 

ý-, reveal the nre. ^ence of i second component in z given elution band, 

, -: hach 'iz not been resolved by chromato rar 
150,202 

?.? 
_lb 

:, Inn r Spec,. rometry 

:: ors spectrometry offers several advonta7es over infra-red 

rrectro, 7coýýýý. It is extremely sensitive and may be used for almost 

any t;, rrc oc' material. Interpretation of results requires calibration 

Goectra and a Jcnow1ed7c of the general relationships between structure 

anel mass m-ectra for a complete qualitative analysis. The mass 

. -ectromete. r may be coupled to the eý: it of a das chro: aa. tographic 

column, via a stream splitting device and the eluent continuously 

monitored: the complete mass spectrum is rapidly and continuously 

scanned throughout the run, or the spectrometer i. s fixed at one 

n rticiýlý. r mass for each chromatographic run. Fortunately it ic not 

essential to have a complete nass spectrum of a mixture to obtain a 

complete identification of all the components: all that is required 

is the relative intensities of several characteristic masses, e. g. for 

the identification of alkyl benzenes, the apparatus is set to a mass 

nu:. 'lb^r characteristic of the molecules ((,. r-. 91) and an analysis carried 

out. Comparison of the pesi: s Olt i1ned by a chrOm to r^ph1 C detector 

with the mass spectrum on the same time scale enables the alkirl benzenes 

to be readily identified. 
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P-. ^. dioactive Detection. 

For the detection of radioactive materials injected. into a 

chronnto; r'. Dhic column, the conventional radioactive detection. s ýTst ms 

<re used203 .A method for the analysis of 
14C 

and 3H labelled compounds 

^a!: ý been revca?. oned. by irmes and Piper204 After nasoin,, through a 

c-rormatof ranhic column, the effluent is split, a nroportý. on passing 

to a c}iroraatogranhic detector, and the remainder to a furnace 

contal nin, ~ copper andiron filin;, s ät 9000C. All components entering 
ly 

the furnace are converted into CO2 For 3Ii2 nno these gases are passed 

into a nroportionnl counter. The final result is obtained via a 

r<a. temeter, in the fore. of a differential or inter ral display. The 

d, on the c?, romýatoscr. r. m and corresponding; radiochromatogra.; ns are compare 

sa-e time scale. This method is particularly valuable for the detection 

of materials of very stall mass but hi7h activity, , 11iich may be missed 

by chro;; iatorra-hic analysis alone. Since the column effluent is split, 

only a proportion of the sample is destroyed, and the remainder may be 

collected if necessary. 

Of more general applicability, is the method described by 

Lehrendt205, in which non-radioactive substances can be detected after 

conversion to labelled materials by an exchange process. 

?,. 21d Polarographic Detection. 

ßr employin^ t no1«rograph in addition to a conventional detector 

it is Po: sible to distinguish between various chemical species in a 

206 
detected halogens by passing column mit»re207. Jana 1L and coworkers 

effluent into a solution containing Ti" ions, and measuring; the 

current increase in the cell, caused by the halogens. This arrangement 

1.: 7 , particularly limited in its application, and a more., useful 

^rocc'dure may be as follorws. The use of an rgr. otic solvent, such as 

acetonitrile would anable the oualitntive and quantitative analysis 

of many organic compounds, separated by chromatography, to be effected. 

Polarogrophy is not restricted to the analysis of reducible materials 
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: n. t n dropping mercury electrode, but can equally well be carried out 

20& 
11'th o:: i disable materials ti: -i_n a roto. tinm platinum electrode 

The problems associated with polarographic analysis coupled with gas 

ciromatogranhy are similar to those of infra-red spectroscopy. Either 

each component must be trapped independently and then analysed in a 

"ool<nror=; rarhic cell, or the electrode potential must be rapidly varied 

b(-;; ween predetermined limits Burin -, the chromatographic run. The rate 

of no'ential change must be far trreatcr than the rate of emergence of 

a chrom omraphic rocak, and it would be essential to employ a cathode 

ra- tube for the display of results. 

Pu r. el. l states that pol. ^ro ; raphy is of no great value in gas 

chromatogranhic detection209. Its particular values would be that it 

acts as a specific detector for electron donating and accepting species 

--nd distinguishes between the two. In addition, by using published 

half wave potential data it is possible to obtain qualitative 

inforaation, and at least to classify components into particular 

chemical classes 
210 

. For simple oxidation and reduction mechanisms, 

a quantitative result is readily obtained from the 1ikovse: equation: 

i= Ic ne 7.24 

; izcre I-, = constant depending, on the experimental conditions 

n= number of electrons of component x involved in the oxidation 
or reduction 

c= concentration of component x in the cell. 

The disadvantages envisaged stem from the use of a large cell 

voln^ie, n. nd the difficulty of quantitatively trapping materials in the 

cell. The response time can be minimised by using a rapid scan rate. 

3.22 Conclusions. 

The "run. t. abil_it,, * of e.: isting detectors for quantitative analysis 

cnn te". _ ýe sccý on the ba. ciz of the for(`; oin-, discussion. Important 

ro? artier arc summarised in the table below. No detector is 

Cp; n 1. ^l; eý_'; ' ... ̂ ý7_s ICtor1 for nU tnt: 1?: ''-1VC an^. l: f: 1,, but olle. ^t, 'nd'1: r 

among the r3etector: 7, is the Martin ,, ac density balance, whose response 
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ý. s hoi? 
_; r 1ýredict^ ?. n and calculable, and hic. u has a .. side linear 

(3.100. The detector responds to all materinn. l. ^, of 

^lolecui^. r ". eight different from that of the carrier ; ý. s. However, 

detector rust not only be suitable for nuantitative anal; *sis, but must 

iv^. _ilable commercial?. -v or be readily conctructable in the laboratory. 

it .sa 'ratter of regret that neither of these conditions are riet by 

t ýe inrt_i_n as density balance. The detailed -performances of the Gow- 

: i7o versions of the as density balance (3.10b) have been to some 

extent 1? n)-nown, and certainly unpublished. The Author's own observations 

:, ho,:: that small deviations from expected response do occur with some 

: torý. al. -, bitt nevertheless, the detector is a rood second he^t. For 

^u^. ntit'tive rcru1' with either form of , r*^.; c cn:? it;, ha-Lance, it is 

e : ̂ ^ntial_ to know the moieculr^r weights of rh]. the comnononts of 

: Lnterr`�t. The flame *_oni::. r? tion. f? etector (3.2) cr. n be userl reliabl y 

for -va. ri-A ntive work, and ha. r a very wide linear dynamic r1. n^e. 

lowever ref-, pen. ýe is not always calculable, end the detector mixet be 

? rr t: er? for ß+. J_1 chemical species. Although it will. not detect 

interferes with the re. ^ron^e of the the rresence of water 

detector townrc1 other constituents. It does not resrond ni; nificantly 

to the inor^"e. ni c ^'a2cs.. For routine quantitative work, the flame 

ionic1tion detector is excellent, but for the analycis of i'n?: nown 

r^. a. trrin. 1ý7, it cannot be used with complete confidence. 

The recponse of the flame thermocourle detector (?. 3) is calculr. ble 

from ^. '-noýýlecýý; e of he^tn of comhuntion for a number of materials, but 

^. r1ct^.: i. 1cc? :, turfy of its vni. ve as a quantitative device has not been 

n�hl i-shr, d . 

The cros--section detector (33.6e) is claimed to rive a bredictab). e. 

rt-: -, r)^nr7A or :, l]. materials, for h, rcdrorren a^ c. ̂ rrier based on a 

of atomic croon sections and nolecuiar weights. Althounh it 

is c^pnh]. e of -iv!. nr° o, rcoll. nnt riuentit^tive ro ultr, . n. niffic Lent 

evidence has been ni. tbli. chea for it to be assumed that the detector is 
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fro- onomr 1ons beh^. vioiur: indeed it. i:. , rno . rn to he readily 

'ist,, irberl by contaminants. 

The ýý., ̂  volume detector i_s capable of giving e: cellent 

au, nntitntive results, end weight response is cctlciilo. bie ciirectly from 

rio7. (-cular weip; hts. It in extrerne]. ýr to in('-, -rature dependent, and is 

to the an 1y is of fairly ]. ow-boil±n ' mater]. alsi which 

nut re i. ther' react with notasri. um hydroxide no be soluble in water. 

iii. gh r>>rity carbon dioxide nilrot be used as carrier. ; as. 

The ultresonic detector (3.1.5) has a aide linear dynamic rent e, 

and re, npon:. e is, calculable fron a knor ledge of 

-orotrided that hydrogen is used : gis carrier ga. s. 

of its resr. onse characteristics is required fo 

its value as a c, uantitn. tive detector. Obvious 

high cost of the associates) equipment, and the 

carrier as. 

molecular ; reight n, 

A more detailed study 

ra true asses ment of 

disadvnnt^. 'e c_re the 

urge of hydrogen as 

Conductometric detection (3.18) offers no advantnre over the 

other detection systoris discussed herein. The sample is totally 

1ertro, red, and a qualitative knoi; iedgo is necessary for quantitative 

est mrtion. 

Thn reaction coulometer response is predictable (3.19a) again on 

a molecular weight basis, and should give excellent quantitative results 

rrovi3ed. that the only elements present are carbon, hydrogen and o-ygen. 

The above detectors are all suitable, in wnryinv degrees and 

within certain limitations, for quantitative analysis, but they all. 

r^ryrire ^ knowl. ed7e of the molecular wei. mhts of the constituents of the 

before quantitative results can he calculated, i. e. qualitative 

^nn. 1v;; is must preccede- nuant: itati. ve analysis.. Of these detectors the 

only ono. n ; hi. ch have found widespread ri option are the flaric ionisation 

detector, and to a leaser extent the Gow-ilac at density balance and 

the croc. -cecti. on detector. 

The present situation with re and to a detector suitable for 

quantitative analysis in thus unsati�factory: it was with this fact in 
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r7±nc1 tlir. t the develonrnent of tre Brunel miss detector Ala:, carried out. 

?. 22.1 Swi.,, ar, y Tnlblc of Detector Perfor: mnce of lion-Snecif: i. c Detectors. 

Detector Limit of Linear Dynamic Response 
Deteftion 

_Z r SAC. 11j"1r11 

ll?. h^rom-ter 10 

. on: i_, ro. t . on 10-11 10-13 

thermocounle 10 

P'a'ne e: ni__sivit, -j 10-5 

Fl,, -rte -chotormctrio 

?. rron-macro 
_ 

17) 

10 

i ° 10-12 on-n cro �rr 

Ar.. ron-triode 10-13 

-1 Ieh um 10 

t 10- ion Cross-sec 

Electron mobility 10 

Glo-.., - discharge 

t /I discharge 

t i 10-16 ra 5char ;e spec D 

Ionirati_on gauge 

Ultra-violet absorption 

G?. ri density balance - 
Inrtin 

Ga:; density balance - 
Gow-i'Ir c 10 

Gas volume 

Gru flow imxnedence. 

Sllrfnce potential 

Dielectric constant 

U1trr! oonic 

Sorrtie1; hermnl 

Semiconductor - ZnO 

Piezoelectric 

Conductometric 

Coulometric (Wiseman) 

. 
"? 11Ce 

small 

106 

103 

10-10 

3. o-15 

10-14 

10-1'5 

10-9 

10-8 

small 

Small 

small 

105 

j_0.5 

10 

1-03 

103 

Not prerlictTblc 

pr. crlictr ble for 
manv materials 
C^. 1culablc for 

some comnoiln9. s 
Pre, dictablr- t ;. thin 

a homo_ior; ous series 
Not predictable 

Not predictable 

Not predictable 

Not predictable 

Not predictable 

Calculable 

Not pr. eclictable 

Not predictable 

Not -predictable 
7 

103 Not predictable 

10 104 Not predictable 

10-11 wide Not predictable 

10 
6 

wide Calculable 

10 
6 

103 Calculable 

10-4mm wide Calculable 

10-5 

10 
8 

non linear. Not predictable 

Umall No data available 

10-11m1.3 105 Calculable 

, 
1.0-5 non linear Not predictnhle 

10-19 non linear Not predictable 

10 
& 

102 Not predictable 

wide Calculable 
10-8 wide Calculable 
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C"APT R 1E. 

Evaluation oL the Mass Detector. 

I. 1 Discussion - General. 

"An ideal detector for quantitative analysis might ton--i l: of 

a minute balance carrz'inr; a cylinder loaded with adsorbent, so that 

all comnonents are totally adsorbed as the,,, leave the chromatographic 

col>>mnýºý . This summarises a statement made by ; artin at the 

International Gas Chromatomraphy symposium in 3.962. - At the same 

ymror: ium Thorburn2 described an experimental. set-un which was in 

effect identical with Mnrtin'^ description of an idea]. detector. 

The noosibil. ity of continuouc-(, y weighing the components of a mixture 

ei. 7err; in7 from a column was t}lus shown to be e;. nerimental. 1, y pos, -1-?, le. 

Lovelock, `hil t acb-no: "r7_edrin7 that weighing would offer a moans of 

c? etecti. on, remarded the procedure as too laborious to be of any 

nractienl value'. 

The rreliminary experiments on mass detection carried. out by 

4 
3evan and Thorburn}, were conducted-on an ordinary direct readin! ~ 

laboratory analytical balance. On one pan of the balance was placed 

a vessel contain±nan involatile solvent. Effluent from the 

chromatographic column was passed into the solvent, and the pr. ocence 

of a component in the carrier ryas was detected by an increase in weight 

of the vessel, due to dissolution of the component in the solvent. 

By nlo;: tin;; a graph of the weight increase of the vessel against the 

time from injection of the sample, an integral chromatogram was obtained. 

Each step height was related to the weight of component present in the' 

mixture. This simple, and very successful experiment was the first 

step in the development of a quantitative detector for r-as- chromato- 

r°raphy, in which the qualitative nature of the sa ±pl. e does not nave 

to be known. A detector whore res-nonce is based solely on weighing 

the cnnronents as they emerge from the chromatogrnph w-Ill have a 

nredictnhlo response, a linear dynamic range equal to its dynamic 
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r-l- ; e, and since an intorr, ýl resronne i, recorded, f inction: at it. 

own integrator., thus eli. mi. nnti. nr errors :? risi. nr, from the measurement 

o4' Heal, areas. In addition it is not necessary to know the waount of 

, n: m1e injecte(l. 

The experiment described above, did however, give rise to two 

errors. Due to the volatile nature of, the solute, there was a 

continuous slow loss in wei ht of the vessel, resulting; in a drifti. ný7 

baseline. i"Iore serious was the buoyancy effect between the absorbent 

limit; and the gas inlet tube, the depth of which varied during a run. 

The first error was eliminated. by using a chemically reactive absorbent 

in pace of the solvent. For example the analysis of acidic materials 

requires a vessel containin^ potassium hydroxide solution. This 

severely limits the type of sample which can be analysed, and to extend 

these limits, concentrated sulphuric acid was used, which will absorb 

amines, alcohols, ethers etc. The second. error was eliminated by 

causing the column effluent to flow over the surface of the absorbent 

liquid in the vessel, rather than into the bulk of the liquid. 

4.2.1 ili. crobalances - Discussion. 

In the form described above the detector innot particularly 

convenient for use in gas chromatographic analysis for a number of 

reasons. The use of an ordinary laboratory balance limits the minimum 

; ample size which must be injected into the column to obtain a 

reasonable response. With a good four-place balance, the limit of 

detection is about 'P'- m, -,, so that sample sizes of at least 1.0 1il are 

required; Chromatograms must be plotted by hand, although automatic 

recording; of the chromatograms was achieved using a Stanton recording 

thermobalance. With a view to overcoming the restrictions imro, sed by 

the bnlance system, a number of other balances have been considered. 

A b'lance was recruired which could weigh differences at least the' order 

of lOJ1 (about 1 jil cha. rr-; es can then be used). i-1i. crobalances have been 

used for many years, particularly as an aid in the study of surface 
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phenomena, notably by NcBain' who used a silica helical spring balance, 

and Greggh who used a beam type balance. Helical wnri. ng balances have 

in . general., only a. : mall weight c^. nacity, and arc very fry. ` ile. The 

use of metal springs has enabled more robust balances to be constructed, 

hißt '; Ii^, y are more temperature dependent than silica balances7. Spring 

balances are generally used in vacuo: they are not readily adaptable 

to automatic recording of weight changes. The beam balance has a. 

r^^ter caracit; " than the spring balance, and is far more robust. 

In the balance designed by Greg; r; 
6, 

the adsorbent in he1. d in a small 

container suspended from one end of the b^ ance ors, and from the other 

and of the arm is suspended a small solenoid, r. 1aced between c. free 

outer solenoid. Byadjusting the current in the outer solenoi d 

the balance arm can be maintained in its null ? position as the . adsorbent 

weight increases; i": ei,, ht chn. nr*es are proportional to the solenoid 

current changes. The balance can be adapted for the automatic 

recording; of weight changes 
a 

Surveys of microbalance design and technique have been Ä ublishec3. ', 

with particular reference to operation in vacuo, ýanc1 development: in 

aicrobalance technique are published annually10 Automatic recording 

electromicrobalances have been described in the li_terature1"1' 
1-2 

and 

. some are available commerciallyll", 
13. 

These balances all operate on 

the same principle: the balance beam is attached at right angles to 

a coil riacedl between the roles of a permanent magnet. The coil is 

heli in position by a torsion band. At one end of the balance beam 

is suspended the sample, and the other end is used to attach tare 

weights. To one side of the end of the beam containing the sample is 

placed a small lamp, and on the other side of the beam, a rhotocoll. 

; vw: en the beam is balanced, a shield attached to the beam between the 

light source and the photocell, prevents : i_. Lliim 
. nation of the nhotoeel? _. 

Then n freight change occurs, the. balance be: i. m move.,, ^nO. 1i. ýht reaches 

the photocell. The output from the photocell i., fed via a servo- 

mmnlifier to the coil, and restores the, beam to its er. uilibritim position. 
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T1, C 1 r}, t r711inr" on the ? ihh. otoc-? l ir nr0Dortio'. w to 1: YIC' ho^li1 

and hence to the weight chan;; e. The arrrnge?: ent in 

J. iitt$trni? ci in figure h.?.. 

T}i e Pie^oe1. ectric effect has been in. sed to detect t"; eiph't crancer. 

The f/ eýitency of ý. nic^oe7_ectric m-r; tal t9opendr on the ma^^ of the 

cry--t'1, ind hence changer in freouenc r c^. n he iýscd. as a r1easitrc of 

the ; eight clanger, of the crystal c uisec1 by sorption or Oesorp-tion of 

rnr'i r'ri7l. (? Uart., cr: rr t; ýl. rn . c. roh tirnces have been ri. eveloreci by several 

; w-rorhersl 
F, 

and a c-as ch,. romatoCrrphic d. etector i? cj. nr, the princ: nle has 

', r rr ra, >rinri. bec'15 (see section 3.17). 

16 
The electrolevel detects movement from the horizontal plane in 

the same manner as a conventional spirit level. A glass envelope is 

almost filled with a solution of lithium chloride in alcohol. The 

envelope contains three electrodes and the solution between the electrodes 

forms two arms of a TJ, 'heatstone bridge. a quantitative measure of the 

movement out of the horizontal plane (and hence a weight change) is 

obtained by measuring the change in conductance of the solution resulting 

from a change in position of the air bubble. 

An eiectromicrobn. lanco model RG, rinnuf ctlcred b, r the Cahn 

In: 7-, trumcnt Co., was considered. The h^lanco hay; mars range:; from 

1 qftd to 1-f hd.. The lower ranges are suitable for tho c1. etection 

of ramnles »3uaii; r encountered in f;, chromntogr . nhy. The cn. nac: i_ty of 

':? he balance is 1p; for a. -procision of ± 0.2 jib; and 2 g; for a rreci., ^ion 

of t1 dig. ý"leirht changes nre recorded. automatic illy, and provision 

for a recorder . ̂ca1e c; rpan, ion to 20 p fsd (1 C 1or. c1) . nd 100 jar f., d 

(2-" J_oad) is made. The Cahn balance has been used successfully hr 

Be'ian and Thorburn, and ha,:, been incorporated into a Pyre Penchromato- 

"r-_ph. The '; ain object. of this work was to rho-.., that +ý1rhi. ný of 

corinor. entS on the microgr''Jm1 . scale could be achieved as re^! ý1ý. ý* aS 

cirhi. nm on te milli! ^ra' scale, Oevcrib'd it the G'nr Chrom^. ton'rrmh. * 

. 7nnonnmm in 1962. In addition to this the mass detector was used. in 

conjunction with a Gow-Mac as density balance to demonstrate the 
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nonoibi. lit; y of obtnini. np molecular weights of unknown mater 
_al^ 

The r,. (1ontion of a balance, such an the Cahn or Sartorius electromicro- 

+c)alancc. ^ for anass detection, suffers from one overriding disadvantage: 

it is very expensive compared with all e; _istinf; commercially; avn-i. _labi e 

Detectors. It was necessary therefore to consider cheaper electro- 

ýý. croiý^lances which 'subsequently became available, even though' the 

n^rformance of the Cnhn balance was satisfactory. 

The work under. taken by the Author has been carried out with the 

fo11. oT,! 4_nr objects: 

(i) to test suitable (i. e. cheap and reliable) ap-naratus for detecting 

ieir; ht chanr; es, 

(ii) to confirm the ' suitability of the principle of mass detection 

as a scans of detectinm vapours and rases, 

(iii) to cerry out z. sý*stematic investigation into the Properties 

anr7 behaviour of the mass detector, 

(i_v) to investigate the performance of the mass detector for 

ouantitative analysis, 

(v) to r7tndy applications of the principle of mass detection, e-1- 

the deterriination of molecular weights, and the calibration of 

conventional detectors. 

Two electroniicrohalance$ were investigated with a view to their 

use in riass detection: 

(1) The balance made by Research and Industrial Instrument Company 

'The operating principle is similar to that described above (figure 4.1). 

A ij. rror is attached to the t(or3ion band, which reflects light from a 

; ii^ll bulb to a . air of photocells, between which is placed a splitting 

r evj. cc . In the n1t. l1 »o; ition, an equal light intensity reaches the 

two photocells, but when a weight change occurs, the balance bears is 

r efl. ected, the t'orsi. on band, and hence the mirror is ttivisted, anr3 one 

photocell. receives a greater intensity of illumination than the other. 
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ýo re mlt4. nr current is f^rl to a servonechani nm, and the balance 

n^^%a rorýtorcd3 to it, ^ nt1. l position. There are ei! *ht different 

Mas ; ranges, the most sensitive of which is 1 mg 6d. The mass 

difference-between the two balance pans is read from a helical 

pote tiara-ter, calibr ted in iaillif rams. The value is obtained by 

rot? tJ. nr, the notenthieter dial until zero deflection is observed on 

ar ovin!; coil r7alvononieter. The poter . Öaiete_r can be read to about 

0.? 
_ 

of a division, i. e. to 0.2 1iß; on the 1 mg range. The balance 

ou'. rnit cnn be fed to a notentiometric recorder; v,, (, irht changes are 

observed, an a recorder deflection instead. of bein7 obtained. from the 

1no17, entior, ^t: er dial. The maximum capacity of either balance pan is 

? -': g and the naxi^lum difference in weiht between the pans is 200 nir, 

w''. ich IS adequate for chromoto rnphic purposes. A recorder scale 

exnnannion to 1-00 ji and 10 ji; fsd in incorporated.. There is no 

teý:. perý. ture connencatinr; device buf, it into the balance, and the 

te:, neraturc coefficient jr about 1 jig ner 
°C. 

19 (2) The balance made by Combustion Instruments 

In the C. I. balance, two rhotocells, which form Dart of a 

Wheatstone brid! -e network, are placed to one side of the balance nrin, 

anr3 are illuminated directly by a small bulb, placed on the other side 

of the nr�i. A shield is attached to the nrm, which when in the null 

position, ýllo; rý equal illumin^tion of the two Photocells. Balance 

arm movement caused by we: i. Ght changes, will result in unequal 

illumin: ý. tion of the photocells, and unbalance of the , "1heatstono ör-i. dre. 

The brý. t11! 7e is restored to balance by a servomechanism. The balance is 

avai. 1,1. ble with a minimum range of 250 }zg fc(I and a maximum of 100 rn 

fsd. Weight changes can be read directly "from a moving coil micxro- 

r'mneter., or by means of a potontiometric recorder. A bac?: ins off 

control (ý.. e. n means of electricnlly taring the baicnce) i,, nrovided. 

Cr-'. oration of the balance must be performed on each range individually. 

The ma; -ii urm load per balance pan in 1. g. 

1 
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A balance for incorporation into a mass rlei; ection sy; tem, must 

itself satisf" all, or at least most of the condition- renui. red for an 

idenl. rdetector. The conditions have been discussed in detail in 

Chi ter 2 and in view of their importance, some of these cond: i. tions 

are sumr! arised below. The balance must rennonr7. linearly to weirht 

cilangps, and be able to detect , -! eight change in the microgram re, ri_on. 

The balance rmi$t be robust, reliable, not e.: cessiveiy expennive, and 

readily, available commercially. The rem once time must be less than 

about 2 sec. 

An e; cporimentnl study of the performances of the R. I. I. C. and C. I. 

balances was undertaken, with a view to confirming their suitability 

for use in gas chromatogranhic detection. 

". -. 2.2. Microbalances - E: rper;. mental. 

4.2.2.. The R. I. I. C. Balance. 

Experiments were designed to check the performance of the 

apparatus used simply as a balance, in the absence of any das 

chromatographic equipment. Primary calibration of the balance was 

performed on the 10 mg range with a standard weight. of 9,837 mm- 

Using a number of different weights and weighing each of these on each 

range of the balance, consistent results were obtained; i. e. calibration 

of the 10 mC range satisfactorily calibrates all the remaining ranges 

at the same time. An example is given'in table 4.1. 

Table 4.1 

arge (mg) Observed ;, eight (mg) (helixnot readings) 

200 5.6 

100.5.5 

50 5.45 

20 5.40 

10 5.54 

5 5.51,0.710 

2 5.554 0.718 

1 5.593 0.719 
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The helical notent. i. ometer can be read to ±1 ji on the 1.0 m; range. 

Th^ linearity of the potentiometric recorder used in conjunction 

with the i, dcrobalance was checked. The recorder was a Honeywell twin 

channel (1 mV and 10 mV fsd) instrument. A decade potential divider 

to which was attached to 1V batter,, -, was used. to inject accurately 

]down voltac^es into the recorder. Each voltage was calculrted, checked 

on a valve voltmeter, and corapared with the parcentaRe full scale 

c? eflection of the recorder. The results are given in table 11.2. 

Table 4.2 
Linearity of Honeywell Recorder- 10 mV Channel. 

Recorder Deflection Resistance Calculated Valve Voltmeter Reading 
;, : cd mV ohms Deflection mV 

mV 

zero zero zero zero 

21.0 1.. 6o 10.00 1.60 1.59 

37.0 3.20 20.00 3.20 3.20 

53.0 4.80 30.00 4.80 4.83 

69.0 6.40 40.00 6'. 4o 6.43 

85. o 8.00 50.00 8.00 8.05 

98.0 9.30 58.00 9.28 9.34 

5.0 zero zero zero zero 

Volt^^; e of batter:, = 1.60 V. 

`io t^. 1 r. eci otance of the potential divider _ 10 KJA . 
'. the calculated 

Potential is: 

1. G-o ; - . 103R i. e. o. 16R 

10 
^hero R= Potential divi. dc'r ;, ettinC (oh-as) 

.' 

The precision of the resistors in the decade box 

; ̂7he observer], error on the recorder = 0.2,, 10' fl-O,. 

A , 3irti_Zar cnerirnent was c. -'. rried out on the other channel of the 

recorder. This was a1r: V fed range, o. nc1., wa;; used to measure the 

o", i. ltt of detectors rlaced, in , ̂erie:, or in parallel with the ! aý, _, 

cactcctor. 
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Table 4. ý 
Linearity of Honeywell Recorder -1 mV Channel. 

Re^ordcr Deflection Resistance Calculated Deflection Valve Voltmeter 
^cý, mV ohms mV Reading 

mV 

5.3 zero zero zero zero 

21.0 0.157 1.00 0.160 0.158. 

7.0 0.318 2.00 0.320 0.325 

5-, ,10.478 3.00 0.480 b. 485 

(). 1 o. 678 4.00 o. 644o 0.645 

25.7 0.799 5.00 0.800 0.809 

5.4 zero zero 

= -0.5; 'x,. The maximum observed error in The y recision of the resistors -h 

the recorder is 2%%. 

The linearity of the notentiometric recorder is satisfactory on, both 

the 3.0 mV and the 1 mV channels. 

The 10 mV channel of the recorder was used to determine the linearity 

of the balance response on any riven range. ' The 1 mg balance range is 

the most useful for chromatographic work, and the results on this range 

for a number of different weights, are given in table 4.4. 

Table 4.4 

Linearity of 71cetromi. crobolance -1 mg range. 

Recorder. Reading; (1 ) Balance Reading; (kg^) 

370 3711- 

797 397 

It 0., L 'lot, 

1E70 470 

663 665 

739 7440 

On the 1 mg r. enge, 1 +ig; is rerrecentcdl by 0.1iß farj of the recorder. 

(0.3 r 1l) 1.. e. the recorder re: id;. n-s are ±1 
dig, ,,, The rya-: im oh crvec? 

error is Comparison of recorder readings and balance potentiometer 

rerrai. nrn on higher blanace ranges, over a wide weight range nave 
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Merl i. 11' (l1. screp^. nci. ee Dovi 

on '7111' r^rcentar°c deflection of 

c nnnoL be used convenientl i i. n 

as there, is no neýnn of backinm 

after completion of <a run. T)ie 

b; r ^. Odin!; counterweights to the 

ýiti. ön..:, -are rr. nci. om, -. nd d. o not depend 

'he rccordcr. This simnie system 

conjunction with the mass c1etcctor 

off the weight : i. ncren. nc eiectricilly 

operation nttt. nt be performed neehnn_i. cally 

balance. This is clearly inconvenient, 

rnd I. n view of the ^m; t11nec's of the weight changes invoiverl -.: - rr,. ther 

rlif'eicult. The brý1nnce i., fitted with ^ means of zero . sunnre^. rzi. on, 

such that by using the helical potentiometer in conjunction with the 

rotentiometric rocorrler, the total weight of a r., amnle is re-presented 

b; " the sum of the potentiometer rea_cdin and the recorder deflection 

(after calibration). Since the notert; _ometer setting and the recorder 

deflection operate in onnosition, it was pr. opo., erd_ that the notentiomoter 

be used to hack. off excess weir, ht after each cliromatographic analysis. 

Calibration usi, nr; this method was satisfactorily carried out for 

number of different potentiometer settings. However, it was found that 

the maximum weiht which could be backed off using this procedure wan 

of the order of 2 m;; on the 1 m! 7 range. Thus the method can only be 

applied to a small number of runs before mechanical re-balancing 

become, necessary. An attempt was made to overcome this limitation 

by using the balance. on the 10 m-, range with the ten fold scale 

expansion provided, i. e. the recorder deflection remains at 1 mg fsd, 

but the -potentiometer can now be used to back. off up to 20 mg. Two 

disadvantages arise from this procedure: balance sensitivity is 

decreased tenfold, and the recorder amplifier gain must be decreased 

considerably to minimise noise, thus increasing the deadband. The 

recorder also appeared overdamped, even at optimum dampink, control 

ad jt. tetinent. This difficulty could be overcome to some degree either 

by ur-, in! ^ a recorder of 7lower impedence (e. g. Kent type 2M - 5KA) or 

b* int: rodiucinM <a prenter input iripe1ence with a resi:: tor netriorl-. The 

ma-! i. mum impedence of the : ioneyvrell amplifier i:, 25KA. Since n1). 

difficulties otem from the limited use of the backin; off syyter2, a 
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no rneann of backin-; off wns devi. sed in which :l nmall. current ti"ro. s 

applied through the coil of the balance mechanism, from a stable 

(uu ply. The current was proportional to the weicht backed off. The 

onc)d. nr of device was Beni ned such that the backed. off ý; e iý; ht was 

continuously variable from 5 jig to 5 mg. The current was supnli. ed by 

a mercury cell, via a number of potentiometers, actin; as coarse, 

meriium, and fine adjiustments, to the balance coil. A circuit dia ; rnm 

ir., shown in figure 4.2. A mercury cell was used since it offers a 

c>>eap and simple neans of obtaining a small stable current. The 

backing off circuit does not contribute significantly to the overall 

instability of the balance. It is still possible to back off to a 

_limite3 extent with the balance potentiometer and no interdependence 

between this and the new backing off unit was detected. Whereas the 

derree or bac? ink; off using the balance potentiometer depends directly 

on the mass range setting on the balance, this new unit is independent 

of the range setting. The backing off unit incorporates a mil_lianmeter 

calibrated in micrograms. The linearity of the unit was checked, and 

found to be perfectly satisfactory. There is no fallin7 off of 

Performance of the balance up to a current of. 2mA (5 mg), but. above 

this value slight drift was observed. The backing; off unit was 

calibrated by the following means. A small piece o wire was weih hed 

on the microbalance, using, the potentiometric recorder. The current 

necessary to return the recorder to zero was measured on the backing 

off meter. This experiment was repeated for a number of different 

weights, and a graph plotted of weight backed off against current 
_ 

applied to the coil (figure 1+. 3). A. straight line was obtained of 

slope 0.70 mg mA -1 The backing off unit has proved of rýreat value, 

not only in rerforminrr it,: intended purpose, but also in the calibration 

o`' very sensitive mass ranges which have subsequently been built into 

the electromicrobalance. In later work, the ba. clýin of unit was 

sin p)Afi od by replacing the meter (ICI) and current control. resistors 

(VR1- VRý) by a ten turn helical potentiometer fitted with a dial 
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rrli_bretcd. in - micrograms. 

Neither the recorder itself, nor the balance unit was fitted with 

a ; "ieans of marking on the chromatogranh, injection oints or other 

relevant data. Accordingly an event marker was fitted to the recorder. 

! 'Itis comor _se'? ca. potential divider circuit driven by a1 volt -ten 

battery and :. as designed to give 10' of fntl , scale deflection on the 

recorder chart. The marker t": ýts actuated. with a "nttsh-to-make switch 

r'o; inted on the front panel of the recorder. 

In general the 1 mg range is satisfactory for gas chromatographic 

ýn. ýlysir, where . simples of the order of 1 Ill are under analysis. 

iio'rever in cas(, s, either where trace components are present, or 

to obtain of samples much less than 1.1t]. is desired (e. g. 

')etter colts-nn performance, or clue to scarcity of sa": -? l. e), it is 

useful, to be able to use more sensitive ranges. Several methods of 

obtaining more sensitive (i. e. lower) ranges have boon tried. The 

only method available on the on inal balance unit is to use the 

tenfold and hundredfold scale e;: nanrion device. The X10 : ultirlier 

eras found to give a satisfactory and linear re3Fonse on all r,. nr-ec, 

but the effects noted previously (pa-c lll) were observed. Noise wag 

el-m-linated by introducing a. 100 )iF capacitor across the recorder inrnt, 

but response time was increased. The ,, 100 multiplier wan not found 

satisfactory since noise was excessive. An alternative method of 

obtaining a ld er " series of ranges is to _niace a shunt across the 

balance coil. For example, with a coil of resistance 54, if the 

total resistance in changed to 0.5, E (i. e. a 0.56, rL shunt), then a tenfold 

increase in the sensitivity of all ranges will occur: the lowest range 

becomes 100 li;. This method was found to give satisfactory results 

on t: hc basic rangen from 200 nr; to 3_0 mg, but for the more sensitive 

Sý. I ric rangen, the method was unreliable and had -to be rejeci: ec?. The 

most successful moans of lowering the rankes war, b changing the values 

of the resistors in the existing r^. nges. The original 2 rag ran -c has 

been modified to give either 250 pg or 100 )tg fsd, the required range 
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t,. inr ; cleete4 by d. zurit witch. C^. librntion of roch : -en^itive rnnre. 

c.. -Innot be cnrrie(J out ^ucce: ^fu11-, r usin" lcn: thr, of wire as 

-necondar:. standards. The Method adopted ; -inn to uf'e the backing; off. 

^^ ri. ct: ^ndard, since it has been calibrated -and its linear 

reg-ion-, e shown (figure k. ý). In nddit_i. on each weight war checked 

nsinr~ thr, 1 nr* rnn[*e. The ? 7)0 p, range nerforrlodl entirely saticfactor . 
l,,,, 

(nee f9. ure 1f. ýý) but it was not nossi_ble to obtain reli. nhle reair)inrc on 

the 100 jig, range, since the calibrated ^ettinms continuously drifted. 

The conclusions reached are that the balance is sntin: fnctory on 

the 1 rig oncl ? 50 fit" ranges. The X10 sce. le ox-p<oncion fac il]. t; " may be 

tt,, r rd on both of there settings to obtain the new . ranl; e. ̂  of 100 dig and 

25 p7,, rccpectivel; r. Some results are given in table 1:. 5. 

Table 4 . 5. 

Weir*ht of 
m range 

sa^? r1e (pr) 
1 mRX1O ranr"cc 

': e± ht of srr; rie (jir) 
23O p,: r. ý. nr e 2f0lir~n1.0 

52 51.5 13 x. 2.6 

75 75.0 15 15,4 

90 90.0 3.8 17.3 

92 93.0 23 22.6 

The repcatnbility of the re. ^ronse of the balance-recorr1Ar ^ rstern 

:o.,,. uivnn weight has been investigated. A known weight was placed on 

one of the balance pans, and its weight recorded 14 times, over a 

Teri od of eight hours, on the a_ riM range. The step heights hts on the 

recorder chart were measured. both when the recorder was switched in 

and out of the balance circuit, i. e. step heights were mea^mred for 

i ncrrrcing and decreacinC pen excursions. The results are surtmarise 

in table and in the form of a histogram (figure 4-. 5) of interval 

0.2 mit (0.7 hic). The results shore a distribution appro^. chin!; a normal 

fi i ^trihution. 
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Tn. ble 4.6 

Tr. tie mass (measure(i by balance 
potentiometer) 685.0 jig 

Recorder deflection (incre. ^. cin[*) 
nean value 688.85 jig 

Recorder deflection (ýiecrea ins ) 

2.66 ýtg 0.39°,; 

mean value 688.80 IiG 1.41 Izf; 0,. 20; 6 

There was a positive b-*Lrs of about 4 ý. týr (0. G°) of the recorder 

ead. i_n7s compared with the balance potentiometer readin,; . The step 

heights tended to show a very -li,, ~ht increase with time, which can be 

a hribuuted to a temperature increase during the period of the e,: peri. ment. 

Conr-ider the first three sets of reading-, s, and the last three sets of 

readinnc (i. e. a total of 12 readings): 

Table 4.7 

First set of readings 

L^^-t, . ret or readinrs 

Mean detect ed weir^ht , r*) 

687.12. 

693.0? 

Difference 

Difference 

5.89 

0.86 

The temperature coefficient of the balance is about 1 pr, -, per 
°C. 

A. _>suminF a (ma.; imum) te; a nerature ChznFe of 40C during any given day, 
(in the laboratory in which the experiment was carried out) 
the maximum error tnat can arise is 4 µ;, x. e. O. L%% ot* the recorder f^d, 

and a 0.6%5 weicht change in this particular experiment. Further error 

can arise in the actual measurement of the step heights. A steel ruler 

was used, calibrated at 200C. Temperature variations of ±5oC will have 

no detectable effect on the accuracy of the ruler and will not therefore 

contri. hute to nny deviation� observed. A sumini that the ruler c,, -. n be 

read to the nearest 0.2mm, this represents a possible error of 0.075; Thd 

n. rd 0.1.1; (0.75 li,; ) in this particular experiment. Awnarent step 

hei. hts will change with changer; in the water content of the chart 

Stnndlrcl Dovirtion Coeff of 
Variation 

paper, i. e. with relative humidity, but this will be virtunlly constant 
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-for the d urat; ion of the experiment. 

The maximum source of error is clue to temrerature chan, r, es between 

c^7. I bration checks, but this is only likely to amount to about. !; v fsd., 

even with a 4 0C temperature ch<anr-, e. 

3alance Stability. 

On the 1 mg range andd higher (i. e. less sen:; itive ranges) noico 

w^ in-'etectable; drift, measured on the 1 rar, range, over 16 hours, 

trln 0.02$t re. r hoar. The mavirtum temperature variation' over the durnt: i. on 

0 
of the experiment gras 1 C. 

The noise levels of the balance, on various ronces were measured 

and are lirted in table 4.8. 

Table 4.8 

Ranp; e Noise Level Limit of Detection 
f. ̂ d) (itr ) 

1 mg not detectable 

250 jig n ýi 1 

100 jig 0.2 0.4 

25 jig 0.5 0.25 

10 jig 1.8 0.4 

The limit of detection is greater on the 25 qtr; range than the 

1.0 ii^- rant,, e, as a result of the lower noise level, and is about z,: dig. 

(Calibration on the 10 p. m. range was unsatisfactory, and. this range was 

not used for any subsequent work). 

The performance of the balance is completely satinfactory when 

there is a negligible load (i. e. a few milligrams) on the balance pans. 

E periments were conducted to see the effect of progressively inc. reasiný7 

the total beam load, up to its maximum of 56 per pan) using the 

1m range. The weight on each pan was increased by 50 mg increments, 

and a srin11. rtzndard wei. ght (13O jig) added after each increment. Grr-^hs 

of the observed weicht of the stnndarcl weir ht an; r;. n., t the total vio i. rht 

on on^ balance pan showed that the bnlance re^, monne decreased as the 

1ona increased., Up to-a load of about , 
the response gras constant. 
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The Effect of Total Load on Repeatability of Balance 
Response (see page 117). 
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or load^ over ?: r° the recvonse of the b lance pror; ress; _ve1y 
decreased. 

Tile reriulto are exhibited in more gencral. terms by f] pui e li 
. 
6: at 

., cro load it is assi? med that 100; ö response is observed, In 
, general, 

t ýý effect of c? i. angin*7 the load by as much an has no serious effect 

on calibration, and any effect can bý.: entirely ei±rninatocl. by cal: i_b. r. ati. nr; 

the br lance with the load in place, rather than before t l: c J_o^d i: - 

The repeatability of readin7s at various total loads for a 

i; t,. ndard weight, was measured, and the coefficient:, of varn. ati. on 

calculated. FiCure 4.7 shows how the coefficient of variation of the 

recorded weight increases, as the total. load is increased, when" the 

hnlance is calibrated with zero load. 

4.2.2b The C. I. Balance. 

A similar series of experiments gras carried out on this balrnce to 

determine itn reliability. It was necessar r to calibrate, each range 

in turn, and. this was done using ASA class IZ wei! ^hts. The balance talres 

about 4 hours to stabilise (the R. I. I. C. balance takes 15 minutes). 

Excessive noise was reduced by incorporating; at 5000 pF capacitor across 

the balance input. The balance was particularly unstable on the 250 1'C 

range. Operation of the balance on AC main. ^ gave on all ranges for 

greater noise (1% fcd 22 mg range), than the R. I. I. C. balance, but 

battery oncration was satisfactory (0.2ö fsd). Drift on the 2z mg; 

range was measured overnight and was of the order of 1 jp, ̂  per hour 

(O. o4 fsd). 

The relative merits of the two balances, in the form supplied by 

the manufacturers, ;: ies listed in table 4.9. 
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T. rb). e 4.9 

Comparison of R. I. I. C. nd C. I. Electromicroöal. ances. 

Adva. nta ; et Dimadvantrij; er, 

R. I. I. C. Balance. 

Neg1ir, ible drift and noise No electrical backing off over-2 mg. 

Cal. ibr, ation only rerniired 
on any one range. 

Temperature dependent. 

I"I ix mum load per nan 2Z g. No direct reimht re^dou. t. 

Minimum range 1 mg. 

Balance is fairly bulky. 

C. I. Balance. 

Direct weight readout. 

Minimum range 250 gig. 

Balance is compact. 

Bac?: ink; off device 
incorporated. 

Drift and noise appreciable. 

Temperature dependent. 

Maximum weight per pan 3. U,: 

Calibration required. for each range. 

Subsequent to this work both R. I. I. C. and C. I. have introduced 

� 

balances of improved specification. 

4.2.3 Microbalances - Conclusions. 

The cost of the balances io of the same order. The R. I. I. C. 

balance is more suitable for incorporation into a gas chromatograph, 

since it is far more stable than the C. I. balance used ih this 

com-)arison. A backing off unit can be readily added to the R. I. I. C. 

balance at neCligrible coot, and more : sensitive ranges can be -,. dried, 

with minor modifications to the balance. The overall performance io 

excellent and this balance was selected for the remainder of this 

investigation on the Brunel mass detector. 

Detecting Elements - Discussion. 

For ^ coninl. etely non-selective detector, a material is rertý. i. recl 

which .,! ill ncloorb, to the name e: ctent, an(i prof crc. bi; * cone 1etel; , 

nll materi']. c; in the v ipoiir share, irre, r-pective of their nl;, r-ic^? n. nJ 

chcmi. crý. '_ nature. In a3ciition conditions riu: ýt be chc yen ouch, that the 

carrier gas does not interfere with the process, and that do-sorption 
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of 7. ; ar1e Ooe., not foi, adsorption to r. n? * 'n. p7reciabIc e:: tent. The 

c7. pacity of the adsorbent r. i t be such thc. t continual adsorption of 

: mtorial_, 4-: 7 noscible for a reasonable time, wi. thout deterioration of 

t?. e efficiency of adsorption. If these conditions can be 

detector will be obtained which responds di. rectl r on a weight basis 

and requires no calibration against standard add. sorbztes, or with respect 

to concentration for any given adsorbate. 

The only material which is likely to satisfy these conditions is 

activated. charcoal. Provided that adsorption is carried out at a 

suitable temnora. tliro and pressure, physical adsorption on the charcoal 

will nredomi note, and hence the detector will be completely non-selective. 

Chemisorntion is f<avoured bfr high temperatures and pressures, so that 

it is to be expected that by operating a detector at atmospheric pressure 

and at room temnerature or belo: "r, non-specific adsorption , ": _ll. occur. 

rruili_hriuim is ra? )i. dl; r reached and. is readily reversi. bl. e, no that the 

continuous passage of car. ri er gas into a charcoal. detector, *. ". H. l_l at 

rinnt give rise to a eight change, which becomes pro, -res itely less as 

eriu: i. l_ibriu}n is approached, until finally a constant weight im obtained, 

(i. e. a straight baseline is observed. ). The maximum amount of nn yr 

given material which active charcoal can adsorb depends on the critical 

temuerature (anal. hence the boiling point) of the adsorbate. By using 

a rerrianent gar; such no nitrogen cr hydrogen as carrier, the e:: tent to 

which this is adsorbed by the charcoal is negligible compared with the 

amount of an organic compound (boiling above say, 00C) that can be 

adsorbed. In effect therefore no interference in the adsorption -o-C 

organic materials, should be caused by the carrier ; as. 

It is essential that the uptake of adsorbate by charcoal. increases 

line. '. rly' tit} conccnt. ration in the carrier 7n. n, for a i3. near r? e': cctor 

r(r-pon^e. Thy c condition cn. n on1,, r be fii)_ 'i. ile(1 nn to n , riven weight 

of ^. (-i. ̂orhn. te, deter! niner7 from the a1sorntion isotherm. The r^. ̂. joritýy 

or orr'nni. c varourc obey Typo I isotherms when adsorbed on active charcoal 

r: o thnt nrovirled the adsorbate weight does not exceed that rerui_red for 



-120- 

nonol_ayer rorrtation, eortnlete untre? -e of ndr orbn. te c. ̂ . n occrr; however 

4. t in iJ_1; e7. y that nunnti. t^. tive tp. ntrtre of niaterio. l will be aff. ectec? by 

nubsenuent ! lec, orntion before the monolayer capacity is reached. The 

c^. i ac;. ty of the adsorbent toward a , 
-; 
ivcr_ . ̂d, norbate, under fi:: ecl 

conditions, is cl ii^cctly proportional to the weight of ^clnorbcn t present. 

The upner limit of detection of ^. as ciiromato, r^nhic detector can 

t'ýerefore be e: tended. simply by inerea, inr, the weight of charcoal in 

the detect--n element. 

Specific adnorbent. > could be used for the detection of certain 

r^1tcrir 1.,. For examr1e the use of a Ji-R molecular sieve would ennhl. e 

the ^recific detection of straight-chain hydrocarbons to be accomplished.. 

11-3! 1a The Design of Detecting Elements. 

A practical detecting element must satisfy the following conditions. 

It must be licht (less than such that it is within the czracity 

of the micobalance. It must be simple to construct. A mrnnnlar 

adsorbent must be contained within an impervious material, to act both 

as an adsorbent sunnort, and to promote effective trapping of all 

effluent prior to adsorption. The geometry of the adsorbent sunnort 

must be such that there is a maximum amount of adsorbent ner unit area 

of supnort. A suitable support is aluminium foil, and the majority of 

detecting elements have been made. using this material. The adsorbent 

is attached to the aluminium foil with an adhesive. Since this must 

result in loss of active sites, an alternative support of polystyrene 

into which the particles of charcoal are imbedded by prior softening of 

the polystyrene in suggested as a noo ibility. No experiments were 

carried out to examine the suitability of this support. Loss of active 

sites could still occur, but to 'a lesser extent than with adhesives. 

The possibility of using fine wire mesh into which the chnrcoal is 

e? aheddec1 has also be considered, but metal mesh is too heavy, and 

fibre; lack rimidity. 

The detecting elements must have a small effective dead volume to 

minimise resolution losses and step distortions. This requirement is 
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at vari. ence with the requirement of a lar, ^e surface area of aAsorbent, 

^o that a compromi. r7e must he reached. The follow nk; detector r*cometrics 

hive been conrli. dered, and some have been experimentally investigated 

(see section 4.6.1). 

(5. ) Spherical support, with occe, ^c for carrier cas. Thio ., ati^f: i_e s 

tale condition of minimum volume and maximum surface area,, but I-Tar, 

r. -jected for practical reasons. 

(ii) Cylindrical support, open either at the top or bottom end: .: pimple 

to construct. 

(u i. ) Vor±oiis modifications of the basic cylindrical design to 

encourn; e efficient trapping, and to minimise the total element i, might. 

(iv) gray design, to decrease the dead volume of the element. Such 

detectors contain insufficient charcoal to give a detector of reasonable 

capacity. 

4. x. 2. The Construction of Detecting Element^. 

IIýcý c1etectiný; elements are constructed from aluminium foil, the 

inside of which is lined with charcoal. The majority of the elements 

are in the form of cylinders, closed at one enc.. 

A rheot of lz thou aluminium is cut to the appropriate size for 

the cylinder side. It is lightly coated with Arnldite epoxy resin 

arlhesive, which is mixed with n-butyl alcohol to promote even spreading 

This is weighed, coated with an even layer of charcoal of a known 

-particle size range, and reweighed. It is then wrapped round a 

c, -lindrical former and placed in an oven at about 200°C to evaporate 

the alcohol and cure the adhesive. The closed end of the cirlinder is 

mrý. de in an analogous manner, and attached to the cylinder itself when 

dried. A cusrension wire of 42 SW-WG is attached to the ton of the 

c; rli. nder. T«nical detecting; elements, drawn aprroýimn. tel" f uull size 

are shown in figure 'F. 8. Table 4.9 gives the details of, all detectors 

used in this work. 
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Figure 4.8 

Detecting Elements- (cylindrical) 

27 28 

29 30 

31b 

25 

Variable, charcoal capacity 

wird _ .... g 11 
gauze- (tray) 

10 

Indicates eloment surface covered by oharooalt 

ý, 



NO. L th 
D . men 

Dia. 

-121- 

T^. hle 4.9 

Detecti_n; ° Elements 

sions (cm) Charcoal 
Area Vol. Particle Wei, -, ht (g) 

Size 

Total Weight 
() 

1 

2 5.5 1.7 30.7 12.5 60-80 - 1.21.6 

3 5.5 2.4 46.0 25.0 20-40 o. 91.4 1.892 

11 5.5 1.9 35.7 15.3 20-40 0.615 1; 358 

5 5.5 . 1.6 29.7 1110 20-40 0.523 1.230 

6 5.5 1.5 26.7 9.7 20-40 0-533 1.020 

7 5,5 1.1 20.0 5.2 20-40 0.412. 0.84_ 

3 5.5 o. 8 14.0 2.7 20-40 0.331E - 

9 - 1.2 1.1 - 20-40 0.057 0.3.00 

10 0.8 . 1.5 5.5 1.4 20-40 0.125 0.395 

11 1.7 l. 0 6.1 5, c.. 20-40 0.152 1-746,, - 

12 5.5 1.6 29.7 11.0 100-120 0.152. 0.938 

13 5.5 . 1.6 29.7 11.0 80-1.00 0.1.9.5: 0.898 

1.4 5.5 1.6 29.7 11.0 6o-8a 0.246 0.917. 

15 5.5 1.6 29.7 11.0 40-60 0.417 1.066 

16 5.5 1.6 . 29.7 11.0 20-40. ' 1.410 1.480. 

17 5.5 116 29.7 1110 6-12 2.119 2.466 

18 5.5 1.6 29.7 11.0 unsieved 1.902 2.452 

19 5.5 1.6 29.7 11.0 12-18 1.381 1.835- 

20 4.1 
. 

1.6. 22.7 8.2 4A sieve. - 2.733 

21 5.5 1.6 29.7 11.0 40-52 0.396 1.150 

22 5.5 . 1.6 29.7 11.0 52-60 0.343 1.034 

23 5.5 . 1.6 29'. 7 11.0 60-72 0.275 1.010 

24 5.5 1.6 29.7 1.1.0 72-80 0.244 0.943 

25 5.5 1.6 29.7 11.0 - variable variable 

25 3.7 0.8 9.8. 1.9 60-80 o, Zo6 0.353 

27 5.5 1.4 24.7 8.5 60-80 0.333 0,751E 

23 5.5 1.4 9.9 8.5 60-80 0.156 0.592 
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i+o. Dimensions (cm) Ch^. rcor. 1 Total ',. Teifrht 
Lath Din. Area Vol. Particle ; -, 'eight (I-) (p ) 

Size 

29 5.5. 1.4 14.2 8.5 60-80 0.181 0.573 

30 - 5.5' 1.4 18.4 8.5 60-80 0.242 0.64o 

3la 5.0 1.3 21.8 6.6 60-72 0.238 0.584 

31b 6.5 1.3 15.6 4.5 60-72 - 0.420 

32 2.4 1.4 12.2 3.7 - - 0.160 

Charcoal particle size ranges are in BS mesh. 

The ch<arcoal. employed in all e. cperiments was from a single batch 

of "charcoal activated for Gas Analysis" supplied. by IIopkin and 

; i7.17.: uns. It was crushed., and sieved into a number of different 

p-'rti. cle size ranges. The removal of the last traces of solvent in a 

detectin* element and activation of the charcoal was carried out by 

heating.; overnight at 130°C and 0.005 mm H, g pressure. This method 

completely outFassed the charcoal, as no further weight loss was 

observed when the detector was placed for several days on a high 

vacuum rig, Detectors, after activation were stored (at atmospheric 

pressure) in an oven at 150°C. 

4.3.1b Charcoal Characteristics. 

The surface area of the charcoal was determined by nitrogen 

adcorrtion at -195°C on a high vacuum rig. BET plots for two different 

particle size ranges are shown in figure ! F. 9. The monolayer capacity 

of the charcoal V. is given by: 

Vrn _ 1. IE. L 

Intercept ý- slope 

from which the surface area A, *per Cram of charcoal is: 

A Vm Ný Am 4.2 

iI 

= density of adsorbate N= molecular weight of adsorbate 

N= Ava.; ̂ odr. oc number w= weight of adsorbent. 

Am = area. per molecule of adsorbate 1 
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For nitrogen ad or-ption the surface n. rce in metrc » rer of 

:,, Ii nrbent is '1.? 6 oht, : inec3 . Va1uo of V V from fiý7, u re 1ý. 9, and n "I 

+'. e irf. i ce rrene, a r(- given in table 11,: io. 

Table 4.10 

Pert 
. cle Size T: angc BET Plot v -,, upfarrc Area. 

BS mesh interc6 t clove '- m 

ý0-80 2 :f 10`5 3.79 7,10-3 2.63x102 1141,. 

80-100 zero 3.35 ý: 10-3 2.98; _7.02 1300 

The -precision of the surface area determinations is better than 

10 n -1, so the rl . 
fference in curfrce arca botti-reep the two, nartic]. e 

size T rýrige^ is real. This ] Uurnris±nr , since it i gene]' 111. Jr 

n. cccpted th^t the effect of different particle sizes on surface area 

is ne 11. rib'. y sm. all . The charcoal used in the mass detector can be 

clar, sified ^:, a hirrhl; r active charcoal, in view of the high surface 

area avai. J. able for nitroTen ad-orption2ý 

The . surface area determined by nitrogen adsorption will not be a. 

reasonable assessment of the surface area available for adsorption on 

a mass detecting element. The mass detector is operated in ; eneral, 

at about room temperature; the result of attaching the charcoal to cm 

o. luminirn. nupeort with an adhesive will cut` down 
. prreciab!,, the r., uräace 

area ? vailahle for adsorption of organic vapours. It was therefore 

nece^., "^3r' to measure the surface areas of several (detecting; ' elements 

in situ. As ^ typical adsorbate, benzene was selected since it has a 

fairly high vapour tires: ure at röorl temperature; and. its molecular 

surface area is known27. Nitro, -cn was bubbled. thron h ben. sene, diluted 

with a eure nitrogen stream, and passed continuously into a mans 

detectin elermment. The or. ranrcment is , hoirn in figure 4.10a. The 

clement increasel in weight until the rater-, of adsorption -nd desorption 

were identical, i. e. equilibrium erns reached, and a stable baseline 

obt a. ined. The partial pressure of 1; hce benzene was cliý. ngerl b- y char. inm 

the de -ree of dilution of the ben-eno/n-i. troron stronm with the pure 

nitrogen stream. By reneatin ; this procedure several times, a 

reasonable relative pressure ranke (0.005 to 0.2) was covered, and an 
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'rorrti_on ioo'iherr Ind BTT plot obtnincr. The concentrr't±o : of 

orr'ene i. n the benzene/nJ. tro7cn mixture wan ca. lculatecl fron the rate 

or of ben^ene by the detector and the flow rate of the mixture. 

F rem ? '-no-,. rlerlme of the flow rte of the nure "nitror; en cupnly, the 

concentr^tion of bcn^ene rer. chin. r° the detector, at any totri. l. flo:. i rate, 

c. n. lcuiated and hence the mole fraction of ben^, cne in the nitro gen 

oý, t finer?. A'stt^'; _n;; 
hIenry's Lrw was obeyed, the rar. tial nresnurr of 

benzene at each flow rate ivn. s obtainer3.. The s. v. -n. of hen^, ene at the 

28 
appropriate temne. ra. tures -gras obtained fron the iiteratur. e, and the 

relative pressure of bennene c.. 1 ci iate6. At each relative renn^ure, 

the tun(; rke of ben7cne of the ch^. rco l vmn near 'reg? 6irectly by t}'e 

^l. crobalance. The rosulto of n tyypicn. l run are shown in t: ^. ble 4.11, 

rnd the isotherm r-. BET dots are shown in figures '-. i1. and 4.7.2. 

Table 4.1l. 

In,; ection Total 

m^ 

Weight of benzene 

adsorb(-d_,. 
MC r; (charcoal) 

Benzene 
A 

Concentration 
BC 

1 34.46 191 4.43 0.0119 0.308 

2 40.35 224 8. o'+ 0.0216 

43.56 242 14.5 0.038.. 9 0.81.6 

4 46.95 262 68.7 0.844.4 -4.23 

Detectin- element 27 at 210C. 

A= mgml-1 x 10 B= P/1" os 
C= P/V(Po-P). 

The ru rface areas were calculated from the isotherms (by point B 

estimation) and from the BET plots. The results are riven in table 4.12. 

Table 4.12 

Dotoctznc Weight of Surface Area (m Specýfis Surface Area 
Element Charcoal (m; ) Point B BET (m 

Point B BrT 

28 1.56 - 1.25 - 802 
30 244 - 128 - 77 
30 244 144 139 596 579 
27 3' 3 121 99 670 550 
25 362 - 291. - 802 
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S ýr . ce area does not increase regularly iith weight of chcrco, 71, 

t? t flus is not -- function of the reliability of the method (two 

determination:; on the same element were within 10,, ̂o), but a result of 

Y; 3. nor differences in the preparation of the elements. Indeed the 

mtrface area of element 27 is less than element >0, although it contains 

more ndnorbent. The ol'. r£ace area per 7, rnm of adsorbent, in ^ detectin^ 

element ic- about 600m2. For a typical detecting; element containin-. 

250 mm of charcoal, the area available for adsorption is 150m2. 

4. lf The ChromatoRraph. 

An a. pnaratus was asseriblecI for the analysis of materials bfr mass 

detection. Tbc chromatograph proper comprised. a Shandon KG2 oven 

with a temperature control of ±0.1°C between 50 °C rnd 300°C, containing 

4 metre PrGA column, the details of which are given below (section 

S^. mrlet were injected with a microsyrinre, via a silicone 

rubber , septum. The chromatograrh has two für ependent carrier ras 

supplies, controlled by needle valves, fitted to rotameters. One 

supply was connected to the analytical column, and the other was for 

ure with a reference column. Carrier ca; war dried by pa sing throu: h 

a cylinder containing; 5R molecular sieve. Column effluent was fed into 

a mass detectinrr element, via a length of stainless steel tubing, 

fontained in a small chamber, attached to the underside of thgelectro- 

microbalance. The detector was suspended from one side of the micro- 

balance beam by means of a length of fine wire, which passed through 

a small hole in the balance cabinet floor, to the detector chamber. 

The balance output was fed to one channel of a dual channel potentio- 

metric recorder. To prevent condensation of materials in the 

delivery tube to the mass detector, provision was made to heat the 

tube. A heating coil was wrai, ped round the tube, and the whole covered 

with asb-stos tape., The lar in; g made the system rather cumbersome, 

and unless Vin heating coil was carefully wound, uneven heatin of the 

tube resulted. For'later work (see section 5.3) direct resistive 

heatinn was used. 
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i or tue purpo: e; s of comparison, the chromý. to7rn. T)h was fitted with 

a Cow-:: ^c j, as density balance for tauch of the work. This detector wes 

placed before, and in series with the mass detector. With this detector 

in the . system, the carrier as flow rate reachinf the mass detector was 

the slim of the flow rates through the analytical and reference columns. 

The gas density balance output was connected, via an amplifier to the 

1 mV channel of the dual pen recorder. 

A number of nrelirninar: r experiments were carried out on the 

chro; netogranh before embr.. rt: ing; on a systematic study of mass detector 

behaviour. These experiments are listed below. 

The two rot. -meters measure respectively, the flow rate through 

the reference column and the analytical column of the chromatograrh. 

. 
The two streams can be combined, at a common outlet.. Calibration ; -, as 

carried out with a carrier das of nitrogen at an inlet pressure of 

30 lb in-2, using a soap bubble meter attached to tllý- t*nc outlet. The 

calibration was carried out at 220C,,. and a correction applicd for the 

c. v. r. of water in the bubble meter.. The reference arm was calibrated 

from 10 to 185 ml mind, with the analytical flow turned off. The 

analytical am . was calibrated from 5 to 95 ml min with the other arri 

off. The calibration curves : are. shown-in figure 4.13. 
. To determine 

the total combined. flow. rate of carrier gas, i. e. that reaching; the 

mass detector, one rotameter was- set fora given flow rate, and the' 

Other varied over`a wide range. This was repeated for a number of 

readings on each of the rotameters. The total flow rate was 

aE; nin measured usin a soap bubble meter. ` A graph was plotted of tot, - 11 

flow rate calculated from the two rotaiueter readings, --against--the tota-l-, 

flo'. r measured di_r? ctly by the soap bubble meter. A straight line was 

obtan. ned of slope 0.99, so that the total flow rate reaching the mass 

rletoctor could belob!: lined directir from the cum of the rotam^ter 

rear1_i_n-s chin figure 4.13. The temperature of the injection block 

i-y r, controlled by ti'ary; inT the potentinl applied to ^. heating coil. 

nurroun(ling the block. The heatea was calibrated using thermocouple. 
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1'h^ delivery tube heater 
. gras 3iln lnrly calibrated. The calibration 

curves are shown in figure tf. 1.4. 

1+. 4.3. Column Performance. 

For the majority of work, the apparatus bras fitted with a 

4 peter x4 mm stainless steel column packed with 72-85 meshchromocorb, 

coated c"; it1i a stationary chase of (20ýý) polyethylene glycol. '. dipatc 

(PEGA). The characteristics of this column were therefore investigated 

more fully than any of the o :? or columns used. To determine the flow 

rate range over which the efficiency of th^ column was in the region of 

its ma;: imum, an IIETP/ linear gas velocity curve was constructed. The 

determination was carried out over the range 15 to 250 tl min using 

n-butyl acetate, and a column temperature of 100°C. V: 7ýlues of n, the 

number of theoretical plates, were calculated using the equation: 

n=5.54 rretention distance 12 4.3 

peak width at height 

For each value of n, the height eauiv"ient to a theoretical plate, 

IIr, TP, gras found meine the relationship: 

HFTP =1 
n 

where 1 length of column. 

The l'_near ; as velocity, u, wa. s. calculated from flott. rates, u; ink 

the enu^ti. on: 

u_ FA cm sec-Z 4.5 

60A 

;;; 1ier e FA = flow ro_. te of carrier Cap through the ^nalytical column, 
ml min 

A= cro^s. sectionc_l area of the column: crl` .. 

ßenults are displayed on figure '! -15. Column performance i 

ccll. ent in the range 3 to 10' cm sec-, i. e. about 20 to ?5 m7. min-l. 

'lhc number of theoretical -Plates per metre in this rcrion is of the 

order of 1,300. 
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Se ulc Injection. 

5ei-, irle injection was by means of Hamilton syringes. The 

catn: oil. ity of delivery of known amount.: by the syringes was determined 

t? sine- the. electromicrobalance . In a typical experiment a 10 eil syringe 

filled to the 1 Ezl mark and the contents injected, through n. rubber 

septum, into a small polythene vessel containing an absorbent naher. 

The increase in weight of the vessel was measured on the rui. crobalance. 

The determination was repeated 15 times, and the mean, and standard 

deviation of the delivery calculated. The percentage of the marked 

vo?. tme delivered was calculated from a knowledge of the density of the 

^,. ̂11T, le used. The same 10 eil syringe (ref. No. 1) was used in all 

experiments in which a syringe was used as a basis from which to 

calculate the adsorption efficiency of the mass detector. Its 

ncrformance was measured both at the beginning of the experiments, and, 

at the end: no deterioration observed. About 500 injections ... ere 

carried out between these two syringe performance checks. The results 

for , several different 10 eil syrin es are given in table 11.13. 

Table 4-. 13 . 

Syringe Performance 

S -ri. nge No. of times Mean % delivery Standard Char-c- (pi) 

used deviation (°ý) 

M-mi. lton unknown 91.6 2.2 
Ref. 1 
H! - : iiiton + 500 92.0 1.9 1 
Ref. l 
H^. r. ý _lton unused 2.1 1 
Ref . 
Terumo unused 87.6 3.7 a. 

Hamilton unknown 97.5 1.9 1 -to 6 
Ref .4 
Hr, uilton + 900 98.3 1.8 5 
Ref. 1. 

The material used for ill injections was n-butyl acetate, , hi. ch had. 

hcrn purified chromatographically (section 4.4.4) 
. The nerfermance, ^ are 

e-"presaed in the form of histograms: figure 4-. 1_'. The v^. lue - quoted i. n 

table '!. 13 for syringe Ref. 4 were calculated from figurer published by 

Ijovelocl: 21, 
who filled the syringe with mercury to various riarking 
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e ^? en 1 l, 1_. ̂ . ncl. 6 jtl, and injected. the contents rl4. r(-. ct1., r on to r 

')^l. nnce. The r, iiilarit: r of the rtandnrrl de i tion, 3 for the fot, r. 

ü '4.1ton ^; ýrinrer. ;r r7 trikin The 10 lt]_ IT^. milton syrin_°es r-i. ve 

^epro(? ucible . mr. nn1e deli_vcri. e. r,, but not IW,; of the nuotecl volume. 

The Terumo 3yrin7, e nerformnnce is sir'nificontly poorer, and cn. nnot 

brý re; 'nrded a;; suitable for nuanti. tative work. No other 3.0 pi 

Terumo ^; rrin. 7e, a were tested, and it may he that the -performance ýý.. ̂ 

atypical. 

The conditions under which the experiments were carried out are 

not identical to tho: $e of an injection into the chromatogr^ph, in 

th'. t injection WRS at atmospheric pressure and room temperature 

(240C), rather. than against 30 lb in-?, and at a temperature of about 

200°C. If these factors have any effect on rercenta"e delivers, it 

would be expected to decrease the values. A back rre. ssure exerted 

on the s yrin-e may tend to force liquid, or vapor iced material, un 

the sides of the syrin`; e piston. 

S imi_lar experiments were performed using 1 pl Hamilton. and Ter. umo 

syrin: er. The repeatability of results gras so excessively roor for 

both makes of . syringe, that the quantitative use of these syringes 

c. 1nnot be contemplated. Many attempts to inject varying quantities 

into the polythene vessel (and into a column), resulted in zero 

delivery. No injection was more than 80% of the marked value. 

For nuantitative work, in iw. hich an accurate assessment of the 

amount injected is required, a 10 pl syringe is satisfactory, 

4: 1 : be 
.,... 

The smallest sample which can be reliably injected 

is about I eil. Indeed Evans and Scott 
22 

have suggested that for 

quantitative work, the maximum possible sämple be injected, consistent 

with tfho canacity of the column and the detector. 

11.4.7, Preparation of Columns. 

In addition to the columns supplied with the Shnndon chromatogra h, 

several columns were reared in the laboratory. In e. t"-ri. cil 

preparation 20 g of ChromOsorb G was sieved to give a par. ticl. e size 
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rcnCe of 80-100 mesh; it was thorou7hly dried by heati. n in an oven 

at 1100C, and then placing under an infra-red lamp for a few hours. 

The dried support was placed in a dry round bottom flash, and covered 

with 60-80 petroleum ether. 2 ml of hexa. methyldisilazsne was added 

to the flask, which was fitted with a refluc condenser and caldium 

c', loride drying; tube. The contents of the flask were reflm: ed for 

about ]. 
' 

hours, when the bulk of the solvent war decanted. The sunrort 

was washed successively with n-propyl alcohol and petroleum ethar, 

and the residual solvent removed on a rotary evaporator, and finally 

under high vacuum. 

0.8 g of Apiezon L Crease was dissolved in an excess of ' o-60 

petroleum ether, in a round bottom flask, and 20 g; of Ch. ronosorb G 

added. The flask was attached to a rotary evaporator, care being taken 

to prevent damage to the inert support particles, and to obtain a slow 

rate of evaporation, thus ensuring a uniform coating; of stationary 

phase on the support. The final traces of petroleum ether were 

removed by pla. cin the material on a vacuum pump (at room temperature 

and 0.05 mm Hg pressure) overnight. Finally the column -packing was 

resieved, and stored in a sealed vessel until required. 

Preparation of the column. All columns prepared in the laboratory were 

wound to a helical shape before packing. They were cleaned by filling 

with chromic acid and left for several hours, after which time they 

were thoroughly washed with water. Each column was filled several 

tries frith hot 

in an oven and 

columns during 

treatment were 

nrecence of ni 

toluene, and hot acetone. The columns were then placed 

heated to 150°C overnight, nitrogen 'lowing through the 

this time. Copper columns, in addition to the above 

deactivated by heating to about 800°C overnight in the 

trogen. 

Column paclci. nr-. The pact; in. densities, of the, materie. l3 used for column 

rac'-in-^ were determined by placing the material in a graduated noa. suri nm 

cyl. inOer, tnpninfr, the material down, and woii; hinrr the mnensuredl voliume. 

For each column, the internal volume was calc u]. ateci, and hence t}te 
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nnouznt or' nackinm required. to fill. the column estimated. E: nrapleo 

are riven in table 4.1.4. The columns were packed. by the following 

means: one end was plumed with glass yarn, rind to tho other end was 

sttached a steel cylindrical reservoir (of internal volume about 75 cc: '. ), 

containing the column hacking, a little in excess of the calculated 

quantity. The other end of the reservoir was attached to a nitrogen 

iipn7. y, and the nitrogen pressure was slowly and uniformly increased 

to a maximum of 0 lb in 2 
thus forcing the packing into the column. 

The column ,. as frequently tapped to ensure free movement of the packin;, 

but was not subjected to any vigorous vibration which could damage the 

'n rticles. After packing the remaining; end of the column was plugged 

-. ass rarn, and conditioned overnight at 1750C, wi. t}, a slow 

nitrogen floi. r. 

A complete list of columns used in this work is given in table 4.15. 

Table 4.14 

Column Ref. No. Internal Volume Packinr1Density ; eight G"; eight 
(cc) g cc recuired. used 

A 7.9 0.58 4.58 4.68 

D 3.9 0.34 1.32 1.36 

Table 4.15 

i"i<anufacturer Ref. Stationary Phase Inert Support Length i. d. Materis 
Type j Tyrpo BS mesh (metre) (mm) 

^ize 

T. G. A ApL 7- chromo- 80-100 1.1 3 S/S 
sorb G 

TG B Ce. rboi.. a 15 celite 60-80 1.1 3 S/S 
20m 

T. G. C ApL, 4 chrome- 70-80 0.3 11. Cu 
sorb G 

T. G. D Porapak Q-- 100-120 0.56 -3 S/S 

Shandon E PEGA 20 chromo- 72-85 44 S/S 
sorb 

Shandon F ApL 20 72-85 44 Cu 

T. G. G ApL 7-c chromo- 80-100 1.5 4 Cu 
sorb G 

Shandon H ApL 20 chromo- 72-85 24 Cu 
sorb 

T. G. I charcoal. -- 52-60 0.21 4 Cu 
T. G. J- empty -1 11 Cu 

column 
Wilkens K ApL 10 chroino- 80-100 6 i. S/S 

sorb 
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4.11.4 The Preparation of Simples. 

Prior to use in the exnerinentn r1encribcd in thi;, and the 

fo11o:? inj-, chapters, all comrounds were chec}ced. for impurities by 

con ent . ona7. ras chromatographic techniques. Starting with the purest 

readil, r available sample of each compound, the purity was checked 

tas_nr two different stationary phase types, in general an ApL and a 

PGA column, operatin!; under suitable conditions, us: i. n, ̂  a flame 

i. on _sation or a kathnrometer detector. The majority of hydrocarbons 

were found to be of high purity, and needed no further purification. 

Iio;: ever, branched alkanes* observed in some of the n-aikane samples, 

were removed by shaking with molecular sieve, and recovering; the 

n-a. lkanes by heating; the sieve. lepeatinr. the process several times 

almost completely removed the ýn. nurities. The acetates, ketones and 

aldehydes, which were in general better than 98; pure, were all 

dictilled. before use. In addition, impurities in several of these 

compounds were removed by preparative scale chromatography, using a 

Wilkens Autoprop Chromatograph. A typical result is illustrate,, in 

ig? uro 4.17. The lower alcohols and ketones were dried by standing 

over ; Molecular sieve for several weeks before use, and. the crater content 

checked li. cinj; a Martin gas density balance. 

k. 5.1 The Performance of the Mass Detector - Discussion. 

Adsorption Efficiency. 

The most important single characteristic of the mass rletector'is 

the ability to totally adsorb all vapours emerging from the column, or 

at lens' to adsorb constant proportions of all vapours. The rar meters 

whi_ch Affect adsorption efficiency can be dividerl into two main sections: 

(. ) e:: trrt detector parameters, auch or, carrier gas flour rate, 

(ii) intra detector parameters., such as dctcc for Ceorletry. 

F-: rrct detector properties arc d4-cus. ^ed firnt, . ±nce to Home dcýrec 

tii^.. -e mu"^t be within certain limits, Oeternined by the conditions 

re"^uý. red by the reriaincler of the chromato ; raphic zrnar^tus. 

The rei; itive adsorption efficiency of the mann; detector is defined 

a0, the ratio of the amount of a material v. cl^orber?., and the amount 
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zd^o "hcO. of o. reference rn. teriral (i.. e. a rotz tive re,, ron ^e 

`a'lte z br o1ute a d. sorption efficiency iss defined an the ratio--of the 

rnonnt of a 7, iven nateri^l adcorbod by the detector, :: nd the , r. nmonnt 

introduced into the detector. 

To obtain relative ciunntitntive r. eoultc, the relative adrorntion 

efficiencies of the nate^inl: -, in a riven ^^mnJ. e .; hou]. d be enual, but 

iot i ce.:; ý. rily '. noem. For ^b^ol. ute nunntit. ntive re ul. ts, the abso7. ntc 

ac'norrtion efficiency must be 1.001, ' for all. materials, or at least 1_nown 

for all, materials. 

'! -. 5.2 The Performance of The Mans Detector - Experimental. 

Extra Detector Parameters - Carrier. Tan flow rate. 

The effect of flow rate into the ma:,: 3 rletector., on the a rorntion' 
mixture 

efl'i. e envy wras studied using a three component/of kno; "rn relative 

corl-o, rition. The mixture was prepared by wei7hinr* clirectly into a 

10 ml cmmnle bottle, using a 4-place analytical balance. Precautions 

ti ere taken to ensure the minimum o lots of material,: by evnr. or^tion, 

b" comp1etel,; fill. ing; the bottle, and storing at -200C when not in use. 

The composition of the mixture is given in table h. l. $ o values). 

P"ieth; *l acetate was not used, since its high volatility would enhance 

ran;, * changes in composition of the mixture with time. The operating 

conditions are given in table 4.16. 

Table 4.16 

Apparatus Shnndon KG2 

Column PEGA ref. E 

Inlet pressure of nitrogen 30 lb in 
2 

Outlet it n it 1 

Injection temperature 154°C 

Column temperature 1.04 * 0.10C 

Deliver. y tube temper^. tur. e 311.1 1°C 

Nominal . ̂̂ mnie size 1.2 111 

Gar, c1ensit; j bnlnnce current 150 mA 

ti nX 200 

Iie. 7 5"rrtotcctortrange 1. mg f: 76 

L`: »cri. m, ýntr., were carried, out at a variety of different fl. oer ^ý. te 

fron 15 to 250 ml min"1: , 
total of 87 * -runs wore perforvlea. To 
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eli. r1-. n^te ao f, ̂ . r ^. s no^ýý. hle any changc'n in detector response, not 

cnuscrt b:., chances in f_lol'r rate (e. g. i. ncorr(, ct 7, -aoiint of sample i_n ecte(d, 

randdon te, -irerature and flow rate fluctuations) throe runs teere. carried. 

out. at each flow rate, and mean resnon, se values calculated. In ad ition 

the vnriitions in. flow rate were not carried. out in a completely 

red-ular manner. The object of this was to eliminate the : osU-,. bilU. ty 

of the : i. nevi. tnble slow chanrre in composition of the so]_tition, r; iv 
. ng 

false. relationship between detector response and flow rate, 

. 5. ti. Results - The response of The M, --m-1 Detector. 

An eý. nmple of a chromatogram of a three component acetate mixture 

.s riven in figure 4.18. Prom the step heights of the chromatograms, 

the mass of each component adsorbed is found directly. Hence the 

n^rcentoge b*' weight of each component in the mixture is calculated 

The step height results will show up any variation in absolute response 

with changes in flow rate, and any differences in ad. norntion 

efficiency for the different components of the mixture. The 

nercentag^e composition results are not dependent on complete 

adsorption, end by comparison with the actual percentage composition 

can be used to define the flow rate range over which the mac. -, detector 

rives a satisfactory relative response. 

4.5.3a Relative Response. 

The simplest way to express these results is by , graphs of relative 

composition against flow rate for each material (figure 4.19). 

However this does not take into account any differences between the 

observed end true percentage composition of the mixture, i. e'. the bias 

of the results. In addition the results only apply to one specific 

mixture. Brexpressing the results in terms of. nercenta^e bias, they 

rlre of more general applicability. Bias values are calculated as 

follows: 

The true 110 weight of the component ^ x0, and the measured weight 

(the mein or 3- values) at a given flow rate = v. 
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h ence bias r--; lt 6 
0 

nn (absolute) °o bias =-V� 100 4.7. 
0 

Response factor R=4.8 

0 

The ch.: n^e in bias with f1o:. r rate was about 5x 10-3, per ml min-ý , 

ror ce. ch mater- al. Th-. r represent� sitch insignificant chant e^ in 

r. olative netector response with flow rate, that it is reasonable to 

ass,, me that the relative response of the detector is independent of 

flow rate at least over the ran o 15 to 250 ml min-]'. L'i<^o values, 

ertlýrýcin the whole flow rate range are j iven in table ]1.17. A 

^tati3tical analysis was carried out on the results, and 1 measure of 

the repeatability obtained. The results are summarised. in table 4.17, 

? mod e7-pressed in the form of hi. ýtoýr ms (of interval 0.25; 0 in figure 

1;. 20. All histograris show approximately normal distributions of the 

relative response variations. 

Table 4.17 

Mass Detector Results 

Cor onent nx CF- Vo 

Ethyl acetate 51 33.04 0.634 1.93 33.19 
n-Propyl 51 31.38 0.282 0.90 31.64 

n-i31it--1 " 51 35.5 0.671 1.89 34.87 
1.57 

mean ;ö ti"rei. ght of n determinations. 

a- = standard deviation. 

Bias ;ý Bias R 

-0.45 -1.37 0.99 

-0.26 -0.85 0.99 
+0.70 +1.99 -1.02 

lo. L 81 I1.1+o1 

V= : coefficient of variation (°,; ) 
. 

Results for n-propyl acetate are in better agreement with the true 

vnlfe 
othan 

the other two acetates. The standard deviation is 

considerably less. From the experiments performed on the balance - 

recorder system (sec section 4.2.2a), it was concluded that errors of 

up to -Ili may arise. The introduction of the mass detector into t? l_e 

; vstem has increased the maximum error to 2%. This increase m-. y arise 
from any of the 

. following causes: 
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(i) changes in the composition of the solution. Evaporation will 

cause a decrease in the amount of ethyl acetate present, and affect to 

a lesser extent the amount of propyl acetate. The overall effect will 

be an apparent increase in the amount of butyl acetate, very little 

change in the percentage weight of propyl acetate, and a decrease in 

the percentage weight of ethyl acetate. This is in line with the bias 

values quoted in table 4117. An indication that changes in solution 

coZ}position with age, is a contributing factor can be obtained by 

comparing the bias values soon after the mixture was prepared, and 

after a period of about a week. The complete experiment was carried 

out over 15 days. Bias values calculated over a period of 2 days 

(table 4.18 column A) were compared with a similar set of values 10 

days later (column B). 

Table 4.18 

AB 
Component nA xA Bias, nB MB BiasB Expected trend 

in bias 

Ethyl acetate 10 33.31 -0.18 10 32.96 -0.59. increase 

n-Propyl acetate 10 31.34 -0.30 10 31.43 -0.21 little change 

n-Butyl acetate 10 35.36 +0: 49 10 35: 68 +0: 81 Increase 

(ii) preferential loss of the lower boiling components at the injection 

point, and preferential irreversible adsorption of the more highly 

polar components, on the column. 

(iii) Errors may have arisen during the preparation of the sample. 

Assuming a maximum error of : "0: 1 mg, the total possible error is 0.4 mg: 

Calculation of the % weights of each component, allowing for such errors, 

made no difference to the values, taken to 
.2 

decimal places. 

(iv) less complete adsorption of the lower boiling acetates by the mass 

detector. Any such effect would be evident by calculating the adsorption 

efficiency for each component of a mixture, at a given flow rate: 

subsequent work (e. g= section 5.2) has shown that effects of this nature 

are negligible. 

(v) condensation of higher boiling acetates in the detector delivery 
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tube. This will have the opposite effect on bias values to that 

observed experimentally, and hence if condensation occurs, it is to 

a negligible extent. Condensation will also result in distorted steps, 

which are not observed. 

(vi) rapid desorption from the mass detector. Desorption effects will 

be greater the lower the boiling point of the component, and will be 

evident by the presence of a falling baseline on the chromatogram: 

Although in many runs there was a baseline drift, the drift was small, 

regular and of the same order for all components. 

(vii) the presence of impurities in the acetates: this will not 

affect the repeatability of response, but could enhance bias values! 

The use of the'Gow-Mac gas density balance in series with the mass 

detector, has made it possible to determine with more certainty whether 

the bias values quoted in table 4.17 are a function of the mass 

detector, or are a result of some other effect. The response of the 

gas density balance is predictable on a molecular weight basis (see 

section 3.10b). 

The percentage weight of any completel, # resolved component in a 

mixture is given by equation 3.18. Peak areas were measured using the 

equation: 

peak area = peak width at half peak height 
x peak height 4.9 

J 

Graphs of the percentage weight detected against flow rate are 

shown in figure 4.21. Scatter of points is very much greater than for 

the mass detector results (figure 4119): The percentage deviation was 

calculated in an analogous manner to that described for the mass 

dotector rooultoe wariationri of the values with flow rate were about 

1x 10-2 per ml min-' for each component, and although this value is 

greater than for the mass detector, for practical purposes the'relative 

detector response is flow independent. The condition that there must 

be a substantially greater flow rate through the reference arm of the 

detector (> 10 ml min-1) was maintained. 
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A statistical analysis was carried out on the results, and is 

expressed in the form of histograms (figure 4122) and summarised in 

table 4.19 (cf figure 4120 and table 4.17). 

Table 4.19. 

Gas Density Balance 

Component nx, a- V 

Ethyl acetate ? 32168 2.7.3 

n-Propyl acetate 74 31.05 1.8 5.80 

n-Butyl acetate 74 36.26.2.0 5.52 

6.62 

Resul- 

x 
0 

33: 49 
31.64 
34.87 

is 

Bias Bias % 

-0181 -2! 42 0.9 

-0.59 -1.86 0.98 

+1+3.84 1.03 
12-341 

There is a similar trend in bias values to those obtained using 

the mass detector. It is therefore a reasonable assumption that the 

bias values do not depend to any appreciable extent on the performance 

of the mass detector. Indeed the bias values of the mass detector 

results are about half those of the gas density balance results. The 

standard deviations of the gas density balance results are all of the 

same order, and are much greater (3X) than those obtained using the 

mass detector. Repeatability can be defined numerically in terms of 

the coefficient of variation. if the coefficient of variation is n%o, 

then the repeatability of 19 out of 20 results is ±n ! The repeatability 

of the mass detector response is ±2% and the Gow-Mac gas density balance 

±6%. The very much higher value obtained with the latter detector., 

may result from the difficulty of precisely assessing peak areas by 

graphical methods. Peak areas have also been measured using a digital 

integrator, and the results compared with the most satisfactory of the 

graphical methods. This work is discussed in detail in Chapter 7. 

Coefficients of variation were of the same order (3iß) for both methods. 

The fairly high values for the standard deviations of, the results 

obtained from both detectors may be a result of carrying out the 

experiments over a wide flow rate range. A similar mixture to that 

used above, was analysed under the same conditions as given in table 

4.16, but at a single flow rate. The flow rate range for the'most 

satisfactory operation of the gas density balance, recommended by the 
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manufacturers is: 

analytical flow rate 30 to 70 ml min-' 

reference flow rate 50 to. 90 ml min-1 

with a difference of at least 10 ml min-' between the two arms. This 

represents a total flow rate range of 80 to 160 ml min-', The 

experiment was carried out with a total flow rate of 126 ml min-', 

with 77 ml min-' flowing through the gas density balance reference arm, 

and 49 ml min-' through the analytical arm. The experiment was carried 

out over 2 days, so that changes in composition of the mixture were 

negligible compared to those which may have arisen in the previous 

work. The results for the mass detector are summarised in table 4.20 

and figure 4.23! 

Table 4.20 

Mass Detector Results 
Component nx a' V x Bias % Bias R 

o 

Ethyl acetate 15 33,07 0.414 1.25 33: 29 -0! 22 -0,66 0.99 
n-Propyl acetate 15 30166 01158 0152 30.93 -0127 -0187 0199 
n-Butyl acetate 15 36.26 0_404 1.11 35_78 +o_48 +1.34 1.01 

0.96 10132 01961 

Comparison with table 4.17 shows that both the percent bias and 

the coefficient of variation values are lower when the experiment is. 
_. 

conducted at a single flow rate. 

Peak area measurements on the chromatograiphý obtained from the gas 

density balance were carried out firstly with a steel ruler, and 

repeated with a travelling microscope, in an attempt to improve on the 

precision of the measurements. These results are given in table 4.21, 

column A and B respectively, and histograms (results A). are shown in 

figure 4: 24: 
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Table 1: 21 

Gas Density Balance Results 

A 

Component nx Q" V Bias % Bias 
Ethyl acetate 15 34.04 1.42 4.43 +0.75 +2.25 
n-Propyl acetate 15 30.21 0; 76 2.52 -0.72 -2.33 
n-Butyl acetate 15 35.75 1144 . 85 -0.03 -0.08 

3.60 11.551 

B 

Ethyl acetate 33.87 1120 3.74 +0.58 +1.74 
n-Propyl acetate 30.05.0.69 2.28 -0.88 -2.85 
n-Butyl acetate 36.08 1.18 . 12 +0.30 +0.84 

3.05 111811 

These results should be compared with table 4.19; it is evident 

that the performance of the detector is much improved when the analysis 

is carried out at one particular flow rate. Coefficients of variation 

have been halved, and the bias of the results considerably decreased. 

The use of a travelling microscope to determine peak widths and hence 

areas gave only marginally more repeatable results: in view of the 

additional length of time required to perform measurements with a 

travelling microscope, it is concluded that the use. of a steel ruler 

is the preferable method. 

4: 5.3b Relative Response - Conclusions. 

Excellent relative quantitative results were obtained with the 

mass detector over a wide flow rate range. Repeatability is ± 2% 

over this range (6% for the gas density balance): When analysis is 

carried out at a fixed flow rate the repeatability of the mass 

detector response is 1 1%, and the gas density balance 1 3i5: 

4.5.4 Absolute Adsorption Efficiencies. 

The absolute responses of the mass detector, i. el the adsorption 

efficiency, toward the components of the acetate mixture (see table 

4.17) were measured. For each component a graph was plotted of the 

mass of material adsorbed against flow rate of carrier gas. A similar 

pattern emerged for all components, the amount of material adsorbed 
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increasing with decreasing flow rate. Considerable scatter of points 

was observed, and the results were not considered entirely satisfactory. 

It is preferable to measure adsorption efficiencies for single 

substances rather than mixtures, since the results'cannot be affected 

by changes in sample composition. A new series of experiments was 

designed, for the measurement of absolute adsorption efficiencies. 

For general chromatographic analysis flow rates of the order of 

50 ml min 
l 

are commonly employed. The absolute adsorption efficiency 

of the detector (No. 27) has been measured at this flow rate. The 

conditions of operation are given in table 4.16. A total of 104 runs 

were performed, using n-butyl acetate, and the mean and standard 

deviation of the absolute adsorption efficiency was calculated. A 

10 ul syringe (ref. No. 1) was used to inject l 111 samples. The' 

syringe had been previously calibrated using the electromicrobalance 

and found to deliver 92% of the quoted volume at the 1 pl level (see 

table 4.13). Calculations of adsorption efficiency take into account 

this error. Similar experiments. were undertaken using 5 pl samples, 

of several different compounds. These results are suvjmarised in 

table 4.22, but are discussed in more detail in section 4.6.2 since 

they form part of the programme to assess adsorption capacity. 

Table 4.22 

No, of runs Sample size(pl) Sample Mean ö Adsorption. Standard Devia- 
tion 

104 1n butyl acetate 99.2 0.7 

75 if « It 95.9 
75 it n It 95: 3 
45n octane 95.8 
65" It 93-_8 
55n butanol 96.5 
7 5.1ý ýt 96_3 

The absolute adsorption efficiency appears to be appreciably less 

for the 5 pl charges, compared with the 1 pl charges. The significance 

of this is discussed below. 
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The method of determining absolute adsorption efficiencies 

described above is open to a number of possible errors, all of which 

stem from the fact that it is not possible to guarantee that all the 

material with which the syringe is charged, reaches the mass detector. 

An experiment was designed to eliminate the need to know the quantity 

of sample injected, and to remove the possibility of loss of sample 

between the injection point and the detector. The Pye Panchromatograph 

was used in this experiment. The column effluent was led to a small 

cylindrical chamber outside the chromatograph oven, and then back into 

the oven to a Gow-Mac gas density balance. The chamber could. contain 

a mass detecting, element or an empty cylinder of the same dimensions. 

To determine the absolute adsorption efficiency of the mass detector 

at any flow rate, a sample was injected in the normal manner, a 

proportion of which was adsorbed by the mass detecting element: The 

remainder of the sample was detected by the gas density balance. By 

repeating the experiment in the absence of the detecting element,. the 

proportion of material adsorbed, and hence the adsorption efficiency, 

was found. In both experiments, all conditions were identical (see 

table 4.23), so that any losses of material due to*leakage or 

irreversible adsorption on the column were equal, and did not affect 

the results: 

Table 4.23 

Apparatus Pye Panchromatogrraph 

Column ' ApL ref. A 

Inlet pressure 30 lb in`2N 2 
Injection temperature 100°C on column 
Column temperature 100°C 
Mass detector temperature 25°C 

Gas density balance 100°0 
temperature 

Detecting element ref. 22 

-- F1 samples of chloroform were injected, at a number of flow rates 

covering the range 15 to 250 ml min-', in the absence of the mass 

detecting element, and the resulting peak areas were measured. The 

_.. _. _- , 
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experiment was repeated, again using -ail samples, in the presence 

of a mass detecting element. The relative amount of material reaching 

the gas density balance at each flow rate, with and without the 

detecting element, was found, and hence the absolute adsorption 

efficiency of the mass detector was calculated. The results are 

displayed graphically on figure 4.25. The whole experiment was 

repeated for nominal sample sizes of ý pl, 1 }zl and 2 µl of chloroform, 

and - il of n-nonane. The results were calculated in an anologous 

manner. 

The results confirm that adsorption efficiency decreases with 

flow rate, which is of no consequence in the determination of the 

proportions of components in a mixture, assuming that the determination 

is carried out at a fixed flow rate. The absolute weight of materials 

present is obtained from the quotient of the observed step heights 

(in milligrams) and the adsorption efficiency at the flow rate employed. 

An effect of more serious consequence, illustrated in figure 4.25 is 

that adsorption efficiency decreases as sample size increases. For 

mixtures containing a number of materials in widely differing 

proportions, the observed composition will not agree with the true 

composition. ' This at first sight appears to be at variance with the 

linear response of the detector illustrated in figure 4.47. The upper 

end of the linearity plot was obtained by. injecting varying amounts of 

benzene, all at the same concentration, but for different lengths of 

time. Injection using a syringe is normally for about the same period 

of time, irrespective of the sample size, i. e. although in both cases 

sample size is varied, in the former it is maintained at constant 

concentration, and in the latter the concentration is increased. 

Calculations show that the concentration of benzene injected in the 

linearity experiment was about 110 }zg ml for all quantities. The 

concentration of a5 ul sample just after injection into a gas stream 

flowing at 30 ml min-' is about 8 mg m1 , so that for a very short 

retention time the concentration will not be significantly less than 
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this value. under the conditions given in table 4.23 the retention 

time of chloroform was about 1 minute, so that a high concentration 

was reaching the detecting element, indicating that adsorption 

efficiency is a function of the concentration of the adsorbate. To 

confirm this, adsorption efficiencies were measured at a fixed flow 

rate, for a number of different sample sizes of n-octane, introduced 

into-the detecting element at varying concentrations. This was 

achieved by using two columns of different retention characteristics 

and by inserting dilution chambers between the'column exit-and the 

detecting element. The operating conditions. are given in table 4.24. 

Table 4.24 

Apparatus 

columns 

Dilution chamber volumes 

injection temperature 

Column temperature 

Detecting element temp. 

Detecting elements ref. 

Gas density balance temp. 

Analytical gas flow rate 

Reference gas flow rate 

Pye Panchromatograph 

xpL A, G 
4 ml, 74 ml 
100°C on column 
1000C 

25°C 

24,27 

100°C 

31 ml min-1 
52 ml min -1 

Adsorption efficiencies were calculated for each sample and at 

each concentration, and are shown on figure 4.26. The more dilute the 

sample the smaller was the effect of sample size on adsorption 

efficiency. The most dilute sample (column G+ large dilution chamber) 

gave an efficiency of over 993% for all sample sizes injected: the 

largest sample size was 8 µl, and the maximum concentration of the 

sample reaching the detecting element under these conditions was about 

120 ig ml-l. The most concentrated. sample (using column A) never 

attained 100% adsorption, even for a1 }1l injection: the minimum 

concentration in this case was 1 mg ml-12 The remaining samples were 

all totally adsorbed, up to a sample concentration of about 130 .g ml-l: 
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k. 5.4a Absolute Response - Conclusions. 

It is concluded that although absolute adsorption efficiency 

decreases as flow rate increases, under normal operating conditions 

it. is not affected by sample size. However for high speed analysis 

With retention times the order of 1 minute) in which there is a high 

concentration of sample reaching the detecting element adsorption 

efficiency falls as sample size is increased. It is still sensibly 

complete for samples of less than about ý mg per component, and for 

flow rates below 30 ml min- The effect on the analysis of samples 

of short retention time, carried out at more rapid flow rates is shown 

in the following examples: 

(i) A1 ul sample consisting of approximately equal proportions of 

two or more components, at any flow rate will produce negligible errors 

in a relative percentage composition determination. 

(ii) A2 }il sample containing a minor constituent. A sample contains 

say 1.424 mg of n-heptane and 0^176 mg of hexane, i. e. 89.00% and 

11.00% by weight respectively! At a flow rate of about 50 ml mind 

the mass detector will adsorb only 98,4% of the heptane, but 99.6% 

of the hexane, i. e. 1.401 mg and , 
O-175 mg. The detected percentage 

composition is 1.401 x 100 i_e: 88: 90% heptane in the mixture, and 

... 1.576 

0.175 x 100 i. e: 11.10% hexane in the mixture. It has been established 
1.576 

that the percentage composition values are precise to 1% (section 

4.513)! The above results are within these limits'and negligible error 

has arisen through changes in absolute adsorption efficiency with ' 

sample size. 

(iii) Consider an extreme case in which the total volume of the sample 

is 5 pl, the mixture contains about 60%x%, 39% and l% of three materials 

of similar density, and which is analysed at 150 ml min-'. Analysis 

details are given in table 4225! 
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Table 4.25 

Component True % Sleight per Adsorption Weight / Detected 
weight 5 Pl. (mg) Efficiency Adsorbed weight 

(mg) 

A 59.12 2; 365 90.. 7% 2.14$ 58.69 
B 39.83 1.593 12.2 1.469 4o. 18 
c 1: 05 0.042 98.0 0.041 1.13 

Again, the results are perfectly acceptable. Satisfactory results 

will be obtained even for components of very short retention time, and 

which are present in widely differing proportions. 

415! 5. Delivery Tube Dimensions; 

Changing the diameter of the mass detector delivery tube will 

not affect the flow rate of carrier gas into the detector, but it will 

affect the linear gas velocity, as shown in table 4: 26. 

The use of a narrow bore stainless steel tubing offers several 

advantages over a wide bore tube: it is easier-to accommodate in a 

detecting element; its higher electrical resistance enables direct 

heating of the tube to a high temperature, without requiring a high 

current; loss of resolution of components after leaving the column is 

minimised: The absolute adsorption efficiency of the detector was 

measured with several delivery tubes, using the same. sample size of 

n-butyl acetate. A capillary delivery tube (0.2 mm) was used at 

temperatures up to 80°C, both with a standard size detecting element 

(ref. 2) and a miniature element (ref. 26), and. flow rates between 

20 and 50 ml min-'. In no instance did adsorption efficiency exceed 

60: The introduction of a diffuser at the delivery tube outlet had 

a negligible effect on adsorption efficiency. Similar results were 

obtained using a 0.7 mm bore tube, but the use of a 1-- mm bore tube 

under similar conditions gave an adsorption efficiency of 95%. 

Typical results are given in table 4_26; the results refer to a. flow 

rate of 48 ml minwl (at 23°C); 
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. 
'fable 4.26 

Outside 
ins. 

Delivery Tube 
Dia. Bore 
mm mm 

Temperature 
C 

Adsorption 
Efficiency 

Linear Gas 
Velociti 
cm sec- 

- 0.42 0.22 23 22.2 2110 

- 0.42 0.22 50 39.2 - 

1/16 1.46 0.70 23 4513 207 
1/16 1.46 0.70 50 4525 - 
1/8 3.02 1.48 50 95.0 47 

The use of a 1/8" delivery tube is recommended for reasonable 

(i. e. over 90%) adsorption efficiency. To minimise losses of resolution . 

which may occur in the delivery tube (section 4.6.1. ), the tube was 

packed with the same stationary phase as used in the main column. It 

was necessary to maintain the delivery tube at a hi r temperature, than 

an empty tube, since the increase in residence time of components in 

the packed tube led to condensation within the tubing. in general 

a'packed delivery tube should be maintained at column temperature. A 

packed delivery tube cannot be used in experiments in which another 

detector is placed in series with the mass detector. The back pressure, 

exerted by the packing on'the first detector chamber may cause erroneous 

response. in addition the time. delay introduced between the responses 

of the two detectors is excessive, and the analysis of a complex 

mixture would be made difficult by the non-coincidence of the 

chromatograms obtained from the two detecting systems. Indeed even 

using an empty delivery tube',, a detectable time lag occurs (see figure 

4118)1 At a flow rate of 50 ml minpl, with a 50 yam x l- mm empty 

delivery tube, the delay is about 1 second, assuming equal detector 

response times: 

4.5! 5a Delivery Tube Dimensions - Conclusions. 

`1 'he use of a narrow bore delivery tube does not give a reasonable 

adsorption efficiency at the flow rates demanded by the column for 

maximum performance. It is concluded that the most satisfactory 

delivery tube for quantitative adsorption by the mass detector, is a 

tube of the widest possible diameter, consistent with a minimal loss 
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of resolution. Loss of resolution and condensation of components is 

minimised by using the shortest possible delivery tube. An 1/8t! 

(li mm bore) tube is recommended. 

4.5.6" Delivery Tube Temperature and Position. 

The adsorption efficiency of the detector will be affected if the 

delivery tube is operated at extremes of temperature. If the 

temperature of the tube is too low to givwsignificant vapour pressures 

of the compounds passing through the tube, condensation within the 

tube will occur, resulting in a decrease in adsorption efficiency: 

distortion of the chromatogram also occurs, and this is illustrated"tin 

figure 4.27. By operating the delivery tube at too high a temperature, 

the detecting element temperature is raised, and rapid desorption of 

adsorbed materials will occur, resulting in peaks rather than steps 

for the detector response. An extreme case is illustrated in figure 

4.28. Between these limits the adsorption efficiency will depend on 

temperature to a lesser extent and it is this dependence which is 

examined herel conditions suitable for the analysis of solids and 

permanent gases are considered in sections 5.3 and 5.5. It is evident 

that it is the temperature difference between the boiling: point of the 

adsorbate, and the detector which must be considered, rather than 

absolute temperatures. cperiments were carried out at a fixed 

detector temperature (24°C) whilst the delivery tube temperature was 

varied over the range 24 to 1000C. Operating conditions are as in 

table 4.16 where appropriate, with a flow rate of 110 ml min . The Z 

changes in efficiency were measured, using 1 pl samples of n-butyl 

acetate (bp ll6°C). It was concluded (section 4.5.5) that maximum 

adsorption efficiency is favoured by slow flow rates. However 

condensation of material within the delivery tube is minimised if the 

residence time of the sample within the delivery tube is as short as 

possible, i. e. the flow rate is a maximum. Although these two conditions 

are incompatible, the latter may be met indirectly by operating the 

delivery tube at; a sufficiently high temperature to prevent condensation, 
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even at slow flow rates. 

The temperature of an 1/811 o. d. delivery tube was monitored, at 

a point just outside the chromatograph oven, midway along the tube, and 

within the detecting element. The adsorption efficiency of the detector 

for several delivery tube temperatures was measured, in some instances 

with the delivery tube exit fitted with a baffle. The baffle had a 

marked effect on the dependence of adsorption efficiency with tube 

temperature, which is illustrated graphically on figure 4.29. The 

presence of a baffle caused the temperature range of maximum efficiency 

to decrease, and the actual value for the maximum efficiency was lower; 

A baffle could thus give erroneous results for the analysis of a wide 

boiling range mixture. No increase in detector noise caused by direct 

impingement of hot carrier gas on the walls of the detecting element 

was observed in the absence of the baffle: the use of a baffle was 

in no was advantageous, and it was discarded. 

A number of exp riments were carried out at several different 

temperatures in which the effect of changing the length of the tube 

within the detecting element was investigated. The results are shown 

in figure 4.30. The length of delivery tube within the detector is 

expressed as a percentage of the detector length. All curves exhibit 

a maximum; there was a maximum difference in adsorption efficiency 

between the different delivery tube positions, of about 10%. Operating 

over a temperature range of about 500C, the adsorption efficiency only 

changed by 3%. 

4: 5,6a Delivery Tube Temperature and Position - Conclusions. 

Although variations in adsorption efficiency were observed, neither 

the position of the, delivery tube within the detecting element, nor 

its temperature are critical for good adsorption efficiency, even at 

a fairly rapid flow rate. It is recommended that, for a cylindrical 

detector, the delivery tube occupies about 60% of the detector length, 

For materials boiling in the region of 100°C, the delivery tube should 

be operated at about 1+U°C: In general the delivery tube temperature is 



1 
,., 

I 

), f, 

inu 

I I 

t 

I. 
I i. 

t I O 

' 

R 

t f f 

1 

+ l il 

ý 

I 
C} 

.i !. i I 4i O SHA! i! ] I (I . I; ! {' ! 

, 

II 
II i, 11 

I 
,! 

1 
1, ý. 

- ýJ 

Ii 

.... 

! Ili 

Itj!; ii r-_ AMY ! I' ' 'jilliilj H HO I. i. ! 'I II 
on "_ýt 

! ,I ii 
ll. I. ý 

ill rt 
:; 
ý 

tI '!; fl '. I"'i 
: j; 

ýý" 
I" A 

ýaa: 

.. I, 
.. '...: I:. 

f! t .! II 

r I. Ii 

7 

, ! 

low tii pil 

i 

1 t', 

I, 

?. 

l 
`I 

. iI 

i 

I' 

, 11 
I! 

' Iitjlli ; 
I! ill; fl 

I; I; 

. 
"; 

Iýiý 

'I' 

Ili. 

II(;; li� i 

ý 

; 

'! J 

iýll 

!;: !; Ifl! 

w-'; 

,t lit 

rt, 
"i; 

ýl 

i11ii 

. -~ 

AH 

i, _I( t! I 
1,! + 

"'_i1 
II I" 

I; I , 

Il, ,. ý x' 
ill 

ý 

. i, 
ý iI 

1(; ! 

t ,. 
-r-. 

It t - !1 

. r-.., `, I( 
: It fl! 

. il 
il 

_., "ý 
_1 ; Iý IIU 

w "Now ' 

"1 
, 

1: 
11 

Iii-'! 

U 
if 

; tl 

fih}lý tj( 
~ "{ il; " ii 

i, " 

! :I 
ýrt. 

1': 

(I 
,i 

Iflý i! 

j+. } 
I 

! t.; Iltl 
".!! II 1 ! 

li. t 

I; t 

jl 

I !, 

.,., ý 

.li, 
II; I 

- 

'týl 
; tt; 
'jl' 
! 

1+'I! ýý 

t '. ' 
"'t' ii1 

! ullý '. I 
''! 

: li' 
i: l! lµß 

-+-«ý 
`! 

t: 

I 
i1 

11: 1 I; 1 I 

ý' 

_ý. -ý _. 
l: l 

., liT A 

y !, 

I. 

iýr 'C, 
Nf : 111111 ! 

III 

( 
t Iýil! 

III 

1 
;1 

't ; ICII I, 
fý 

11 

i 'ýt"'ý'1 

, 
ili 

"r'ý f I`ýI, l 

.1 
I iýtr i 

ill! Iýý 
ý' 1...... 

_! 

, I1 
:..:.. 

1 
ý11 

1ý 

-. 

Iý 

, ýÄ; 

, 
rl I 

r 

.4 

"«. "_. 

jjl 
III 

1 
: 

(. ,E 

lIli 
II 

L. 

ý. 
4ilIjil 

rt 

.I 
il 
IIý 

1, 

;' 

. ý:. ý! 

I 

i! 
II 

t 

4. u 
illil illýl !I 

. rlýlt 
IIJ 

! 
!+ 'I' 

1: If 
t1! 

I 

f t, 

! 
r; 

! ý 
rlliilt: l 

lillýli" I I 

I!! i 

Irt. 
Illi l 

ý 
! iilta'{. 

i 

i' ýý 
II 

I 
ýýf; 

Iýýt`II 
l, 1 i 

, 

I; jll If 

'I'I 
f! 1' i t) 

+I I 

! 
il 

I 
illl 

! tilll! 

, lý; l I i 

k 

J1I- 
!. II i 

,, 
iii f' 

'I 
Iý 

I.. iIi ! Iti`+ 

. 1. IIIII 

,I :, ii 

'. ' ( 

: '!, 
\ 
lip` 

I 
1' 

l 
,; I 
tl 

I 
.. 1'. I' 
'.. I .( 

. If 
~y 

i' 

: 
ý' 

. 
II( ! li 

ý. ti+; llt 

: 1! 
1. 

.. 
_i! 

. I: il, : 
Itl"ý PUR 

. 
I.. 

. 
_. 

ºi 

% 
ýt 

" 
,:, ".; ;"; 

V 

I( ,r (I ý LLIIi ýi 

r 
E'' 

I. 1 ý,. 

,I!: 
!,. 

. I(ýIII 
1 

, " 
!! 

i 

{ý: i: 

i'ý 

!i". 

ý III, i" 

, r, 
l. 

IIIif 11 ýý 

r/r 

I /Iý!. " 
;; gill 

(Itri 

7 ! 
'ýli 

il ll! 
d ill 

.i. 

il li j 
I 

.. I I 
Ili III 

i{III' .I 

Il, 
li:, iý 

ý! , I, I t" 

I . Ir 
ýi; 

i "1+{ 
: 

1ý 

'! Iýlilýi 
... . 

I. '1111 I 
,, IF 

it tl 

I:! 

ý 

iii 
, 

, i: 'I 
Ir"ý 

It+ 
: lii 

!.. i--I 

. ! 
, 

ý!.., 
il 

I. 
1ý! 

li 

l: i 

. ilt(lifi 
i WWII 

r, 
. ý! 

't 

r, 

i'itl 

.i "! , 
lirl 

i 
ýti 

l 
. 

! i" it 

il( 
iiti ill, 

I. tll 

I11 
ýýi111 ... "1 ' iý 

I'If 

f 

! 
IIý! 

"11 

Illil 

ý; 

I, ( 
:I 

. , 
litl 

'Il 
-I 

''t 
, 

Iý.. 
.; ! 

{1.1 

liý 

".. 

I, I I 
1 1 

" \`ý,: 

ý 

lid 

!; i. 
ti 

,ý 

ilil I',: 

"II. : tl 

\ 
: 
lijil 

ý'i . ji 
lrI 11i 

. 
.C 'I 
?''! 

JI. 
" 

ýti 
Ilfi 

! liiiý 

.iI. 
' JI1' i 

it- I! iýli'1 

'. 

if` 
I. 

I. ýÜ 
,I 

'I 
~ 

i+ 11" 'I i!; 
1! 

II ýI I 1, 

, 1; !! 

: 1:! Iý fi l i,! 
, ýli 
I'I'' 

., tli, iil, 

ýf,; 

l .i 
I!.. , I; I 11. I 1i! ' 1"i' I! 

4 

1 
." 

:. I; il! II'lýi 
ýý ; ý 

!! , 
5ý 

i!: i' ii [ý 
ýLt: y: _ý 

ýI; Iý" ; i7: 'týi : cl {.; ý: + 
, 
'"i''ýýt, l t:; illfUýl ii , il J ifl' 

ý. ýl 
ili iili 

. _. i ý. ýý 
i ll 

L. ý 
lfli 

ýýý 
1 

li ! it; 

, ýJt.!: 
i i! 

. >. 1 . 
lul !.:: l I 1111 tliii 

ýlL, ý-tl 
! it i! II 

.. ý.::. 
I!; I 

_: _ The Effect of Mana Detector Delivery Tube Temperature 
on Adsorption Efficiency (see pnge 149)1 
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chosen between limits, such that condensation in the tube, and 

desorption from the mass detector are minimised. 

4.6.1 Ache Performance of the Mass Detector - Intra Detector Parameters. 

Detector Geometry and adsorption Efficiency. 

Detecting elements used in all experimental work so far discussed 

have been cylindrically shaped, and closed at one end (figure 4.8). A 

number of other geometries have been considered (see section 4.3. la) 

and several elenents'constructed, in an attempt to increase adsorption 

efficiency, and to decrease their volume and weight. The efficiencies 

of these elements, relative to cylindrical element ref. 2, have been 

measured, under identical conditions, and are. listed in table 4: 27. 

They are drawn approximately full size in figure 4.8. 

Table 4.27 

Element No. Adsorption Efficiency (; o) 

2 100 

9 68 

10 75 
11 86 

The deta, ls of detecting element weights and dimensions are given 

in table 4: 9. L. lement 9 was very light, and was mounted directly on to 

the balance stirrup. The stability of the balance was better than with 

any other detecting elements but adsorption efficiency was poor. 

Element 10 was difficult to construct, and to align inside the detector 

chamber. Element 2 was the most efficient design: although this 

element contained more charcoal than the other designs, it is established 

(see figure 4.34) that adsorption efficiency is not affected by. the 

amount of adsorbent. Since a cylindrical detector was the most 

efficient investigated, and was also the simplest to construct, it was 

adopted for the majority of work on mass detection. The effect of 

changing the dimensions of a cylindrical detector was considered. A 

number of detectors of identical length, but different diameters, all 

containing the same particle size range of charcoal, were constructed, 

and adsorption efficiencies measured. Experimental conditions are given 
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in table 4,161 1 i1 samples of n-butyl acetate were used. The 

delivery tube temperature was 530 C. and the carrier gas flow rate 

141 ml min-l. Elements 3-7 were used in the experiment, the 

characteristics of which are listed in table 4.9. The results are 

shown on figure 4: 31a. No variation in adsorption efficiency was 

observed when the detector diameter was varied from 1 to 21 cm. Since 

the larger diameter detectors contained more charcoal, it is evident 

that the amount of charcoal present (i. e* the surface area of the 

charcoal in this particular case) has no effect on adsorption efficiency 

(unless effects of detector diameter and charcoal area act in opposition). 

A1 cm diameter detector is the smallest which can be constructed 

without encountering difficulties in preparation, and alignment in the 

detector chamber: Detectors of diameter greater than 2- cm may lead 

to excessive loss of resolution of components entering the detecting 

element, although the actual dead volume of the detector is far smaller 

than the geometric volume of the detector (see section 4.6.4). 

Resolution losses within the mass detecting element can be measured 

by comparing the resolution of two components observed by. a detector 

of negligible dead volume placed in parallel with the mass detector, 

with that observed by the mass detector. Resolution losses along the 

detector delivery tube can be estimated by measuring resolution at the 

column exit, and at the nass detector. The detector at the column 

exit must have a dead volume similar to that of the mass detector. Two 

component mixtures were prepared and analysed under conditions which 

just gave complete separation: the components were in approximately 

equal proportions. The resolution 
,R 

of the components was calculated 

from the equation' : 

2,64.10 

Ya+Yh 

where AV R= difference in retention volumes of components a and b 

ya' yb = peak widths for components a and b= measured as the 

distance between the tangents to the curve, at the baseline* 
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Experiments were carried out with the following detector combinations; 

(i) A flame ionisation detector placed in parallel with the mass 

detector, ensuring that the narrow bore connecting tubes from the end 

of the column to each detector were of similar volume. If resolution 

losses within the stream splitter are equal, then any differences in 

resolution of the components between the flame ionisation detector and 

the mass detector must result from the effective dead volume of the 

latter, since the volume of the flame ionisation detector is only a few 

microlitres (see page 30). The contribution cL° the splitter was 

estimated by measuring resolution with first the major and then the 

minor stream to the mass detector, in parallel with a flame thermocouple 

detector. 

(ii) A Gow-Mac gas density balance in series with the mass detector. 

The Gas density balance has a dead volume of about 8 ml: the effective 

volume of the anass detecting element used in this experiment was not 

greater than l- ml. The volume of the tubing, of internal diameter 

1 mm, between the two detectors was 4 ml. 

(iii) A katharometer of dead volume about 3 ml in series with the mass 

detector. 

Values of the Resolution R (equation 4.10) were obtained from 12 

chromatograms. In no case did the mass detector impair the degree of 

resolution to an extent greater than the flame detectors or the hot wire 
C, 

detectors. An example of a chromatogram of partially resolved materials 

is shown in figure 4.32. Comparison of the differential and integral 

response curves, obtained from a gas density balance and the mass 

detector shows that the observed resolution is similar for both detectors, 

The effect of changing the length of a cylindrical detector, at a 

fixed diameter was investigated. The conditions were identical to those 

of the diameter variation experiment. The delivery tube was a fixed 

distance into the detector chamber throughout the experiment, 
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i. e. the proportion of detector length occupied by the delivery tube 

varied with detector length. she overall effect of shortening the 

detector length is shown in figure 4: 3lb. Detector details are given 

in table 4129. 

Element 
No. 

Length 
(cm) 

Table 

Geometric 
Surface 2 
Area (cm ) 

4.29 

Charcoal 
Weight 

(g) 

Detector occupied 
by delivery tube 

Mean % 
Adsorption 

6a 515 26.7 0.53 49 90.2 
6b 

. 
5.0 24: 4 0.. 49 44 89.2 

6c 4.4 21.7 0.44 36 89.1 

6d 3.9 21.1 0.39 28 85.6* 

6e 3.4 17.2 0.35 18 83.8 
6f 2.9 14.9 0.30 3- 83.1 

6g 2.4 12.6 0.26 -2 77.4 

6g 2.4 12.6 0.26 75 87.3 

Detector diameters 1245 cm: charcoal particle size 20-40 BS mesh. 

The fall off in adsorption efficiency may be due to two factors: 

(i) decrease in the weight and surface area of the adsorb ent, i. e. 

dependent on the length of cylinder. 

(ii) decrease in trapping efficiency, i. e. dependent on the fraction 

of delivery tube within the detecting element. 

The adsorption efficiency of element 6g (the shortest element) was 

determined with the delivery tube below the base of the element, and also 

occupying 755o of its length. The increase in adsorption efficiency 

was marked, and approached that of the largest elements (6a, b). 

Thus the major contribution to the changes in adsorption efficiency is 

the position of the delivery tube with respect to the detecting element, 

and not the overall element length. 

The effect of maintaining a constant element length, but changing 

the proportion of its surface area covered with charcoal, as illustrated 

in figure 4.8, yielded the results given in table 4 . 30. 
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Table 4. 

. 
30 

Element Charcoal geometric % Detector Area Adsorption 
No. surface area (em ) covered by charcoal Efficiency (/) 

28 9; 9 40 83.6 
29 14.2 57 89.6 
30 18.4 74 95.2 
27 24.8 100 95.2 

All elements were of identical dimensions (table 4.9) and lined with 

60-80 BS mesh charcoal. 

Reasonable adsorption efficiency is observed for percentage 

coverages over about 70%. 

Adsorbent Particle Size Range: 

Several elements of identical dimensions were constructed and lined 

with different particle size ranges, obtained from a single batch of 

charcoal. The adsorption efficiency of each element was measured : -. 

under the conditions given in table 4.16. The carrier gas flow rate 

was 115 ml min 
1, 

and 1 µl samples of n-butyl acetate were used. 

It was not possible to construct the. elements such that each 

carried the same weight of charcoal: The adsorption efficiency of 

each element was measured five times, and the mean values are quoted 

in table 4.31. 

Table 4.31 

Element 'Particle Size Mean Particle Weight of Mean % Adsorption 
No. Range BS mesh Size QZ) charcoal (g) 

12 100-120 138 0.152 69.6 

13 80-100 165 0.195 85.5 
14 60-80 213 0.246 92.6 

15 1+0-60 310 0.417 91.5 
16 20-40 500 1.410 90.8 

19 12-18 1129 1.381 92.9 

,1 17 6-12 2109 2.119 90.8 

The percentage element length occupied by the delivery tube was 

51% in all cases. The reliability of the values obtained for elements 

17 and 19 are open to question since the weights of these elements were 

in the region of the capacity limit of the electromicrobalance (see 

figure 4: 6 and k. 7). Notwithstanding this, high adsorption efficiency 
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is obtained on elements using a mean particle size of 70 BS mesh or 

smaller (i. e. larger diameter). The experiment was extended to cover 

a narrower series of partic 
r 
le size ranges in the region of maximum 

efficiency. The results are given'in table 4.32. 

Table 4.32 

Element Particle Size Mean Particle Weight of Mean % Adsorption 

_ 
No. Range BS mesh Size QZ) charcoal (g) 

24 72-80 198 0.244 91.8 
23 60-72 231 0.275 91.4 
22 52-60 273 0.343 91.5 

21 40-52 342 0.396 '92.9 

Comparison of the adsorption efficiencies in tables 4.31 and 4.32 

indicate that particle size range has a negligible effect on adsorption 

efficiency, and that particle size has ho effect over about 200 µ_ 

The overall effect of particle size on efficiency is illustrated in 

figure 4.33. 

On the basis of these experiments, it is recommended that the 

particle size range 60-80 BS mesh be used. Larger diameter particles 

increase the element weight to the limit of the electromicrobalance, 

but do not increase adsorption efficiency. Smaller diameter particles 

result in loss of efficiency. 

To confirm that the above results, and indeed any previous results 

,, are not appreciably dependent on the differences in weight of charcoal, 

in different elements, an element of identical dimensions to those used 

above, was constructed. This element (ref. 25) was designed to höld 

variable weights of charcoal, and is shown in figure 418. Adsorption 

efficiency was determined under conditions identical to those above. 

Efficiency was measured six times for each charge of charcoal, which 

was increased in 50 mg increments up to 1 g. All charcoal was from the 

same batch as above, and had identical regeneration treatment. The 

range was 20-40 i3S mesh, chosen, since smaller sizes would fall through 

the element mesh. The results are shown graphically on figure 4.34. 

The mean percentage adsorption remains sensibly constant for charcoal 
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charges up to about 350 mg. Even with a charge as small as 35 mg, the 

adsorption efficiency is relatively high: a charge of this size is 

represented by only about 300 particles of charcoal, which occupy a 

very shall fraction of the element surface area. It is surprising 

that for charcoal charges over about 350 mg there is a gradual decrease 

in adsorption efficiency, when the reverse effect may be expected. 

This is due to a fall off in the balance performance, since the total 

weight of the element exceeded 1 cg!. The observed deflections have 

been corrected for balance response fall off using figure 4.6, but 

conditions of operation were not directly comparable, since figure 

4.6 was obtained using the standard balance stirrups and pans, and not 

a detecting element attached to a suspension wire. 

The overall low absolute adsorption efficiency is a result of the 

element design. In order to charge the element with fresh charcoal, 

it was necessary to incorporate a removable cap on the top of the element, 

which it was not possible to make leak tight. In addition only the 

top of the element contained adsorbent, the walls of the cylinder being 

uncoated. 

4.6.1a Adsorption Efficiency - Conclusions. 

un the basis of the above work an element of high adsorption 

efficiency can be constructed. he most satisfactory form of detecting 

element is a cylinder closed at one end, and lined with charcoal. An 

element which will give a high adsorption efficiency, and is simple to 

construct, consists of a cylinder of length 5 cm and diame6er ll cm, 

of 60-80 BS mesh charcoal. Adsorption efficiency is not affected by 

the amount of adsorbent; a reasonable quantity of charcoal is 300 mg! 

41612 Adsorption Capacity. 

The adsorption capacity of a detecting element is defined as the 

weight of a given material which the element can hold under given 

conditions before desorption of that material takes place. It is 

nececcary to have a knowledge of adsorption capacity to predict the 

frequency with which the element must be regenerated. It is of little 
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use to have an element giving high adsorption efficiency if regeneration 

is required after each run. An experimental study of the adsorption 

capacity of mass detecting elements toward'several compounds covering 

a wide boiling range was undertaken. An element (No. 27) of high 

adsorption efficiency was constructed, and its capacity determined. 

1 il charges of n-butyl acetate were injected into the chromatograph, 

at fixed intervals of time, and the total amount of the sample which 

could be held by the element before desorption occurred, was measured. 

The experiment was carried out over 80 hours of continuous running. 

The overnight periods were used to measure the detector noise and 

drift (see section 4: 6.5). Experimental conditions are given in table 

4.16. Carrier gas flow rate was 48 ml min 
1. 

Rates of desorption of 

the n-butyl acetate were calculated from the chromatograms, and the 

total weight of sample on the element found, taking into account, the 

rates of loss of sample. The value was checked by weighing the element 

both at the beginning of the experiment, and after completion of the 

run. To determine the adsorption capacity of the detecting element a 

graph (of the type shown in figure 4.36) was plotted of the rate of 

desorption against the total sample weight on the element. The element 

adsorbed 25 mg of material before there was any perceptable desorption. 

This is equivalent to 33 1 }z1 injections. The experiment was rep4eated 

using 5 eil sample injections to determine whether adsorption was 

affected by the size of the charge. Desorption was not observed until 

the element had adsorbed 25 mg of material. Charges greater than 5 pl 

were not introduced, since this would be outside the capacity of a 

normal analytical chromatographic column. Charges significantly 

smaller than 1 }il would increase the time of the experiment to at least 

15 days continuous running, and in any case, quantitative analysis of 

very small charges is not recommended. Figure 4.35 shows examples of 

chromatograms obtained at the beginning of the run, and on an exhausted 

detecting element. 

The effect of adsorbing compounds of different polarity (but 
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similar boiling point) on adsorption capacity was investigated. The 

compounds chosen were n-octane (bp 125°C), n-butyl acetate (bp l2k°C) 

and n-butyl alcohol (bp 118°C). Thus, major differences in adsorption 

characteristics are not a result of boiling point differences. For 

each compound, 5 µ1 injections were made at fixed time intervals, until 

rapid desorption was observed: the element was regenerated under 

identical conditions before its capacity toward each of the materials 

was measured. The weight of the detecting element was checked before 

each set of runs, to ensure a clean adsorbent surface, and no experiment 

was started until a stable baseline was obtained. This was usually 

about one hour after placing the detecting element in the detector 

chamber. It was found more satisfactory to measure the adsorption 

capacity at a finite rate of desorption, rather than at the point at 

which desorption just occurred, since this point was difficult to 

locate graphically (see figure 4.36). Capacities for a desorption rate 

of 100 pg min-1 are given in table 4.33. Estimates of the point at 

which desorption just occurs is more readily made by inspection of the 

chromatograms, and it is these values which are quoted in the table 

below. -xhe adsorption capacity per gram of charcoal was calculated 

from these values. 

Table 4! 33 
Compound charge Adsorption Capacity (mg)1 Capacity per gram 1 (p1) zero 100 pg min7 of charcoal (mg g) 

desorption 

n-Octane 5 26 53 780 
n-utyl acetate 1 25 - 750 

n-Butyl acetate 5 25 70 750 
n-. utyl alcohol 5 27 56 810 

Adsorption capacity values are similar for all the materials, and for 

both sample sizes. 

Adsorption capacity will depend upon the physical surface area of 

the charcoal exposed to the adsorbates. Using the same particle size 

range of charcoal, the adsorption capacities of three detecting elements 

of identical dimensions, containing different amounts of charcoal, were 
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measured. Detector details are given in table 4.34. 

Table 4.34 
Element Weight of Area of Element Adsorbent Weight 
No . Charcoal (g) containing adsorbent Ratio 

(cm ) 

28 0.156 9: 9 1.0 
29 0.181 14.2 1.2 
30 0.244 1824 1.6 

The adsorption capacities are given in table 4.35, and a 

representative graph (capacities toward n-butyl acetate) is shown in 

figure 4.36. 

Table ß-_3S 

Compound Element Adsorption Capacity (mffj Capacity per grim og 
lio. zero 100 jig min charcoal (mg g) 

desorption 

n-Octane 28 11 26 70 

29 21 36 116 

30 30 48 123 

n-Butyl 28 16 28 103 
acetate 29 19 42 105 

30 28 59 115 

n-Butyl 28 12 27 77 
alcohol 29 '23 39 134. 

30 37 57 152 

Adsorption capacity increases as the weight of adsorbent is 

increased, and on each element is similar for all the adsorbates. 

The adsorption efficiency of an element may depend on the degree' 

of saturation of the charcoal. To determine whether adsorption 

efficiency decreases with the total sample load on the element, 

efficiencies were calculated from the above runs, and graphs plotted 

of efficiency against the total sample load. Figure 4.37 shows the 

results for 1 ul charges of n-butyl acetate on element 27. No decrease 

in the adsorption efficiency was observed, even at high total sample 

loadings, although scatter of points is greater. The mean adsorption 

efficiency was 99.2% with a standard deviation of 0.7% for 104 runs. 

Using 5 }il charges fall off in adsorption efficiency was observed, as 
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shoý"rn on figure 4.38, which gives the results for n-butyl acetate on 

elements 27-30. The rates of fall off in adsorption efficiency for 

n-octane and n-butyl alcohol gave identical patterns, so that. the effect 

on determining the relative composition of a mixture using a partially 

exhausted element is negligible. The total sample weight at which 

efficiency begins to fall off, for each compound, and on three different 

detectors is given in table 4.36. 

Table 4.36 

Element n-octane n-butyl acetate n-butyl alcohol 
a b a b a b 

28 7 41 7 7 

29 10 5 10 5i 15 8 

30 20 8 25 10. 22 9 

a= total sample weight on the element when adsorption efficiency 

begins to fall off (mg) 

b= percentage of the charcoal weight on which adsorption has occurred 

when efficiency begins to fall off. 

The variation of adsorption capacity with temperature was 

determined indirectly by keeping the detector temperature constant 

and adsorbing materials of different boiling points. A homologous 

series covering the boiling range 36°C (n-pentane) to 193°C (n-undecane) 

was analysed under conditions similar to those used for the determination 

of the adsorption capacities of materials of different polarity. 

Difficulty was encountered with materials boiling higher than 150°C, 

since condensation in the detector delivery tube gave rise to distorted 

steps. To changer; the conditions of the runs for high-boiling materials 

would invalidate the comparison of the results with the lower boiling 

materials. Element 27 was used for the experiments, and the results 

are given in figure 4.39 and summarised in table 4-37, 
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Table 4.37 
Compound Boiling Point Temperature Difference Adsorption Capacity 

(°C) bp -detector (°C) kmg) 

. zero 100µg min 
desorption 

n-Pentane 36 12 4 16 

n-Hexane 68 44 9 26 

n-Heptane 98 74 19 36 
n-Octane 125 101 21 36 

n-rionane 150 126 23 48 

n-Decane 173 149 - 46 

n-Undecane 193 169 - 44 

In order that. the results may be of more general applicability, a 

graph (figure 4.40) was plotted of the difference in temperature between 

the boiling point of each compound and the detector, against capacity. 

for a temperature difference of up to about 100°C capacity increases 

fairly regularly; for temperatures greater than 100 °C there is little 

change in capacity. 

The change in capacity with boiling point may arise solely from 

adsorption effects or from condensation of materials on the walls of 

the detecting element. It is evident that adsorption plays the major 

role for the following reasons; simple condensation of materials on 

the detecting element would result in continuous evaporation from the 

detecting element, irrespective of the total sample load, which would 

be detected by a drifting baseline. This is not observed until a 

definite sample loading is exceeded. In addition the amount of 

condensed material would increase as the homologous series was ascended, 

and would not reach the maximum, which is observed experimentally. 

Hence it is reasonable to assume that adsorption, effects predominate. 

The increase in adsorption capacity with temperature difference is 

expected, and will continue until all available sites on the charcoal 

are occupied. At this point adsorption capacity can no longer increase 

with temperature difference, and a stable value for capacity is reached. 

It is difficult to be certain whether the slight decrease in capacity 

at high temperature differences is a real effect, or caused by 
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difficulties in measuring the chromatograms, which were less well 

defined. the capacity decrease can be explained by considering the 

changes in molecular dimensions of the adsorbates. As the homologous 

series is ascended the size of the molecule adsorbed increaso , so that 

fewer and fewer sites become available within the pore structure of 

the charcoal. However, the effect of increasing the boiling point of 

the adsorbates is to increase the amount which can be adsorbed. For 

the lower members of the series boiling point effects predominate, but 

for the high members, molecular dimensions are more important. 

The effect of adsorbing a branch chain hydrocarbon on the 

adsorption capacity (below the capacity limit) was investigated. The 

capacity of element 27 toward 2,2,4, -trimethyl pentane was measured, 

and compared with that obtained for a straight chain hydrocarbon of 

similar boiling point,. under identical conditions. The results are 

shown in figure 4.41: no difference in adsorption capacity was observed 

Both the straight chain and branch chain hydrocarbons were sufficiently 

small to be accommodated in the majority of adsorption sites, thus 

giving similar adsorption capacity values. 

Experiments were performed to determine the effect of flow rate 

into the detecting element, on its adsorption capacity. The chromato- 

graphic column E was replaced by an empty column J (see table 4.15) 

and flow rates controlled by a needle valve. The capacity of element 

30 at 25°C was measured with 5 ji1 samples of n-heptane, at several flow 

rates covering the range 17 to 220 ml min-if Figure 4.42 shows the 

relationship between rate of desorption and sample loading on the 

element for each flow rate. Using this graph, the relationship between 

adsorption capacity and flow rate was found, and the results are shown 

on figure 4.43 for various different rates of desorption. 

4; 6.2a Adsorption Capacity - Conclusions. 

Adsorption capacity is independent of chemical species, but is 

increased by increasing the temperature difference between the boiling 

point of the adsorbate and the detecting element. Capacity decreases 
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as flow rate of carrier gas into the detecting element is increased. 

In general the adsorption capacity of an element containing a few 

hundred milligrams of adsorbent is sufficient for many analyses, and 

regeneration may be conveniently carried out during overnight periods, 

when the detector is not in use. 

4.6.3 Detector Linearity. 

The linear responses of the electromicrobalance and the potentio- 

metric recorder have been demonstrated in section 4.2.2. Experixaent,. _ 

evidence to confirm the linear response of the mass detector to weight 

changes is given in this section. 

The vapour dilution technique of Scott23 was tried, but this was 

found to be too time consuming and not ideally suited to a detector of 

only moderate sensitivity. Direct injection of known volumes of samples 

is not reliable, since a syringe does not necessarily deliver the same 

fraction of its charge for each different volume injected (see tabli 

4.13). In addition it would be necessary to use a 10 µl and a1 µl 

syringe to cover the weight range as fully as possible, thus 

introducing further errors. Calibration of the mass detector was 

carried out using two methods which overcame the difficulties noted 

above. One method was suitable for small samples, less than 1 mg, and 

the other method for large samples. 

(i) Method of calibration for small samples. 

A 10 pl syringe which had previously been calibrated for the 1 )1 

setting using n-heptane, was used to deliver 1 ril charges of a mixture 

of n-hexane as solvent and pure (99.9%) n-heptane as solute. These 

two compounds form virtually ideal solutions over the whole jole 

24 fraction range. By varying the amount of heptane in hexane it was. 

possible to cover a wide mass range (15 to 700 )ig). This method rules 

out any errors due to the syringe, and overcomes the difficulty of 

using very small amounts of material. All solutions were weighed out 

on a 4-place analytical balance using a total of about 3g of material. 
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£o solution was kept for more than two hours after preparation, and 

samples were removed via a septum fitted to the containing vessel. 

The response of the detector to n-heptane in each solution was 

measured at least three times (on each mass range). The experiments 

were carried out under the conditions quoted in table 4.16 with a 

carrier gas flow rate of 36 ml min-'. The results were calculated 

directly from the weights of heptane adsorbed and not relative to the 

total sample injected, i. el absolute weight response and not percentage 

composition was measured. The results are shown on figure 4.44 

covering the mass range up to 200 µg, and figure 4.45 covering the 

range up to 1 mg. A straight line, of slope unity passing through 

the origin is obtained in both instances, i. e. adsorption is sensibly 

complete over this range and at a flow rate of 36 ml min-'. The 

detector thus gives an ideal response at least up to a sample size of 

1 mg. The results are summarised in table 4: 38 which quotes the mean 

response values for each sample size, and expresses detector response 

as the ratio of the detected and injected quantities. The mean and 

standard deviation of the response on each mass range have been 

calculated, and these values are shown in table 4.39 (line a). 
'These low values have been included for completeness. 

Table 4138 

100 .g range 
% heptane in Injected Quantity Mean Detected Response 
solution (pg) Quantity (µg) 

2_3 13.0 15.1 1.16 
3.6 20.8 19.8 0.95 
7.2 38.7 37.9 0.98 
9.9 56.8 58.8 1.03 

10.0 57.9 56.5 0.98 
250 pg range 

8.2 47.0 1+3.9 0.94 
9.9 56.8 51.3 0.91 

10.0 57.9 53.1 0.92 
11.1 64.2 65'"? 1.02 

15.6 90.2 87.9 0.97 
18.0 104.3 99.4 0.96 
21.9 126.6 1.25_7 0.99 
24.0' 139.2 135.7 0.98 
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1 mg range 

% heptane in Injected Quantity Mean i)etected Response 
solution iuf; ) Quantity (gut; ) 

8.2 47.0 42.9 0.92 
9.9 57! 2 51.2 0.90 

11.1 64.2 64.7 
21.9 126.6 127.9 

24.0 139.2 134.1 

25.9 149.8 152.4 

26.3 152.6 146.8 
48.3 282.1 288.1 

76.3 450.4 442.2 

100.0 595.6 590.1 

100.0 714.7 727.9 
100.0 833.8 839.8 

1.01 
1.01 

0.97 
1.02 

0.97 
1.02 

0.98 
0.99 
1.02 

1.01 
vn all ranges the detector gave a response close to unity except 

where only a small fraction of the recorder full scale deflection was 

employed. Since these discrepancies occurred on all ranges they can 

be attributed to the difficulty in measuring precisely the small step 

heights which were involved (< 3 cm). In addition, in all instances 

the amount of heptane in the mixture. was less than 10qä, so that minor 

errors in sample weighing during preparation, and evaporation will be 

magnified considerably. The coefficient of variation was recalculated, 

ignoring results of less than 10% of the recorder full scale deflection 

on each range, and a marked improvement was observed (see table 4.39 

line b). 

Table 4: 39 

n Mean Response Std Deviation Coeff of Variation 

i/) 
a 25 0.98 5.2 x 10x2 5.2 

b 19 0.99 2.8 x 10"2. 2.8 

c9 0.99 2.1 x 10`2 2.1 

(ii) Method for large sample sizes. 

It is difficult to inject, using a syringe, large quantities of 

material on to the column, due to the possibility of column overloading, 

and back pressure effects causing blow back of the sample via the syringe 
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piston. A reliable method of quantitative sample introduction must 

overcome these difficulties, and the following method was adopted. 

The column E was removed, and replaced by empty column J, operated at 

room temperature. Pure carrier gas at a known flow rate was packed 

continuously through the column and into the detector. A separate 

carrier gas supply, at the same flow rate, was bubbled continuously 

through benzene, also at room temperature. This stream was introduced 

into the column, in. place of the pure nitrogen flow, for fixed interval 

of time, by means of a 4-way tap. A diagram of the system is given in 

figure 4.10b. The amount of benzene introduced per unit time was 

measured by covering the upper part of the calibration curve obtained 

using a syringe (figure 4.45), using this new injection system. Hence 

by comparing the amount of benzene detected during various known 

intervals of time, with the calculated injected values, the mass range 

was greatly extended. The. partial pressure of benzene was constant 

throughout the experiment, since only the length of injection time, 

and not the flow rate or temperature, was varied. The amount of benzen 

injected was 66 pg sec. . 

The response curve is shown in figure 4146, and response values 

for each injection are.. given in table 4.40. 

Injection Time 
(sec) 

Table 4.40 

Injected Quantity 
(mg) 

Detected Quantity 
(m, ) 

Response 

20.6 ' 1.357 1.357 1.00 
40.7 2.686, 2.660 0.99 
60.7 4.000 4.000. 1.00 

-80.6 5.320 5.285 0.99 
100.2 6.613 6.374. 0.96 
120.7 71966 8.16o 1.02 
139: 8 9.227/ 9.285- 1.00 
16o. 8 10.613 10.177 0.96 
180.2 11.893 11.963 1.01 
200.4 13.226 12.677 0.96 

200.9 13.259 11.963 0.90 
240.7 15.886 14.067 0.88 
300: 5 19.833 17.319 0.87 
420.5" 27.753 20.710 0.74 



-168- 
The mean and standard deviation of the response over the linear 

portion of the curve are given in table 4.39 (line C). 

The mass detector gives a linear response and quantitative 

adsorption up to a sample size of about, 12 mg. This represents about 

55 by weight of the total amount of adsorbent in the detector. Above 

this weight the response of the detector slowly falls, and much 

desorption occurs. The adsorption capacity of this particular system 

is estimated at 10 mg, using the adsorption capacity results previously 

quoted (section 4.6.2). The value obtained from the chromatograms is 

betwoen 8 and 11 mg. Thüs linearity of response does not break down 

until the adsorption capacity of the detector is reached, and can 

readily be extended by increasing the quantity of adsorbent available. 

dowever this is by no means essential, since the upper limit of the 

linear dynamic range well exceeds the upper limit of sample sizes 

normally employed in analytical gas chromatography. The non linearity 

of response at high sample sizes may also result from the difficulty 

in the interpretation of chromatograms with rapidly falling baselines. 

The lower limit of detection is more difficult to extend, and will 

depend, as with other detectors, on being able to maintain a high 

signal to noise ratio. The microbalance is capable of detecting 

quantities as small as - jig but the incorporation of the mass detecting 

element, and the continuous flow of nitrogen into the system gives rise 

to significant noise at such low masses. 

,. ehe overall linear response of the detector, embracing all the 

balance ranges, is shown on figure 4147, which is drawn to a log/log 

scale. The line of regression has a slope of 1.02 and an intercept of 

-0_05. The linear dynamic range of the particular detecting elements 

investigated (27 and 30) is 103, with a lower limit of detection of 

10+5g (see also table 4: 43): The detector gives a linear response over 

a wide range of sample sizes, and in addition at the particular flow 

rate employed the mean absolute response factor is unity. This will 

only be the case if the absolute adsorption efficiency of the detector 
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is 100;, since the results are expressed, not in terms of the percentage 

of hentane detected in the mixture, but in terms of absolute weights 

of heptane. 

It has previously been established that absolute adsorption 

efficiency decreases with increasing flow rate. It may arise that the 

use of a rapid flow rate is necessary for a particular analysisl 

ii; %periments were carried out to determine whether a linear response is 

still observed, even though absolute adsorption efficiency is decreased. 

A flow rate of 105 ml min was used: all other conditions were 

identical to those used for the determination of linearity described 

above. the results stable 4.41) are expressed in the same manner as 

above and are to be compared with table 4.38. 

heptane 

Table 

injected quantity 
(ugj 

4.41 

Mean Detected quantity 
iig) 

Response 

8.7 50.6 47.6 0.94 
24.1 139.5 135.1 0.97 
54.8 320.9 305.9 0.96 
68.7 403.6 383.3 0.95 

100.0 595; 5 580.9 0.97 

xhe overall mean response is 0.96 with a standard deviation of 

2x 10 -2 for 15 runs. The result s dre shown graphically on figure 4.48. 

The response is less than unity, since, as expected adsorption efficiency 

is decreased: nevertheless, the response is linear over the whole range" 

investigated. It is reasonable to assume therefore that the detector 

will give a linear response with respect to mass, over a wide flow rate 

range, embracing at least flow rates between 30 and 100 ml min-1. 

4.6.4. Detector Response Time. 

In general, provided the response time of a detector, including the 

associated equipment is less than about 2 seconds, negligible peak or 

step distortions will occur. 

The response time of the mass detector (see equation 2.20). i. e. the 

time lag between a sample entering the detecting element, and a movement 



,ý 

Linonrity of Reaponae of the iiaan Ueteotor (see page 169). 
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occurring on the recorder, was measured by the means described below. 

The technique was very simple and cannot be expected to give a precise 

value for the response time. However, since response time will depend 

on the effective detector volume and the carrier gas flow rate, both 

of which are variable, an order of response time is all that is required: 

The response time was estimated using detector No. 29, by 

comparing the observed and calculated retention times of a n-alkane. 

1 p1 samples of n-heptane were injected into an empty column about 30 

metre long, and the time taken for a response to be observed on the 

recorder was noted. The expected retention time of the same compound 

under identical conditions was calculated from the volume of the column, 

and the flow rate of the carrier gas. The volume of the columnw s 

found by filling it completely with a known weight of water: a 

correction was made for the depth of insertion of the syringes needle at 

the injection point. The results are summarised in table 4.42. 

Table 4. k2 

Retention Times 
Calculated 

(mans) 
Observed 

Difference Response Time (secs) 

2.68 2.70 0.02 1.2 

1.68 1.68 zero zero 
1.41 1. k0 0.01 0.6 

The order of the response time of the detector is the same as that 

of the recorder. It can therefore be regarded as satisfactory for normal 

packed column chromatographic analysis. 

Alternative methods of determining response times were described 

in Chapter 2. The method proposed by the Author in which an estimate 

of the effective detector volume 15 obtained from peak or step widths 

was used. An empty column about 10 cm long was attached to the mass 

detector. The column injection port was maintained 1340C and 1 µl 

samples of n-octane were injected. For a -- second injection time, the 

volume of the carrier gas containing the octane at the column exit can 

be calculated, assuming no diffusion within the column. The volume of 

carrier gas containing the sample can be measured from the step width 
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of the chromatogram, and the difference between the two values is the 

e'Lfective detector volume. This method will give a maximum value, 

since some band spreading must occur, however short the column.. For 

flow rates of the order of 30 ml min 
1 

the effective detector volume 

of element 31b was no greater than 13 ml. The geometric detector volume 

was 4-- ml. The, detector can therefore distinguish all peaks of 

. retention time difference greater than 3 seconds (a retention distance 

difference of 13 mm at 3011/hr). The dead volumes of katharometers and 

gas density balances are normally about 3 ml, and are sometimes greater. 

The procedure used by. 1ang15 to measure response time, assumes 

that the absolute response of a detector is independent of flow rate: 

the method is not therefore widely applicable. 

4.6.5. Mass Detector Stability. 

The noise of the mass detector has been measured on all the ranges 

employed for gas chromatographic analysis. 

From the noise values, the limits of detection on each range have 

been estimated: since the. detector gives an integral response the 

values are quoted in terms of absolute weight. However in order to be 

able to compare the limit of detection of the mass detector with 

conventional differential detectors, the concentration limit of 

detection has been estimated from step widths and carrier gas flow 

rates. The values quoted in table 4.43 are for a carrier gas flow 

rate of 30 ml min and elution time of 2 minutes, for a compound of 

molecular weight 100 (n-heptane). 

Table 4_43 

xange Noise level Limits of Detection 
(io fsd) pg mt nl 

1 mo not detectable 4 6.6 x 10-7 

250 }is negligible 2 3.3 x 10`7 
100 µg 0.25 0.5 8x lo-8 

25 -jig 2 1 l17 x 10-7 

The lower limit of detection of the mass detector is 0.5 jig. The 

linear dynamic range can be estimated from the limit of detection, and 
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by using figure 4.47, and is 2x 10 
4: 

The smallest amount of material 

which has been directly measured using the mass detector is 0.8 jig: 

the chromatogram is shown in figure 4.49. The limit of detection of the 

microbalance in the absence of the detecting element is 0.25 jig table 

4.8): the incorporation of a detecting element and the continuous 

flow of carrier gas into the element, do not result in a significant 

decrease in balance stability. 

The limits of detection of conventional detectors are given in 

table 3.22.1. Although the limit of detection of the mass detector 

does not approach that of ionisation detectors, it is of the same order 

as the katharometer and the gas density balances. 

Detector drift was measured on the 1 mg range over a period of 

15 hours. The major contribution to drift is desorption of materials 

from the detecting element. It is of little value to measure the drift 

of an unused and regenerated detector since this represents an ideal 

condition: the experiment was carried out using a partially exhausted 

detector which contained a total sample load of 17 mg of n-butyl acetate.. 

The total loss of sample was 32 dig, which represents a rate of loss of 

2 pS per hour (0: 2% fsd per hour)! The drift of. the mi. crobalance in 

the absence of a detecting element is 0.02%L fsd per hour, (section 

4.2.2a), 

4.7 Conclusions. 

The continuous weighing of materials as they emerge from a 

chromatographic column is a satisfactory basis for a quantitative 

detector. The characteristics of the mass detector show that it is a 

most satisfactory device for quantitative analysis and offers outstanding 

advantages over conventional detectors. The characteristics are given 

on the lines proposed in Chapter 2: 

Lower limit of detection 0.5 pg 

Upper limit of detection 25 mg 

Dynamic Range 5x l04 
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Linear Dynamic Range 

Baseline drift 

Response time 

Effective detector volume 

2x 104 

2 pg hr-1 (1 mg range) 

c1 sec. 

<1"-n1. 

The lower limit of detection is similar to that for hot wire 

detectors, and the upper limit of detection exceeds that required for 

normal gas chromatographic analysis. The detector has a wide linear 

dynamic range, which approaches the dynamic range. Baseline drift is 

negligible, and response time and dead volume are sufficiently small 

for normal packed column analysis. 

The response of the mass detector is predictable on a weight basis. 

The relative response of the detector is independent of carrier gas 

flow rate, and repeatability of the response at a fixed flow rate is 

}10PI. The absolute response of the detector decreases as flow rate is 

increased, but is independent of chemical species. The detector has 

sufficient capacity to adsorb material from many runs before regeneration 

is required: the capacity is a function of the amount of adsorbent and 

the temperature difference between the adsorbate and adsorbent. Changes 

in operating temperature and flow rate result in a baseline shift, but 

random fluctuations do not affect the stability of the detector. 

Detecting elements are simple to construct, and the operating 

procedure is straightforward. The cost of the detecting element is 

negligible, and the cost of the complete detector, including the micro- 

balance and associated equipment is of the same order as a katharometer 

complete with amplifier and control unit. In addition the mass detector 

functions as its own integrator. The detecting element and micro- 

balance are sufficiently robust to withstand normal careful handling: 

the detector operates perfectly satisiactorily on an ordinary wooden 

laboratory bench. 

The advantages of the mass detector for quantitative analysis, 

over all other detectors are: 
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(i) the response is predictable and no calibration with respect to 

sample size or chemical species is required. 

(ii) since response is a function of mass, no qualitative information 

is required for a complete quantitative analysis. 

(iii) peak area measurements are eliminated since quantitative data 

are obtained directly from step height measurements. 
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CHAPTER, 5. 

Quantitative Analysis, by ! yIass Detection. 

5.1 Discussion. 

The absolute and linear response of the mass detector has been 

demonstrated over a variety of operating conditions and a number of 

simple acetate mixtures have been quantitatively analysed. The purpose 

of the present chapter is to cover a wider range of materials, and 

thereby demonstrate the value of the mass detector for the quantitative 

analysis of mixtures. A wide variety of species was analysed, and it 

is convenient to divide the results into several sections, relating to 

the boiling ranges of the materials under analysis. This is not a 

consequence of any peculiarity of the mass detector, but arises from 

the conditions under which the chromatograph itself must be operated to 

give a satisfactory performance. In general, it is convenient to place 

materials for chromatographic analysis into the following categories: 

(i) normal boiling materials covering approximately the range 50 to 

150°C, 

lii) high boiling materials: liquids boiling over 150°C (including 

solids at room temperature), 

(iii) low boiling materials (0 to 50°C), 

(iv) gases. 

The mass detector was used to analyse materials in all these 

categories, and the results are presented below. Any problems associated 

with a particular boiling range are described in the appropriate section. 

5.2 Normal Boiling Range Materials. 

Whe precautions necessary to prevent deterioradi. on of samples have 

been discussed in Chapter 1. Mixtures were prepared by weighing directly 

into sample bottles which were filled almost to the limit. Samples were 

removed with a syringe via a rubber septum. No mixture was kept for 

more than a few hours. A number of different sample sizes of each 

mixture were analysed covering the mass range 10 pg to 1 mg per component 

L 
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of a mixture. Usually this amounted to a total of about 10 determinations 

The choice of constituents for mixtures. Several mixtures 

comprised homologous series, or materials of similar chemical nature, 

embracing both aliphatic and aromatic compounds. Mixtures containing 

different chemical species were prepared, covering aromatic and aliphatic 

hydrocarbons, including halogenated materials, oxygen containing 

compounds, saturated and unsaturated compounds, polar and non-polar 

materials, and aqueous solutions. The conditions of analysis are given 

below, and this is followed by a summary of the results. For each 

mixture the mean observed percentage weight of the components (x) was 

calculated, and the standard deviations (a-) and coefficients of 

variation (v) of these values were found. The mean detector response 

(R) defined as the ratio of the mean observed percentage weight and the 

true percentage weight (x ) is given. Bias values represent the 

0 

discrepancy between the mean observed composition and the true compo- 

sition and are calculated using expressions 4.6 and 4.7. For each 

mixture, the components are listed in order of increasing retention 

time. 

Table 5.1 

Conditions of Operation. 

Chromatograph Shandon KG2 

Column PEGA E 

Column Temperature 101°C 

Carrier gas Nitrogen 

inlet pressure 30 lb in-2 

Carrier gas flow rate 51 ml min-' 

Sample sizes 0.1 to 5 Pl. 
Mass detector ranges 100 µg to 5 mg fsd 

Detecting elements 27,30 

Detector temperature 22 to 24°C 
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Table 5.2 

Compound a- V xo R Bias 

Benzene 39.71 1.32 3.32 39.20 1.01 +0.51 

Toluene 29.97 0.91 3.04 30.25 0.99 -0.28 
Ethyl benzene, 30.32 1.03 3,32 30.55 0: 99 

1-0.23 

rethyl ethyl ketone 38.75 1.84 4.75 37.56 1.03 . +1.19 
Methyl n-propyl 29.84 1.73 5.70 29.77 1.00 +0.07 
Methyl n-butyl 31.41 0.54 1.72 32.67 0.96 -1.26 

Ethyl acetate 41.45 0.73 1.74 40.36 1,03 +1.09 
n-Propyl acetate 31.63 0.66 2.08 31.58 1.00 +0.05 

n-Butyl acetate 26.92 1.06 3.95 28.06 0.96 -1.14 

n-Heptane 17.72 0.40 2.26 17.82 1.00 -0.10 

n-Octane 17.30 0_56 3.24 17.50 0.99 -0.20 
Ethyl acetate 21.38 0.79 3.70 21.73 0.98 -0.35 
Methyl ethyl ketone 16.39 0.55 3.36 16.09 1.02 +0.30 
Benzene 27.22 0.33 1.21 26.86 1.01 +0.36 

Cyclohexane 22.63 0.67 2.96 22.86 0.99 -0.23 
n-Octane 15_52 0.97 6.27 15.46 1.00 +0.06 
Carbon tetra- 35"_95 0.50 1.39 35.02 1.03 +0.93 

chloride 
Dichloro-aethylene 25.90 0.72 2,78 26.65 0.97 -0.75 

2,2,4-Trimethyl 44.2x7 0.61 1.37 43.97 1-. 01 +0.30 
pentane 

n-Octane 28.47 1.34 4.70 27.86 1.02 +0.61 
1-Octene 27.26 0.84 3.07 28.16 0.96 -. 0.90 

n-Octane 35.79 0.74 2.06 34.28 1.04 -1: 51 

rsutylene oxide 32.91 0.55 1.67 32.03 1.03 +0.88 
Dioxan 31.30 0.91 2.90 33.69 0.93 -2.39 

The results shown in table 5.3 were obtained using a rye 

Panchromatograph fitted with column A. and using detector 31. All 

other conditions are as given in table 5.1. Figure 5_1 shows two 

chromatograms, representing different sample sizes of the three 

component mixture given in table 5.3! 
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Table 5.3 

;, o::: pound x c- V xo Bias 

Methyl propionate 33.05 0.60 1.81 33.51 0.99 -0.46 
olueno 30.35 0.41 1.35 30.41 1.00 -0.06 

Chlorobenzene 36.59 0.44 1.20 36.08 1.01 +0.51 

=; thy1 alcohol 54.25 0.55 1.01 53.63 1.01 +0.62 
n-Propyl alcohol 45.75 0.57 1.24 46.37 0.99 -0.62 

Zany ahaZyses of similar mixtures were carried out at a flow 

rate of 105 ml mind, on the Shandon KG2 chromatograph, under the 

conditions given in table 5.1 where appropriate. Variations in 

conditions are noted at the foot of table 5.4, which summarises these 

results. 

Compound 

Table 
x 

5.4 

G- V ,. o 
K Bias 

n-Pentane a 22.30 0.66 2.95 22.50 0.99 -0.20 

n-Hexane 18.40 0_71 3.86 17.57 1.05 +0.83 
n-Heptane 15.16 0_59 3.85 14.67 1.03 +0.49 
n-0--tane 16.46 0,64 3.87 16.45 1.00 +0.01 
n-Tý7onane 27.69 0.89 3.23' 28.82 0.96 -1.13 

Benzene 41.35 0.70 1.70 41.33 1.00 +0.02 
Toluene 30.94 0.69 2.23 31.00 1.00 -0.06 
Ethyl benzene 27.72 0.60 2.16 27.67 1.00 +0.05 

ý''lethyl ethyl ketone 43.05 0.57 1.32 42.20 1.02 +0.85 
iethyl n-propyl ºý 25.75 0.84 3.28 25.69 1.00 +0.06 

Methyl n-butyl ýT 31.20 1.32 5.58 32.10 0.97 -0. g0 

Methyl acetate 21.46 0.83 3.85 23.72 0.90 -1.26 
Ethyl acetate 25.50 0.81 3.17 23.47 1.09 +2.03 
n-Propyl acetate 23.03 1.01 4.38 22.82 1.01 +0.21 
n-Butyl acetate 30.02 0_46 1.53 29.99 1.00 +0.03 

n-Iieptane 18.61 0.20 1.08 18.44 1.01 +0.17 
n-Octane 13_81 0.34 2.46 13_77 1.00 +0.04 
Ethyl acetate 23.92 0.31 1.30 23.68 1.01 +0.22 
Methyl ethyl ketone 16.28 0.36 2.21 16.49 0.99 -0.21 
Benzene 27.37 0: 31 1.13 27.63 0.99 -0.26 
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Compound x c v x0 Bias 

Cyclohexane 19.39 0.59 3.04 19.30 1.00 +0.09 

n-Octane 16.14-., 0.43 2.68 15'87 1.02 +0.27 

Carbon tetrachloride34.79 0.63 1.81 34.92 1.00 -0.13 

Dichloroethylene 29.68 - - 29.92 0.98 -0.24 

2,2,4-Trimethyl 38.25 0.72 1.88 38_03 1.01 +0.22 
pentane 

n-Octane 35.52- 0.71 2.00 35.59 1.00 -0.07 

1-Octene 26.23 . 2.00 7.65 26.38 0.99 -0.15 

n-Octane 27_63 0_47 1.71 26.74 1.03 +0.89 
Butylene oxide 28.56 0.59 2.06 28.80 0.99 -0.24 

Dioxan 43.81 0.82 1.87 44.45 0.99 -o. 64 

n-Butyraldehydea 39.24 1.03 2.62 39.80 1.00 -0.56 

t4ethyl ethyl ketone 60.76 1.06 1.74 60.20 1.00 +0.56 

n-Butyl alcoholb 53: 42 1.05 1.97 52.95 1.01 +0.4? 

n-Amyl alcohol 46.58 1.05 2_26 47.05 0.99 ( 
-0.47 

n-Propyl alcoholb 45.36 0.28 0.62 44.94 1.01 
+0.42 

Methyl n-propyl 54.64 0.52 0.96 55.06 0.99 -0.42 
ketone 

a Column temperature 660C. 

b Porapalt column D at llEO°C. 

There is a negligible difference between the precision and 

accuracy of the results at 51 and 105 ml min -1 
. The overall standard 

deviation (c) was 0.755, and the coefficient of variation (V) 2.5%o', 

for 180 analyses. The corresponding values for runs carried out at a 

single sample size on a sin: ole mixture were 0.42' and 1.0°1o respectively 

(table 4.20). Values for a single mixture over a wide flow rate'range 

were 0.6% and 1.6; % (table 4.17). The accuracy of the results is 

expressed in terms of bias, and the mean value of the runs in tables 

5.2 to 5.4 is 0.54iä (absolute bias 1.8%); cf tables 4.17 and 4.20 for 

a single three component mixture. Response factors are very similar 

for all materials, and for practical purposes can be taken as unity. 

The detector gives satisfactory quantitative analyses for a wide 
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gaiety of materials, in proportions ranging from 15% to 60 ý in a 

mixture, and covering the mass range 10 }zg to 1 mg per component. 

5.2.1 The quantitative Analysis of Minor Constituents. 

In tables 5.2 to 5.4 details of the analyses of mixtures in which 

the percentage weight per constituent varied between 15 and 60ý of 

the total quantity, have been given. In order to assess the reliability 

of the mass detector for the analysis of minor. constituents and to 

detect any trends in bias and precision with respect to percentage 

composition, a number of mixtures of heptane and hexane were prepared, 

in which the proportion of one compound was progressively increased 

from 215o to 100,,. This experiment was combined with the determination 

of detector linearity given in dhapter 4 (see table 4.38). Experimental 

conditions are given in table 5.5. Results are calculated solely on 

the basis of the weight of heptane present and not on the proportion 

of heptane in the mixture. The results, given in table 5.6, were ohly 

used to determine the bias of the measurements, and not the precision 

of the measurem&nts for each mixture. 

Table 5: 5 

Experimental Conditions 

Chromato&raph Shandon KG2 

Column PEGA E 

Column Temperature 64°C 

Carrier gas 
Inlet pressure 

Carrier gas flow rate 

Sample size 

Mass detector range 

Detecting elements 

Detector temperature 

Nitrogen 

30 lbin2 

32-36 ml min-1 
lpl 

100 µg to 1 mg 
279 31 
24°0 
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'. fable 5.6 
% Heptane Bias % Heptane Bias 

pLg %, jig iýll 

2.3 +2.1 +15.8 18. o -4.9 -4.7 
3! 6 -0.8 -4.0 21.9 -0.9 -0.7 
7.2 -0.9 -2.2 21.9 +1_3 +1.0 
8.2 -4.1 -8.7 24.0.. -5.1 -3.6 
8.2 -3.1 -6.4 24.0 -3.5 -2.5 
9.9 -6.0 -10.5 25.9 +2.6 +1.7 
9.9 -5.5 -9.6 26.3 -7.8 -5.2 
9.9 +2.1 +3.5 26.3 -2.6 -1.7 

10.0 -1.4 -2.5 48.3 +6. o +2.1 
11.1 -0.5 +0.8 67.5 +5.6 +1.4 
11.1 +1.5 +2.4 76.3 -8.2 -1.8 
15.6 -2.3 -2.6 100.0 -5.5 -0.9 

The percentage bias values show a slight improvement when the 

proportion of heptane exceeds about 105. The mean value of the tabsolute) 

bias is 4; c. 

Using a similar series of hexane/heptane mixtures, and carrying 

out 10 determinations per mixture, a measure of the precision of the 

detector at each heptane composition was obtained. xll values were 

calculated on a percentage weight rather than an absolute basis, and 

the results are given in table 5.8 in the same manner as table 5.2, 

with which they may be compared. zxperimental conditions-are given in 

table 5.7. 

Table 5.7 

zxperimental ;; onditians 

Chromatograph Pye Panchromatograph 

Column ApL G 

Column temperature 100°C 

Carrier gas flow rate 40 ml min-1 
Sample size 1 ill, . 

31 µl 
Mass detector range 1 mg to 5 mg 
Detecting element 31 

Detector temperature 24°C 
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Table 5! 8 

V x0(°ö) Bias % Bias 

0.34 0.05 14.7 0.29 +0.05 17.2 

1.51 0.04 2.65 1.38 +0.13 9.4 
4.17 0.20 4.8o 4.39 -0.12 2.7 

12.16 0.32 2.63 12.65 -0.49 3.9 
22.19 0.51 2.29 22.45 -0.26 1.2 

35.87 0.18 0.50 35.94 -0.07 0.19 
44.68 0.29 0.65 44.79 -0.11 0.24 
55.3 0.29 0.52 55.21 +0.12 0.22 

64.13 0.18 0.28 64. o6 +0.07 0.11 
77.82 0.17 0.22 77.55 +0.27 0.35 
87.85 0.33 0.38 87.36 +o. 49 o. 56 
95.80 0.21 0.22 95.61 +0.19 0.20 

98.49 0.00 - 98.62 -0.11 0.11 
99.66 0.05 0.05 99.71 -0.04 0.04 

All runs were carried out using 1 }zl samples on the 2 mg range, 

except those samples of percentage composition less than 2% and greater 

than "or these runs 3ý F1 samples were used, with the 5 mg range 

for the major constituent and the 1 mg range for the minor constituent. 

The changes in standard deviation and coefficient of variation 

with sample composition are shown on figure 5.2. The coefficient of 

variation is less than 1% for all sample compositions over 301'o, and 

evan at 5% composition has only increased to about 4ö. The standard 

deviation remains sensibly constant throughout the whole range of 

sample compositions, at about 0.25%. The overall mean bias is 0.2% 

(absolute bias 2.6%). 

Satisfactory quantitative analys&s may be obtained for minor 

constituents in mixtures. 

5.2.2 The Determination of Water by the Mass Detector. 

i"he adsorption of water on activated charcoal follows the type V 

isotherm, but'this should not give rise to any difficulty in a 

quantitative estimation, using the mass detector. The analysis of 

aqueous samples by chromatography is however particularly' difficult in 

that the excessively polar nature of water invariably produces grossly 
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distorted peaks, with all conventional stationary phases: a high 

proportion of water is irreversibly adsorbed on the stationary phase. 

Similar effects are observed with the lower members of the alcohol 

series. As a consequence, even assuming that a detector will respond 

quantitatively to water, the results bear little resemblance to the 

composition of the sample injected. Moreover, several of the commonly 

ei-. ployed detectors give spurious responses toward water vapour. The 

pray ionisation detector (section 3.6a) will not respond to water, but 

the response factors for the other constituents of an aqueous sample 

are different from those of the same constituents in a non-aqueous 

medium. i: he flame-ionisation detector (section 3.2) will scarcely 

respond to even a large proportion of water in a sample, which after 

affects the response of the detector to the remaining constituents. 

The effect is by no means as marked as in the pray ionisation detector, 

and does not interfere with subsequent analyses. The katharometer 

(section 3.1) will detect the presence of water in a sample, but 

requires extensive calibration. The gas density balance (section 3.10) 

should give a normal response to water vapour, which will be negative 

if for example nitrogen or argon is used as carrier gas. 

The problem associated with the analysis of aqueous samples is 

thus two-fold; a chromatographic column is required which will give a 

sy...:: etrical and quantitative pass of the water band, and a detector is 
,. 

required which will give a quantitative estimate of the water present, 

without affecting the response factors toward the remaining constituents. 

An example of a chromatogram of water, obtained from a conventional 

column1(ApL ref C, table 4.15) using a katharometer in series with the 

mass detector is shown in figure 5.3. Clearly an estimate of the peak 

area by any means would be difficult in view of the gross distortion of 

the peak: step height measurement, on the other hand would be 

relatively simple. 

Recently a new type of column packing has been introduced1, which 

it is claimed gives symmetrical elution peaks for h1 hly polar materials, 
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and that all materials including water are not irreversibly adsorbed. 

This material appears to be ideal for the quantitative analysis of 

aqueous samples. The material is basically a cross linked polystyrene, 

but details of the modifications to the standard polystyrene preparation, 

which make the material suitable for use in chromatography have not 

been published. A column, D, (see table 4.15) was prepared using a 

packing such as that described above, which is commercially available 

under the name Porapak2. A number of samples of known composition were 

prepa eL:, and quantitatively analysed using column D fitted to the KG 2 

chronatoGraph, with a Martin gas density balance in series with the 

mass detector. The conditions under which the analyses were carried out 

are given in table 5.9. 

Table 5.9 

Carrier gas Nitrogen 

1''low rate (analytical) 56 ml min-' 
it if (reference) 55 ml min-' 

Column temperature 70°C 

Gas density balance 
sensitivity 103 (maximum) 

Mass detector range 5 mg 

Detecting element 27 

. tLn example of a chromatogram obtained for a mixture of ethyl 

-lcohol and water is given in figure 5: 4. r=ellent peak shapes are 

obtained, comparable with those expected for a typical analysis of non- 

polar materials on a non-polar stationary phase. The results are 

summarised in table 5.10a. 

Table 5.10a 
Compound n Composition 

x c- 
by Mass Detector xo 

V' ;ý Bias 
Water 7 47.30 0.98 2.0 -12: 4 

Ethyl alcohol 52.70 1.00 2.0 +12.4 

composition by Gas Density 
: later 47.29 1.45 3.1 -12.5 54.02 
Ethyl Alcohol 52.71 1.63 3.1 +12.5 45.98 
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Table 5.10b 

Compound n Composition by Mass Detector 
x o- V ;% Bias o 

ýater 3 43: 41 -- -16.8 52.53 

methyl alcohol 56.59 -- x-16.8 47.47 

The percentage compositions determined by the two detectors are in 

excellent agreement with each other, but are completely different from 

the pre-oared composition. To ensure that no error in sample preparation 

had occurred, a fresh sample was prepared and analysed under identical 

conditions (table 5.10b). A similar discrepancy was observed. A 

major change in the composition of the mixtures was therefore occurring 

after injection, but before. either of the detectors. There was a 

substantial loss of water resulting in a marked decrease in the percent- 

age of water reaching the column outlet. -There may in addition have 

been a loss of alcohol, but this was small compared with the amount of 

water which was lost. An estimate of the amount of water and ethyl 

alcohol lost between injection and detection can be obtained by comparing 

the expected and observed adsorption efficiencies at the mass detector. 

For a3 Pl sample of the water/alcohol mixture, the expected amounts 

of constituents detected by the mass detector are 1.134 mg of water and 

1.329 mg of alcohol. The mean observed weights were 0.873 rg and 

0.959 mg, i. e_ a loss of 0.459 ME of water, and 0.175 mg of alcohol. 

The analysis of one of the mixtures was repeated för sample sizes 

between 0.2 ul and 4 il. The results are given in table 5.11. 

Table 5_1.7. 

Nominal Sample Size % Water Detected in 
(ul) mixture 
012 36.22 

0.5 38.23 
1.0 39.29 
2.0 43.48 
4.0 44.68 

( °O ) (52.53) 
It is clear that as the sample load is increased, so the percentage 

of water reaching the detector increases. 
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Preferential loss of water may also arise from condensation in 

the injection block, or in 

boiling point of ethyl alco: 

temperature was maintained 

injection block is likely! 

the mass detector delivery tube. The 

hol is only 22°C below water, and injection 

at 235°C, so that no condensation at the 

Condensation in the mass detector delivery 

tube, would result in significantly lower values of water content in 

the mixture between the gas density balance and the mass detector. 

The mass detector results for water are identical with the gas density 

balance results. In addition condensation in the delivery tube results 

in excessively broad and distorted steps, which were not observed. 

It is concluded that the loss of water between injection and 

detection was predominately due to adsorption on the column, even 

though sy2ninetrical elution bonds were observed. Adsorption effects 

may be minimised by more vigorous column pretreatment, and by 

conditioning with large volumes of water (several milligrams) before 

undertaking quantitative analysis. 

I", olecular weight determinations, using the above samples have 

been carried out, and gave entirely satisfactory values, again 

indicating that all water losses occur before either detector, and 

that both detectors give normal responses. These results are presented 

in Chapter 7: 

The mass detector gives satisfactory quantitative results for the 

analysis of aqueous samples. 

5.3 High Boiling Materials. 

It is to be expected that a number of experimental difficulties, 

not present to any significant extent at normal temperature operation, 

will become apparent when analysing high boiling materials. For example, 

the temperature of the carrier gas emerging from the chromatographic 

column may be sufficiently high to create disturbances by convection 

within the mass detector chamber. Condensation of materials in the 

delivery tube prior to reaching the mass detector is more likely, and 
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could lead to erroneous results, in particular with samples containing 

: iaterials covering a wide boiling range. Experiments were designed to 

measure any decrease in stability of the detector as the carrier gas 

temperature was increased, and to determine the extent to which 

condensation within the delivery tube occurred. On the basis of these 

experiments the mass detection system was modified to be suitable for 

high temperature analysis. The aim was to have a detecting system 

capable of detecting the highest boiling material which the column 

could accept, i. e. the highest boiling material which could be analysed, 

must be a result of column limitations and not detector limitations. 

5.3a Experimental. 

The column outlet tube, and the detector delivery tube which was 

heated resistively, were electrically insulated with a short length 

(2") of rTFE 1/16« o. d, tubing. The detector chamber was used in the 

same form as that for normal temperature operation for the initial 

experiments, in which a mixture of n-nonane and n-dodecane was analysed. 

The experimental conditions are given in table 5.12. 

Table 5.12 

Apparatus - Shandon KG2 

Column ApL H 

Column temperature 176°C' 

Carrier gas flow rate 43 ml min-' 
through column 

Sample size 1 Pl. 
Mass detector range 1 mg 

Detecting element 27 

The flow rate of carrier gas through the column was kept constant, 

and by introducing an additional nitrogen. supply at the column exit, 

the flow rate along the delivery tube could be varied over a wide range 

(43 to 250 ml min-'). With this secondary gas supply off, the step 

corresponding to dodecane was very broad, more so than expected from 

the normal band spreading within the column. On increasing the overall 

flow rate to the detector, the step became more well defined, 

demonstrating that partial condensation in the delivery tube was 
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contributing significantly to the spreading of the band. The 

temperature inside the detector delivery tube, i. e. the carrier gas 

te: iperature, was monitored at several points: a temperature drop from 

134°C to 28°C occurred over the last few centimetres of the delivery 

tube. Delivery tube temperature was not affected by the flow rate of 

the carrier gas through the tube. The improved chromatograms at 

rapid flow rates were a result solely of decreasing the residence time 

of materials in the tube. 

Typical analyses of the nonane-dodecane mixture are given in 

table 5.13a for a delivery tube temperature of 134°C, and in table 

5.13b for an overall delivery tube temperature of 26°C. The total 

sas flow rate into the detector was 43 ml min-' for both runs. 

sable 5.13a 

compound x x0 Bias ;o Bias Uptakel 
lib see.. 

n-Nonane 56.49 54.86 - 9.6 

n-Dodecane 43_51 45.14 -1.63 3.6 0.8 

Table 5.13b 

n-Nonane 56.77 54.86 - 7.5 

n-Dodecane 43.23 45.14 -1.91 4.2 O. k 

The percentage composition results (x values) are similar for 

both a cold and a heated delivery tube, and show a small permanent 

loss of the higher boiling alkane (a table of boiling points is given 

at the end of this section). The rate of uptake of each material by 

the detector, which is a measure of the band spreading, is similar at 

both temperatures, but is vastly lower for the dodecane. Since no 

appreciable improvement in results occurred when a heated delivery 

tube was used, it is clear that the majority of the loss of material 

was occurring in the last few centinetres of the tube, which was heated 

only by conduction. Indeed the tube was designed so that this part, 

all of which was within the detector chamber, did not exceed room 

tenperature, to avoid convection currents. 
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The temperature of the delivery tube within the detector chamber 

was increased to 40°C, the main length of the tube remaining at 134°C, 

and the analysis was repeated. The results are given in table 5.14a 

for a flow rate of 43 ml min-1 and table 5.14b for 100 ml minýl. 

Table 5.14a 

Coraßound x xo Bias ;ö Bias Uptake 
1 (pg sec- ) 

n-Nonane 55.91 54.86 - 11.4 

n-Dodecane 44.09 45.14 -1.05 2.3 1.3 

Table 5.14b 

n-Nonane 56.14 54.86 11.8 

n-jodecane 43.86 45.14 -1.28 2.8 2.1 

Comparison with table 5.13 shows an increase in the recovery of 

dodecane, and an overall increase in the rates of uptake. Although 

the results for dodecane are only about 1% low (2ýY0' absolute), 

improvement is essential, if the analysis of higher boiling materials 

is to be successful. The main temperature of the delivery tube was 

increased to 162°C, and the run repeated. Rates of uptake were not 

increased significantly, again indicating that condensation is occurring 

mainly in the last few centimetres of the tube, which was still at 40°C. 

A mixture containing all the normal alkanes from nonane to dodecane 

was analysed under the conditions given in table 5.12, with a total 

flow rate into the detector of 100 ml min-', and a mean delivery tube 

temperature of 159°C. The temperature of the section heated by 

conduction was 38°C. The results appear in table 5.15. The analysis 

. ras carried out eight times, and the mean percentage weight and standard 

deviations calculated. A chromatograms is shown in figure 5.5. 

Table 5.15 

Ce ý ct: nc Vs 
"I 

Rs ,5 Sias 

r. -: 0: an 1S. 42 0.63 3.4 15.19 1.01 +0.21 1.2 

n-Decanc 20.60 0.27 1.3 20.26 1.01 +0.34 1.7 

n-Undecane 24.52 0.55 2.2 24.38 1.00 +0.14 0.6 

n-Dodeca. ne 36: 46 0.39 1_1 37.17 0.98 -0.71 119 
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The observed ö composition for each component is satisfactory. 

ý, t a given temperature there is an increasing tendency toward 

condensation, the lower the vapour pressure of the solute. jLs a 

result there is an increase in distortion of the steps as the 

homologous series is ascended, and the points of inflection on the 

chromatogram become progressively more difficult to locate ksee 

for. example figure k. 27). lz graph of log. retention distance against 

carbon number for a homologous series will in general give a straight 

line. however, as a result of step distortion, a straight line may 

no loner be obtained, using the chromatograms from which table 

5.15 was compiled such a graph was plotted, and is shown in figure 

5.6: a straight line plot was obtained. The analysis of hydrocarbons, 

certainly up to undecane is satisfactory. In general, the quantitative 

analysis of materials boiling up to about 200°C can be carried out 

satisfactorily, but for higher boiling materials it is evident that 

further improvements in the delivery system are essential. The 

delivery tube exit temperature was raised to 65°C (the bulk was 

maintained at 159°C): chromatograms obtained under these conditions 

were more well defined than those previously obtained, and the analyses 

of hydrocarbons up to tetradecane (bp 253°C) were satisfactorily 

accomplished. Exporimcntnl dotni] aro ý; iveni in tthlo 5.16, and Lho 

recult6 in table 5.17. 

Table 5.16 

Experimental Conditions 

Column ApL H 

Column temperature 203°C 

Flow rate through column 86 ml min 

Flow rate to mass detector 141 ml min-' 
Delivery tube temperature 159°C 

Exit temperature 65°C 

Detector temperature 32°C 
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'f'able 5.17 

Lo w: ounä x 6- V x0 Bias Bias 

: -Decano 31.56 0.85 2.7 31.48 +0.08 0.35 
n-Doäecane 26.6k 0.82 3.1 26.31 +0.33 1.3 
r. -Tetradecane 41.80 0.68 1.6 42.21 -0.41 1.0 

Both standatd deviations and bias values are less than 1%, which 

is acceptable: 

The analysis of hexodecane and octadecane under the same conditions 

Gave slightly distorted chromatograms, but the effect of raising the 

temperature of the end section of tube without significantly changing 

the overall temperature had so improved the chromatograms that further 

increase in the exit temperature should overcome condensation problems 

entirely. It was to be expected that since heating was well within 

the detecting element itself, a significant increase in noise would 

occur. Noise measurements were made, with the tube exit at 110°C and 

a flow rate of 120 ml min-l. The noise level was unacceptably high on 

the 1 mg balance range (table 5.18), but wa s decre ased by a factor of 

ten, by lagging the inside of the detector chamber with expanded 

polystyrene, making operation on the 1 mg range sa tisfactory. The 

effect of delivery tube exit temperature on detect or stability is shown 

i. n table 5.18. 

Tab le 5.18 
Delivery Tube 'Oemi . 0 

Flow iý_aýe Nass range Noise Limit of Detection 
Main Exit( 6) ml . fin mg % fsd 129 

26 26 43 1 0.7, 14 
106 26 43 l 0.5 10 
134 38 43 1 0.5 10 
138 39 100 1 0.1 8 
18o 78 168 1 4.3 90 
180 78 121 1 0.7 14 
180 110 121 1 5.0 100 
180 110 121 5 0.4 40 
7.80a 110 121 5 zero - 
1ý0a 110 121 1 0.5 10 

196a 14o 151 5 
11 - 

0.3 30 
a= lagged detector chamber. 
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Detector noise levels at normal operating temperatures are shown 

in table 4.43. Operating the delivery tube in the region of 200°C 

has decreased the limit of detection by a factor of ten. 

To confirm that the delivery tube system was satisfactory at least 

gor naterials which could be analysed up to the maximum operating 

temperature of the column, replicate analyses of high boiling mixtures, 

including materials solid at room temperature were, carried out (see 

table 5.20): the results are tabulated below, (table 5.19). The 

n-alkanes were analysed on an ApL column H, at a flow rate of 108 ml min, 

The column temperature was 232°C, the delivery tube temperature 196°C, 

and the detecting element temperature 51 °C.. The mixtures. containing 

aroriatic hydrocarbons were analysed on the same column at 155°C with 

a delivery tube temperature of 112°C, and. a flow rate of 35 ml min 
1. 

No runs were carried out above 232°C, which was regarded as the 

limit above which very rapid deterioration of the column would occur. 

Evan at this temperature measurable bleeding of the stationary phase 

occurred, resulting in a steady increase in detector baseline. At 

this temperature the retention times of the high alkanes were excessive; 

for example the retention time of n-tetracosane was 8 hours, at a flow 

rate of 108 ml min-1. 

Some samples of the high alkanes contained one member much lower 

in the series. The object of this was twofold:. 

(i) to act as a solvent, 

(ii) to eliminate the possibility that all materials within a small 

boilin range were condensing to the same extent, and thus giving a 

false impression of satisfactory performance. 

Before injection, samples were warmed to ensure complete mixing 

and liquifaction, and the syringe needle was warmed before use. 
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Table 5.19' 

Compound V x o 
K Bias 

n-Dodecane 24.44 0.82 3.4 24.92 0.99 -0.48 

n-Tetradecane 14.90 0.47 3.1 15.61 0.96 -0.71 
n-Hexadecane 32.98 0.63' 1.9 32.44 1.02 +0.54 

n-Cctadecane 27.68 1.26 4.5 27.03 1.02 +0.65 

n-Dodecane 26.12 0.57 2.2 27.11 0.96 -0.99 

n-Hoxadecane 14.96 1.00 6.7 14.86 1.01 +0.10 

n-0ccadecane 17.72 0.85 4.8 18.32 0.97 -0.60 
n-Nonadecane 4.28 0.41 9.6 3.84 1.12 +0.44 

n-Eicosanc 36.9' 0.96 3.1 35.88 1' 06i +ý. 64 

n-Doäecane 35.33 0.64 1.8 33.92 1.04 +1.41 

n-Eicosane 27.47 0.60 2.2 28.18 0.98 -0.71 
n-Docosane 27.80 1.07 3.9 28.57 0.97 -0.77 
n-Tetracosane 9.40 1.30 13.8 9.33 1.01 +0. -I0 

n-Eicasane 42.45 2.09 4.9 42.65 1.00 -0.20 

n-Docosane 42.99 1.48 3.4 43.21+ 1.00 -0.25 

n-Tetracosane 14.57 1.71 11.7 14.12 1.03" 10.45 

n-Hexadecane 40.16 2.91 7.2 40.05 1.00 +0.11 

n-Eicosane 41.85 2.78 6.6 41_57 1.00 +0.28 

n-Docosane 18.00 2.19 12.2 18.38 0.98 -0.38 

Cunene 15.01 0.29 1.9 15.26 0.98 -0.25 
Mesitylene 20.98 0.74 3.5 . 21.68 0.97 +0.30 
p-Cyicene 12.81 0.47 3.7 13.06 0.98 -0.25 
Iodobenzene 51.20 2.13 4.2 49.99 1.02 +0.21 

n-Iionanea 27.71 0.74 2.7 27.56 1.00 +0.15 

p-Cymene 53.53 0.36 017 53"44 1.00 +0.09 
Iodobenzene 18.76 0.79 4.2 19.00 0.99 -0.24 

a This mixture was prepared outside the laboratory, and its true 

composition unknown to the Author until after analysis by mass detection. 

A chromatogram, showing the analysis of some hydrocarbons between 

n-C16 and n-C20 is shown in figure 5.7. Retention distances, obtained 

from the alkane mixtures listed in table 5.19 were plotted against 

carbon number, and a straight line relationship was obtained embracing 

the normal alkanes dodecane and tetracosane, (figure 5. $). 
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IF`roa table 5.19, the mean value for the standard deviation of 

the results was 1.2io, and the coefficient of variation 5.2; x. The 

bias of the results was 0.6, E (about 2"io absolute)! The precision of 

the results is poorer than obtained under normal operatint temperatures 

(tables sot to 5.4), but nevertheless is still acceptable: bias 

values, on the other hand are identical with those obtained for normal 

boiling materials. 

.a 
list of the melting points and boiling points of the n-alkanes 

used in the above experiments is given below 

Coa ound Carbon 

Table 5.20 

No. Meltinz, Point (°C) Boiling Point (°C) 

n-Nonane 9 150 

n-Decano 10 174 

n-Undecane 11 -27 196 

n-Dodecane 12 -12 215 

n-Tetradecane 14 +6 253 

n-he.,,., ade cane 16 20 288 

n-Octadecane 18 28 317 

n-I, onadecane 19 32 330 

n-Eicosane 20 38 205 (15 mm) 

n-Docosane 22 44 224 (15 inn) 

n-Teträcosane 24 52 243 (15 mm) 

5: 4 Low Boiling Materials. 

The work on adsorption capacity (section 4.6.2) shows that the 

capacity of the detector decreases as the boiling point of the adsorbate 

approaches that of the detecting element tenperature. From table 4137, 

the adsorption capacity of a typical detector is only about 4 mg when 

there is a 12 oC temperature difference. It is therefore advisable to 

overate the mass detector below room temperature to obtain a reasonable 

adsorption capacity, and to decrease the frequency with which the 

detector must be regenerated. 

An electrical cooling unit, manufactured by Frigistor Ltd. 3 
gras 

used. The unit comprised a block of aluminium, the centre of which was 

drilled, such that a detecting element fitted snugly, without touching 
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the sides. the block, which was faced with cooling modules, was 

designed to operate at any temperature between +100 C and -30°C. 

Water cooling of the modules was essential. The cooling unit was 

la Jed with expanded polystyrene and placed in a 3" cube perspex 

chamber, in place of the metal detector charaber used in previous work. 

The now detector chamber, and the balance cabinet were sealed to 

prevent moisture entering the system, and condensing on the cooler 

parts. The temperature of the cooling unit was monitored in the 

centre of. the block, this being the temperature of the atmosphere 

within the detecting element. Noise measurements at various detecting 

element temperatures were taken and these are listed in table 5.21. - 

Readings were taken both in the absence of carrier gas, and with a 

gas flow rate of 55 ml min-'. 

Table 5.21 

Detector Noise Levels below Room Temperature 

Detector Temperature Flow Rare Noise Weight Increase 
°C ml min % fsd 119 

10 - 0.25 12 . 500 

2r - 0.36 18 205 
2- 55 0.25 12 - 

0.25 12 98 

-15 - 0.25 12 continuous 

No increase in noise with decreasing temperature was observed, 

and the introduction of carrier gas had no measurable effect. During 

each temperature decrease the mass detector gained weight due to 

adsorption of air, but reached a new equilibrium after several minutes. 

However, on, cooling to -150C the uptake became continuous and was 

caused predominently by moisture condensing on the outside of the 

detecting element. After several hours the ice thickness on the 

detecting element was such that there was no clearance be Ween it and 

the cooling, block sides. he temperature of the apparatus was raised 

and. the apparatus dried. The experiment was repeated, at -15°C with 

carrier gas flowing, but condensation. again occurred and the system 
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gras clearly inadequate in its present form. NNo ice was observed on 

. -. e inside of the detecting element, as a result of contifluous purging 

by dry nitrogen: No further experiments significantly below zero (°C) 

were carried out, but it is proposed that in the first instance 

condensation on the detecting element could be eliminated if a colder 

sur ace was placed in the vicinity of the element. A more elaborate 

system is to place the complete detecting unit, including the balance, 

in a sealed class envelope of the type used for weighing in vacuo. 

1. i1 runs on low boiling materials were carried out with a detecting 

element temperature of +2.5°C, thus avoiding ice formation. This, 

united quantitative analysis to materials boiling in the region of 

35°C, to obtain reasonable adsorption capacity. However, the 

detection of some amines boiling at much lower temperatures was also 

accomplished. The following materials (boiling points in parenthesis) 

were detected by the mass detector, under the conditions given in 

table 5.22: 

n-pentane (36°C), methylene dichloride (40°C), ethyl bromide (38°C)1 

methyl iodide (43°C), ethylariine, in ethanol (17°C), methylamine, in 

water (-70 C). 

Table 5.22 

Apparatus KG2 

column ApL H 

Column temperature 25°C 

Flow rate 55 ml min 
Delivery tube temperature 250C 
Detecting element if 2j°C 

The quantitative preparation of. mixtures of low boiling. materials 

is -particularly difficult in view of their high volatility. The 

preparation of n-pentane and methylene dichloride mixtures was attempted, 

but ;: eight loss during preparation was observed. Three-analyses of 

such a mixture, under the conditions quoted in table 5.22, yielded. the 

results given below (table 5.23)! 



-198- 

Table 5.23 
ýoz: o nd x : co Bias % Bias 

n-Pentane 17.53 16.95 +0.58 3.4 

:: ethyl ethylene dichlor de 82.47 83.05 -0.58 0.7 

he limited number of experiments carried out on low boiling 

materials indicate that the mass detector will give satisfactory 

quantitative results. The conventional method for the preparation of 

mixtures of known composition is not satisfactory for low boiling 

materials. A system in which materials are vaporised prior to 

injection, and the percentage composition calculated from a knowledge 

of vapour pressures may be suitable. considerable improvement in 

detector chamber design is essential for the successful operation of 

the mass detector below 00C. 

5.5. The Analysis of Gases. 

the analysis of gases by the mass detector can be approached in 

two Trays: 

(i) an extension of the principle described in section 5.4, in which 

the detecting element is operated at say -100°C for the quantitative 

adsorption of propane and higher boiling materials (using nitrogen as 

° carrier), and at -200C for the detection of methane, ethane and the 

inorganic Gases, using helium as carrier. 

(ii) operation of the detecting element at room temperature, and 

observing a combination of buoyancy and adsorption effects. 

The first alternative clearly offers a more satisfactory basis 

from which to obtain quantitative results, but the technical difficulties 

are such that the system represents a research project in its own right. 

The effects of condensation have already been observed, and at very 

lo; temperatures the contribution of the carrier gas to the adsorption 

process may become significant. Detection at room temperature on the 

other hand, is now an established procedure, and extension to the 

detection of gases presents little difficulty. This system was there- 

fore adapted with a view to examining its value, at least for the 
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qualitative detection of Gases. 

Jietection will occur as a result of buoyancy changes and 

adsorption on to the charcoal when a component enters the detecting 

element. If the adsorption effect predominates, then quantitative 

estimation based on step heights may be satisfactory, even though the 

adsorption efficiency of the detector is low, since it may be of a 

similar order for all the componentq of a mixture. In practice it 

was observed that desorption was so rapid that peaks rather than steps 

were observed: the peak height is a measure of the amount of material 

adsorbed. It may be possible to apply a correction to the peak height, 

for the rate of desorption, to obtain a true step height. Partial 

displacement of carrier gas by sample gas may interfere with the 

quantitative assessment. 

If buoyancy effects predominate then detector response is 

calculable from a knowledge of molecular weights. The peak height at 

any instant will represent the weight change due to the difference in 

density between the carrier and sample gas, and hence the peak area 

will be a measure of the total amount hf sample passing through the 

detector. 

A combination of adsorption and buoyancy will result in an 

unpredictable response, but either effect on its own will enable 

quantitative estimations to be made. Measurements based on buoyancy 

will require a knowledge of the qualitative nature of the sample, but 

adsorption measurements will not. 

Experiments giere designed to estimate the contribution of the two 

effects, by using a standard detecting element, and a cylinder of 

similar dimensions containing no adsorbent (see table 4.9). cperinental 

conditions are given in table 5.24. 
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Table 5.24 

ADbaratus Wilkens 1520 

Column ApL K 

Column temperature 800C 

Carrier gas Nitrogen 

Flow rate 33 ml min-' 

Detector range 1' mg, 10 mg 

Detecting elements `3 1b 32 

Detector temperature 200C 

The detecting elements were closed at the bottom end. Gas samples 

were injected via a stainless steel gas sample valve fitted with sample 

loops prepared from copper tubing. 
. 

he volumes of the loops were 

measured by filling with known weights of water, and chocked by 

calculating the volume from the inter al diameter. Loops of capacities 

33 between 0.2 cm and 1.2 cmwero made. The volumes do not include the 

contribution of the gas sampling valve itself, which was estimated from 

the results obtained (table 5.28). For each sample size in turn 5 

injections of each gas were made, and the mean response values calculated. 

The gases used together with relevant physical data are listed in 

table 
. 
5! 25! 

Table 5.25 

Gas bp (oC) Molecular Weir ; ht 

IiydroGen -253 2 

I: e thane -162 16 

Argon -186 40 

Carbon Dioxide -79 I+4 

Dichlorodifluororiethane -30 121 

For each as the weight injected was calculated from a lmowledge 

of the süiple loop volume, assuming ideal behaviour and injection at 

atmospheric pressure. This weight excludes any gas trapped in the 

sample valve itself which will add a constant amount to all sample 

injections. Care was taken to ensure that sample gases were supplied 

to the sample loop at the minimum pressure necessary to maintain a flow 

rate, to avoid errors due to compression. Using a detecting element 

containing adsorbent (31) all samples gave peaks rather than steps 
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indicating that if adsorption plays any part, it is accompanied by 

very rapid desorption. The introduction of hydrogen into the detecting 

element resulted in a weight loss, indicating a predominance of 

buoyancy effects. The whole series of experiments was repeated using 

an unlined detecting element (32), and the same effects were observed. 

: apples of chromatograms are given in figure 5.9. 

i'or each series of runs, graphs were plotted of the weight of 

gas injected against the weight. detected,. obtained fron the peak 

heights. These are shown on figure 5.10 for hydrogen and methane, 

and 5.11 for argon and carbon dioxide. straight line plots were 

obtained both with a lined and an unlined detecting element, except 

for methane which gave curves, and distorted peaks for high sample 

sizes. 

Response factors, defined as the ratio of the detected weight 

charge and the injected weight are given in table 5.26. 

Table 5.26 
Gas i"; ean xesponse Factor 

Lined detector Unlined detector 
hydrogen _4_5 _3,5 
i.: ethane 10.22) ¢0_15) 

L ion 2.19 1.68 
Carbon Dioxide 2.87 2.1+5 

Dichlorodifluoronethane 0.47 0.29 

In all cases the slopes of the graphs for each material converge 

and give finite responses for zero injected weight, indicating that the 

sample value volume is significant. For simple adsorption, a response 

factor cannot exceed unity and certainly cannot be negative. Response 

factors, both for lined and unlined detectors were of the same order 

so that buoyancy must contribute predominantly to the detector response 
(but least for dichlorodifluoromethane). jilthough detector response in 

terms of peals height cannot be predicted, the response is linear at 

least over the range investigated for all cases except methane, and 

could therefore be used as a basis for rluantitative measurement With 
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cýýibrction. 

The response of the unlined detector, based or. peak area measure=ent4 

i. o.: n in figures 5.12 to 5.14. A straight line r: as obtained in all 

cases. Scatter of points was greater than for the step. height plots, 

but this is to be expected, in view of the inherent difficulties in 

:: ensuring peak areas. The sensitivities of the detector, i. e. the 

s1onec of the -raphs, have been measured, and assuming a response based 

co_ely on buoyancy have been corrected for the density differences of 

the different Gases. The results are Given in table 5.27. 

Table 5.27 

üc:: Figure Seýsiti1ity Correction Corre2ctedlßesponse 
cm m. factor cm Mg 

' yc=offen 5.12 -34.7 -0.077 2.67 
! -, ethane 5.13 -3: 15 -1.33 4.21 

Argon 5.13 2.50 3.33 8135 

Ca-bon Dioxide 5.13 3.18 2.75 8.74 

Die lo: odif luoro- 
`: ethane 5.14 7.12 1.30 9.27 

. -he corrected response values are not identical gor all gases, but 

increase with increasing molecular weight. For those materials of 

molecular weight greater than the carrier Gas, the values are very 

si laý; and much greater than those for materials. of lower molecular 

weight titan the carrier gas. This is to be expected, since the 

detecting element was closed at the base, rather than the top, thus 

ensuring more efficient trapping of the heavier materials. i"iaterials 

lighter than the carrier gas (and lighter than air) are not effectively 

trapped and therefore the detector cannot give a calculable response. 

!. n estimate of the sample valve dead volume was obtained from figures 

5.12 to 5.14. . he weight of material detected at zero sample loop 

volume was calculated from the intercept of the curves with the ordinates, 

and assuming ideal behaviour, the corresponding gas volumes found. she 

results are Given below (table 5.28). 
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Linearity of Rooponoo of the Macc Detector toward some cases. 
bacod on Peak Area Mousuroments (se© page 202). 
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Table 5.28 

Gas Inte-2cept 
(cm ) 

:; mount of 
r -7 

gas 
m1 

;: ýrdroýen -1.04 0.030 0.36 

etaane -0.58 1.85 0.28 
0.98 0.393 0.23 

Carbon Dioxide 1.22 0.384 0.21 

Dichlorodifluoromethane 10.4 1.46 0.29 

The dead volume of the sam ple valve is about 0.3 ml, which is 

larger than the smallest sample loop used. An estimate o f the sample 

valve volumes calculated from the dimensions of the valve, the 

azcociateä tubing and unions, is 0.22 ml. 

L conventional lined detecting element can be used for the 

dualitative analysis of all gases of molecular weight different to 

that of the carrier Cast The response of the mass detector, at room 

temperature, to gases is predominantly a function of molecular weight, 

c.:. d adsorption effects are negligible. Using an unlined detecting 

element, the detector response based on peak area measurements was. 

linear for all gases analysed, covering the mass range 15 ug to 6 mg-, 

although the sensitivity of the detector was species dependent-. For 

quantitative work, using the present system a simple calibration 

procedure is necessary, although sensitivity values were very similar 

for all materials denser than the carrier gas. Improvements in the 

detector design to ensure complete transient trapping of all materials 

may enable the quantitative analysis of gas mixtures to be carried out, 

without prior calibration. The detector would then function solely 

as a gas density detector with a response calculable from a kno, aledge 

of molecular weights. 

3.6 Conclusions. 

'-'no mass detector w-41111 respond to al! materials, ezcent te 

carrier gas. It will respond on a weight basis to we. te_ is s boiling 

up to at least 350°C, and will give quantitative analyses without 

calib:, a, tion. The detector will quantitatively adsorb low boiling 
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materials o (bp < t' r0 C) provided the detecting element is cooled 

sufficiently to prevent desorption. The apparatus can be used at 

roo: 1 temperature for the analysis of gases, including the permanent 

inorganic gases, provided the detector is calibrated: a linear 

ros-ponse, based on buoyancy changes is normally observed. The 

detector will respond quantitatively to water, and gives satisfactory 

results for aqueous solutions. 

flo commercially available detector combines all these properties, 

"1: ich are the minimum requirements for a satisfactory quantitative 

device. 
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1. Hollis, O. L. Anal. Ches. 309 1966. 
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CHAPTER 6. 

Applications of The Mass Detector I 

The calibration of Detectors 

6.1 Discussion. 

I 

Based on the information presented in Chapters 4 and 5, it is 

ecablished that the response of the mass detector is species 

independent, and that its response is linear over a wide operating 

ränge. The detector thus offers an excellent, rapid and reliable 

means of calibrating other detectors. It is not necessary to prepare 

carefully weighed out mixtures, and the amount of material injected 

into the chromatograph need not be accurately known. Calibration 

errors arising from effects such as irreversible adsorption on the 

column are eliminated, the only precaution necessary is to ensure 

that there is no leakage or condensation of material between the 

detector undergoing calibration, and the mass detector. A detector 

may be calibrated using either a single substance, or a number of 

components simultaneously. A detector may be calibrated absolutely, 

since the absolute adsorption efficiency of the mass detector at any 

flo: -r rate is readily determined, or it may be calibrated relative to 

a pure standard material. 

Several detectors have been calibrated with the aid of the mass 

detector: the ±ow-Mac and Eartin gas density balances were calibrated 

to confirm that response is a function of molecular weight. A 

ka`ý, harometer was calibrated to demonstrate the value of the technique 

for use with a detector of completely unpredictable response. 

Destructive detectors must be operated in parallel with the mass 

detector: the flame thermocouple detector was calibrated by this means. 

Detectors, such as the flame ionisation detector, whose sensitivities 

differ significantly from that of the mass detector must also be 

calibrated in parallel, the major portion of the split eluent stream 

being fed to the less sensitive detector. 
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The mass detector is of value in the determination of limits of 

detection, since the amount of material present in the region of the 

detection limits is readily obtained from the mass detector response. 

6.2 Calibration of the Cow-Mac Gas Density Balance (type 091). 

The response of a gas density balance to different chemical species 

is calculable provided that the molecular weight of the species is 

known (section 3_l0). The Gow-Mac Gas density balance should therefore 

have a predictable and linear response over a wide concentration range. 

The gas density balance was operated under the conditions for optimium 
1 

behaviour Given by the manufacturers, and the mass detector was 

operated within the range known to Give a linear response (section 

4.6.3). 

The mass detector was placed in series with, and following the gas 

density balance. The operating conditions are given in table 6_1: 

Table 6.1 

Apparatus Shandon KG2 

Column PEGA E 

Column '-I'emberature 101°C 

Carrier Gas Nitrogen 

Analytical gas flow rate 45 ml min-1 

Reference gas flow rate 60 ml rain-1 

Sample sizes 0.1 l to 5 Ill 

Gas density balance - 
filament current 125 mA 

sensitivity X500 to X50 

temperature 101°C 

Mass detector - ranges 100 Jcg to 5 mg 

elements 271 30 

temperature 24 °C. 

The response of the gas density balance to a wide variety of 

materials covering the mass range 10 pg to 1 mg was measured. The 

samples used were identical with those listed in table 5.4 and the 

two sets of experiments were carried out simultaneously. 
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6.2a The Linearity of the Gas Density Balance. 

The results are expressed graphically, by blotting the weight of 

each compound detected by the mass detector against the (corrected) 

? Deal: area obtained from the gas density balance. Peak areas were in 

general measured with a digital integrator, but for comparison some 

areas were in addition calculated from peak height and width measurements, 

These results are discussed below, and a general discussion on peak 

area measurement is to be found in Chanter 7. 

Although each compound formed part of a mixture the results are 

absolute in the sense that response is expressed in terms of detected 

weight and not percentage composition. The composition of the mixtures 

in no way affects the results, and all componentsiere well resolved. 

Each figure (6.1 to 6.8) shows the response of the detector to each of 

the components of a mixture. Since corrected peak areas were used, 

all curves on all figures should be coincident and linear, assuming 

an ideal detector response. In practice it is difficult to ensure 

complete reproducibility of operating conditions from day to day, so 

that it is only reasonable to expect colcidence of the curves obtained 

from a single mixture, i. e. the curves on any one figure-should be 

coincident, but not necessarily have the same slope as the remaining 

figures. The only compounds to give a linear response over the whole 

range investigated were dichloroethylene, toluene, ethyl benzene, 

d--; o:. -an and butylene oxide. In general all compounds gave a linear 

response over a fairly limited range (about 101). All response curves 

were virtually coincident at low sample sizes, but became progressively 

divergent as the sample size increased. 1-Octane gave a significantly 

lower response, attributed at least in part to the presence of partially 

resolved impurities. All peaks in all deterainations ziere reasonably 

cy:., 'ietrical, so that deviations from linearity as a result of 

inaccurate area measurement are unlikely. Several figures teere 

constructed from digital integrator results, which were compared with 
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manual peak area measurements: identical response patterns emerged. 

It is reasonable to conclude therefore that deviations from linearity 

are a real effect. A sample chromatogram, which shows the analysis of 

a1 p1 sample of a ketone mixture, is shown in figure 6.9. 

A linear gas density balance response is not a sufficient criterion 

for satisfactory quantitative performance. On figure 6.5 for example, 

all components of the mixture give a linear response to about 500 1g, 

but only the n-heptane and n-oztane curves coincided, i. e. only these 

two materials give identical absolute response, which differs from the 

remaining constituents. To obtain satisfactory quantitative results 

the detector must give a response linear with concentration and equal 

for all materials, at all sample sizes: even with heptane the absolute 

response decreases with sample size (see table 6.3). 

6.2b Relative Composition Analysis using the Gas Density balance. 

For each mixture, using the linear and coincident portion of the 

response curves, the mean values of the percentage weights detected by 

the gas density balance were calculated from the corrected peak areas 

(X valuea). These results are given in table 6.2. The mean 

percentage weights of the components in each mixture were also 

calculated from the mass detector results, (x, values) and using these 
M 

as a standard, the response of the gas density balance with respect to 

the mass detector was found. The response factor was defined as: 

RDM = xD 6.1 

xM 

All mixtures were of known composition (x© values), so that in 

this particular case, a check could be made on the response factors 

obtained using the mass detector as standard. she response factor was 

defined as: 

RDO = xD 6.2 

x0 
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The factors aDIX should be the more reliable, since losses due to 

evaporation of sample before injection, and column adsorption effects, 

are eliminated. 

Compound 

Table 6.2 

Composition 
_ x0 Xq xD 

Response 
RDO RDM 

Frog. 

n-Pentanea 22.50 ` 22.30 21.62 0: 96 0.97 6.1 

n-Hexane 17.57 18.40 17; 55 1.00 0.96 

n-Heptane 14.67. 15.16 15.69 1.07 1.03 
n-Octane 16.45- 16.46 16.81 1.02 1.02 

n-Nonane 28.82 '27 69 28.5, -2 0.99 1.02 

Benzene 41.33" 41.35 40.56 0.98 0,98 6.2 
Toluene '31.00. 30.94 '31.50 1.02 1.02 
Ethyl benzene 27.67' 27.72 27.94 1.01 1.01 

Methyl Ethyl ketone 42.20- 43.05 42.63 1.01 0.99 6,3 
Methyl n-propyl ketone 25.69 25.75 . 

25.67 1.00 *1.00 

Methyl n-butyl ketone 32.10 31.20 31.70 0_99 1100 

Methyl acetate 23.72 21.46 20.62 0.87 0.96 6.4 

Ethyl acetate 23.47. 25: 50 24.16 1.03 0.95 

n-Propyl acetate 22.82' 23.03 23.58 1.03 
. 

1.02 

n-Butyl acetate 29.99' 30.02 31.64 1.06 1.05 

n-Heptane 18.44 '18.61 18.25 1.00 0.98 6.5 

n-Octane 13.77 13.82 13.45 * 0.99 0.99 
Ethyl acetate 23.68 23.92 24.43 ct, pý 1.03 
Methyl ethyl ketone 16.49 1628 16.29 0: 99 1.00 

Benzene 27.63 27.37 27.59 1.00 1.00 

Cyclohexane 19.30 19.39 19.4'2 0. W . 0.99 616 

n-Octane 15.87 16.14 16.54 1.04 1.02 

Carbon tetrachloride . 34292, 34.79 33.80 0.97 0.97 
Dichloroethylene 29.92 29.68 30.63' 1.02 1.0. 

2,2,4-Trimethyl pentane 38.03 . 38.25 40.56 1.07 1206 6.7 
n-Octane 35.59 35.52 37.09 1.04 1.04 
1-Octene 26.38 26.23 22.35 0.85 0.85 

n-Octane 35.64 36,26 37_17 1: 04 1102 6: 8 
Butylene oxide 35.71 36.20 33.81 0.95 0.94 
Dioxan 28.65 27.54 29.02 1.01 1.05 
a= column and gas density balance at 66°C. 
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Relative composition analyses given by the gas density balance 

operating within its linear dynamic range are satisfactory, provided' 

absolute corrected response factors are identical. The standard 

deviation of both sets bLf response factors have been calculated and 

are 4.8 x 10-2 for RDO, and 4.2 x 10-2 for RDM. 

. The effect of calculating the percentage composition of a mixture 

when response curves are not coincident is shown in the following 

example (table 6.3). The absolute response of the gas density balance 

is the ratio of the gas density balance and. mass detector responses, 

i. e. is area per unit weight. The table gives the response for 

maximum sensitivity. The true percentage weight of the component 

(n-heptane) was 18; 44; 0. 

Table 6_3 

Weight of Material 
detected (jig) 

GDB2Respsnse 
(cm mg ) 

% Heptane"detected 
Mass Detector GDB 

129 0.779 18.71 18.54 
143 0.768 18.93 18: 35 
259 0.695 18.29 17,98 
400 0.657 18.65 17.20 
523 0.651 18.70 16.69 
670 0.597 18.77 16.31 
The absolute response of the gas density balance to n. -heptane 

decreases as sample size is increased. Similar effects occur for the 

remaining constituents of the mixture, but to different extents and 
balance 

hence the proportion of n-heptane detected b3F the gas density/changes 

with sample size. The repeatability of the detector response toward 

a fixed sample size of a material under constant operating conditions 

was determined in section 4"5.3a. The coefficient of variation of 
45 results was 3.65: for the same mixture the coefficient of variation 

of the mass detector response was 1.0% (tables 4.20 and 4.21). 

6.2c Limits of Detection and Response Time. 

`The lower limit of detection Qo of the gas density balance was 

calculated using the Young equation (Chapter 2, p 25): 

Qo = 2Rn M 6.3 

PF 
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The noise level xn of the detector was measured on the maximum 

sensitivity. The response to very small amounts of n-octane (in terms 

of peak area, P) was measured, and the absolute masses of the samples 

(in millimoles, M) were obtained from the mass detector: It is 

reasonable to assume that the response of the gas density balance is 

linear and predictable over a small range in the region of the limit 

of detection, and hence by using equation 6.3 a value for the lower, 

limit of detection was calculated. 

The lower limit of detection = 6.4 x 10-7 mMnlrl. Under the 

conditions of the experiment, this represents a mass limit of detection 

of 0.6 µg. The upper limit of detection exceeds that normally required 

for gas chromatography, and certainly exceeds the capacity of column B. 

The response time of the gas density balance was measured by the 

Schmauch procedure2, described in section 2.2d, using the apparatus 

shown in figure 4.10b. The value was determined at room temperature 

for benzene and ether, with an analytical gas flow rate of 51 ml mind 

and reference flow of 75 ml min 
1. 

The response time was 11 sec: a 

value can be obtained from the equation: 

r_ vd 6.4 

F 

where Vd is the detector dead volume and i-' the carrier gas flow rate. 

For the gas density balance Vd =8 ml and hence at 51 ml min-', the 

response time is 9 sec. 

Literature values for limits of detection and response times are 

given in table 3.10.1, and agree well with those quoted above! 

6,2d The Gow-Mac uas Density Balance - Conclusions. 

For all materials examined the detector gave a response close to 

the calculated value, over a small concentration range. Provided that 

the detector is used within this range, excellent quantitative results 

are obtained. It is however not obvious when this limit is exceeded. 

The linear dynamic range of the detector does not approach the dynamic 

range, and is species dependent. The detector is very stable and had 
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a reasonable lower limit of detection, but the response time is rather 

long, although satisfactory for most packed column analyses. 

6.3 "xhe Martin Gas Density balance. 

The response and linear dynamic range of the riartin gas density 

balance toward a number of compounds were determinea zit a manner 

analogous to that described for the Gow-Mac gas density balance. 

Operating conditions are given in table 6.4, the remaining conditions 

being as quoted in table 6.11 

Table 6.4 

Analytical gas flow rate 50 ml min-' 

Reference gas flow rate 50 ml mint 

Sample sizes 0.2 pl to 5 p1 

Gas density balance - 
filament current 1.9 A 

sensitivity X1000 to X 500 

Mass detector - ranges 1 mg to 5 mg 

For most work the detector was operated on its maximum sensitivity 

(X103) to avoid the use of excessively large sample sizes which would 

overload the column, and give distorted peaks. A new series of mixtures, 

including the same compounds listed in tables 524 and 6.2 was prepared; 

The results of the analyses are expressed in the same way as the Gow- 

Mac gas density balance results. 

6.3a. The Linearity of the Gas Density Balance. 

For each component of a mixture, a graph was plotted of response 

of the gas density balance (corrected peak area) against the mass 

detector response (weight adsorbed). In all cases a straight line 

relationship was found, i. e. the Martin gas density balance gives a 

linear response at least over the range investigated (about 102). 

in addition the slopes of the lines were identical for all components of 

a mixture, they passed through the origin and the response per unit 

weight (the sensitivity) was identical at all sample sizes (see for 

example table 6.6): the response of the detector is predictable on a 

molecular weight basis. There were however small variations in response 

per unit weight from one mixture, to another, but these can be attributed 
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to the day to day fluction of conditions (temperature, flow rate etc)! 

This is borne out by the observation that a given compound analysed 

at different times, gave a slightly different response per unit weight. 

The results are shown on figures 6.10 to 6.15 for all the mixtures 

containing more than two components. The coefficients of variation 

of the absolute response factors (cm2 }igr1) have been calculated. " 

The overall variation for 137 determinations was 5.1%. 

6.3b Relative Composition Analysis. 

The mean percentage weight. of each component in the mixture xD, 

over a wide mass range, was found and compared'with that obtained by 

the mass detector (xm)_ These values, together with the true 

percentage weight (at injection), xo, are given in table 6.5; RAM 

and RDQ have the same significance as in section 612b. 

Compound 

Table 

xo 

6.5 

Com2osition 
Xm xD 

Response 
RDO 

--DM 

Fig! 

Benzene 38,45 38290 39.05 1.02 1.00 6.10 
Toluene 33,22 33.14 33.11 1.00 1.00 
Ethyl benzene 28.33 27.96 27.84 0.98 1.00 

r: ethyl ethyl ketone 35.88 36.72 37.16 1.04 1.01 6.11 
Methyl n-propyl ketone 38.21 38.93 38.30 1.00 0.98 
Methyl n-butyl ketone 2502, 24.34 24.54 0.95 1.01 

Ethyl acetate 39.33 39.71 40: 34 1.03 1.02 6.12 

n-Bropyl acetate 31.32 31.18 30.54 0.98 0.98 
n-Butyl acetate 29.36 29.11 29.12 0099 1,00 

n-Heptane 22.79 23233 23.30 1102. 1100 6.13 

n-Octane 15,38 1508 15.40 1.00 1.00 
Ethyl acetate 21.54 21.00 21.76 1.01 

. 
3A4 

Methyl ethyl ketone 16.10 15.74 15: 47- 0.96 0.98 
Benzene 24.19 24.55 24.07 1.00 0.98 

Cyclohexane . 21.17 20.57 21.07 1.00 1.02 6.14 

n-Octane 16.65. 16.17 16: 71 1: 00 1.03 
Carbon tetrachloride 34.54 35.34 34.94 1.01. 0.99 
Dichloroethylene 27.04 27.92 27.28 0.99 0.98 
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Compound 

xo 
Com`osition 

xm xD 
Response Fig_ 

RDO RDM 

n-Octane 26.74 27.63 . 27144 1.02 1.01.6.15 

Butylene oxide 28_80 28! 56 27! 01 0094 0.95 

Dioxan 44.45 43.81 45.55 1.03 1.04 

Benzene 52.51 52.31 52.02 0.99 0.99 

¶j'oluene 47.49 47.69 47.98 1.01 1.01 

n+-Butyraldehydea 39.80 39.24 38.96 0.98 0.99 
Methyl ethyl ketone 60.20 60.76 61.05 1.02 1.01 

Isopropyl alcohol 40.12 42.40 42.18 1106 1100 

Nitromethane 59.88 57.60 57.82 0194 1.00 

I; aterb 54.02 47.30 47.29 0.88 1.00 
Ethyl alcohol 45.98 52.70 52.71 1.12 1000 

Ethyl alcohols 53.63 54.25 53.68 1.00 0.99 

n-Propyl alcohol 46.37 47.75 46.32 1.00 1.01 

n-rropyl alcohols 52.83 54.91 54.59 1.04 1.00 

n-butyl alcohol 47.17 45.09 45.41 0194 1.00 

n-Butyl alcohols 52.95 53.42 51.74 0.98 0.97 
n-Amyl alcohol 47.05 46.58 48.26 1.02 1.03 

n-rropyl alcohol0 44.94 45.36 45.57 1,02 1.00 

Methyl n-propyl ketone 55.06 54.64 54.43 0.98 1.00 

a= column temp. 66°C 

b= Porapak column D at 70°C 

c= Porapak column D at 140°C: 

Excellent quantitative results were obtained for all samples. 

The standard deviations of the relative response factors are 2! 2 x 10-2 

for ED0 and 1.8 x 10-2 for RD14., It has been shown that the response 

of the detector is linear with respect to sample sizel it is 

interesting to compare the absolute response of the detector, with the 

uow-Mac detector for the same material analysed under the same conditions] 

Response values for n-heptane for a variety of sample sizes are given 

in table 6.6. The Gow-Mac detector results are given in table 6.3. 
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,; eight of Material 
detected (g) 

Table 6.6 

GDB2Res2jnse 
(cm }ig ) 

ö Heptane 
Mass detector 

detected 
GDB 

124 0.0241 22.95 23.78 

175 0.0251 23.20 23.88 
213 0.0239 23.38 23.59 
254 0.0251 23.51 21.43 

300 0; 0246 23.50 23.74 
338 0.0249 22.69 23.26 

411 0.0235 23.57 24129 
436 0.0246 23.02 22172 

479 0.0240 23.47 22.95 

= 22.79. x o 
Comparison with table 6.3 reveals that the Martin gas density 

balance is less sensitive than the Gow-Mac version, by a factor of 

about 30: the absolute response of the Martin gas density balance is 

constant whereas the Gow-Mac detector response depends on sample size: 

the Martin detector will therefore give reliable relative composition 

data, over a-wide sample size range, but the Gow-Mac detector will only 

give accurate results within a limited range. 

The repeatability of the relative composition results was determined 

over the whole sample size range used: the coefficient of variation 

of 165 determinations was 2.1 . The same value was obtained för the 

mass detector repeatability. A similar calculation for the Gow-Mac 

detector is meaningless, since response is concentration dependent; 

even the result for single sample size was significantly greater, at 

3.65'. The overall bias of the Martin gas density balance results is 

0. %, (i. e. 1.5116 absolute bias). Very similar values were obtained for 

the mass detector bias (see tables 5.2 and 5. k). Bias values for the 

Gow-Mac detector increase as sample size increases (see table 6.3): 

bias values for a single sample size are similar to the martin and mass 

detector values, quoted above. 

6.3c Limits of Detection of the Martin Gas Density Balance. 

The lower limit of detection was determined by the procedure out- 

lined in section b. ac. The lower limit of detection = 6.3 x 10-6 
L %i 
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mIMiml-1, representing a mass limit of detection of 8 Vg! The Gow-TMac 

detector exceeds this value by a factor of 10, although it is more 

sensitive by a factor of 30. The discrepancy is a result of the 

lower noise level on the Martin detector. The upper limit of 

detection exceeds that normally required for gas chromatography: 

Using equation 6.4 the response time of the Martin detector, at 

a flow rate of 50 ml min 
1 is 34 seconds. The value determined by 

Schinauch2 was 3 seconds (see table 3.10.1)_ 

6.3d The Martin Gas Density Balance - conclusions. 

The Martin gas density balance gives excellent quantitative 

results over a wide range of sample sizes. No deviations from 

linearity were observed, and all responses were predictable on a 

molecular weight basis. Its performance is entirely satisfactory 

and it may be used with confidence. 

6.4 Calibration of a Katharometer. 

A Gow-Mac katharometer type 9285D fitted with tungsten-rhenium 

filaments was placed in series with the mass detector: The operating 

conditions are given in table 6.7. 

Table 6.7 

Apparatus Shandon KG2 

Column PEGA E 

Column temperature 101°C 

Carrier gas Nitrogen 

Analytical gas flow 51 ml mint 

Reference gas flow 51 ml min-1 
Sample sizes 0.1 to 1 p1 

Katharometer - filament 
current 150 mA 

sensitivity X500 to X50 

temperature 101°C 
Hass detector - ranges 100 Ng to 1 mg 

elements 27,30 

temperature 240C 

A series of mixtures containing the same compounds listed in 

table 6.2 were analysed covering the mass range 10 Vg to 300 fag per 



't 'ý 
I! 

C 
i 
i "t' 

ii 
! }ii 

Tifi t'r t!: r '+, i+ ti 'i ' i " ii ii' 
i; 

tr' : r, ,' , ": "n , ," 

(. ! ;.. 

I i ',:: : .: ii 
i: i? 

1, `!. t ý 
ii' 

, 'ý 
}iýýl 
t! 

1ý ! 't.? 
,' 

": L, !: ti 
} 

itý (i 
r' 

.;, i; l1 
i 

't!! }{tt 
t il! 

: i" ! 
it 

ii 
t 1 

F .i 

:, 1 '" 
iil 
!; t i t 

i 1 1 
rt 

, !i i}1 Ili !! t! 
t 

r't' 

r:!! 
t, 
l 

t' 

iýi 
(1 ? 
it 1 

; ,: 
tt i ý 

I! � 
! 1L"} 
' 

i 
: 11; 

i:! ý 
;, 

! iý; 

1 

i! ii 

t !1 ": .... ? t . . t i HI t ti :. ii . .. I .r il l . i " t 
! 

:? } } ? 
, I. i: l. l. i , 11 ! ,, : i: ! i,, l+ , I 

1 Nil 

ili 
iil !? - 

! ii 
r!! 

J it ýj 
iti 

i 
ij? 

1 ? 
! 
ii! 
? lw 

? ii !? i? i ý H1, I 
1 i 

!I 
( 11 I 

Hil il 
.. u I! # I il 

;' :t 

:t 
; 

: ' 
:. (. 

+ 

i l i t 

.t 

i ' 

i 

ý 
t 

I 

7 i7 ; 
t: rt 

t 
II i 

+'11 ilt hý' 1 Itt 
11 

t ' 
1 

t Iýl i i 
l 

t ! lt t , 
., 

! 

11 

t f 
1 1: r' ! t} 

� ., 
i l ,. :i t ? i? t t ý .. } 

11 
11 1 ? . ? ?? . , 

i 
.i t! + 

l; 

:! 

!i 
t; 

!i 
:! tr 

!! 
! tu 
ij 

!, ' 

t?! 
4 j! 

jj 

??! 1 
y 

?! I ! 
i' 

!! 
1) 

!t 
1 

!! i ! 
' 

il}r 
1 

li#'; i ii 
I 
l 

I 
ijl? 

r{ ! , 

li , 
( 

iI . ' 
t 
i f 

? 
ýý 

!? 
j 

' 
j 

i 
I U' i !, rt t Fli 

' 

i 
1 L! 

!i 
tj 

? 
t! 

? il 
''� 
lii! 

, 
ý 

!!!? 
Jil i 

lfi 
l 
! 

l 
1 0 

i 
I 

.;. i: ;? 1' 
.: ii 

1(1 I" ! Itr' i(, 
ýi 
? 

i +'! I ' I I! 1 i. r i 
+ 

r ;t r; 
i. 
i! i 

i 
i ! ? tr i ! i 

t t 
? 

} 
i i' , ? l ý 1 

iý I 
i 1 

!1 
t 

1 ý 
"t t i 

ºI 
i, 

i, fi 
?I 

t i 
t ý! ,. `i 
? 

: 
r 

'I l li I' ki ll, 

i i ; t,: Il It 
Il l, i t 1 i i ! , ! t! i! : 

. .: 
I :.., i 

?ý i 
! iý 

? ? ý 
ýý,: 

ý 
ý;? i 

? 'i 
i, i'! 

ºiý1 
(! 

º? 
I 

rl ? 
iii 

! º'i 
ý (j 

l? ' I1 
I ! J 

i 
!1 

' 
ýjý 

ý??! 
i'? 

?! r 
ii ! 

i ? ! 
!i ? ýi iº i l 

? 

1 
1 ( IJH ý i ! f I 

I i I 

!d 
i I' 

! 
ff 

i 
iý 

#F 
ý! 

º ? 
!( 

?; 
"; (! 

»i! 
l? 

iºýº 
ý? i 

! lf 
ýýi? 

i 
Ii 

i' . ( . , . ý. : i . 1 
1i 

.. , t"' 

iii: ! 
Ii 

i!! 
t 

!? } 

(' 

! J!! 
I 
iiii 

.+ 
t' 

?i 
( 

i? ? 
i!:! 

iii? 
i !i, 

tl 1i1! ; 
i? r , 

HH i Ii ? 1 11 11 11 11 1 i! i! t 
i 

.i 

iri 
t 

H 

, "t it 

-- 
`. i. i 

t 
! 11 

. 
l 

! 1 it ?? r 
ý ? 

1 

1 H I U ' 1 th ! 1 il 
º 

t 
ii 
?t 
! Ili 

! 
? iý f 

" . 

: __. . ii: i ý Ih i! 1 
ii , ii!, 

" ,I t lý 1 , , '1, 1 
, ' 
ft 

! I it j I ý ill Th 

?; t, ! ,? !? il! , 
TAP 1411 ., " 

_;;; 
ý '1 i 

ItI I I 1 t it , 
I 

' , J º i' ' i II !1 !ii I ' i , . 
: ýý": t ; ,:.. ,, I , ! i , iý 1 :ý 

1 
t 
I 

t r' 

I 

t; 
t r 

i 
' i 

? l ? 
i+ 

I 
', 

II 
. 

I ? 'ý 
1, , 

i ! 

I,, 
. l 
, . "' 
E i 

I 
c 

i? "r +: 
i 

;, ' i i 

}! 
!! 

i! t it r : i. ? i: , " t . , i, i" ! ?! i:,: ;, ttt .{ . i I ý l ii ! . ! t ! ; ýr 
; ;, l,; 

_- ji j 
;. ' ! .; 

t 
1 

".. r ,' t 1. 
? 
, 

, + 
, 

i 
� , 

{ 
i i". tj F'1 

i 1 1 1 , 
1f 

I 

!i i ! 
! i 

1 'i 
1 ? r ýi 

J 

i 
jj '±1 1 iý ý l i ? i? i 11 

1 
ýf 

. . i.. =-. 4:: =yl;! 
!..; iý oi , }i! I _ ýý 

.. 
. i, ! iii ! 

ý! ý 
i -! ý 
' ! 

l 
:! ý 
. 

"i ;i il ý 

i 1º! 
iý jI 

! i 
, ' 

' '? i 
Iº! 

li I 
fll ýi 

i 4º i! li ý ýl 
I ' 

! I 
r 

'i I, I 
iý 

i 
f 

'iº' 
'I! I ý+ 

` 
l I 
Iý 
ý Illi 'ii ý 

! 
? !J 

' 
ýý H 
i M{ 'I ' I 

{ 
ý ( ? ý li ! 

! 'j 1 1 
1 
jf 
11 
II 
I f 
i I 
I ? 

! 
r 
ý? 
I I 

I 
'l 

' 
l I 1 

II 
I? 1 
" 
I ? 

I 
.C !I 
; 

f P 
'! 4 

I 
l . i' i 

º 
º ?' 1 

l 

' ' ' l El 
! I 

i li 
? 

, 
'l 

1 
l( 

1 r o_. I,, ,i iii i 
. i I I i ü r. l t I Iý 11 i i { ?i 1 1 I ! I 1 ti ? !I I I i ! º j lý i ii ý ý i ll 

"i -__ý. ý ý;!! º 
(!! 

' =i 31i!! iji i! i! t( fýl i ?ý I 
I! ý 

1ý 
ý i ? il j I I ' 1( I 

! 1ý I 
I Iý 

ý t ?I ili' f 
r 

'I? 
ý 

II 
ý i? Iý ? ý f it 

I j II !I ( 
Ji 

ll I I I ) Ili 

l 

11 ! 111111 + 1 il11 1111 111 
,) 

F k 

I I i II I 
ý 

I ýt 
I 

1 'ý I 1 ýI fý I I 
ýý 

t I I 
I 

I 
?i 

ýýý1== öý Ii 
ý I 

I ? I I I ?l ' fý ! I l i' ý, I I I I ýý :! ý I 1 J 

! ý! ASý ? . 
l 

º 
l 

il t ý 
l 
ý' '! 
i 

' ý º I t , l . I ý { 1 f ! 1( l 11 ý I iI 11 iý.. ? ý- ý. tý-ýl fl jýý+ ti ii! f ;;; i 11 i r i 

' 
ºý! 1 ýüi !f 
IH I I I 

l I! 
I 

+i 
, I 

1I It r I 
I 

! II 
A I II ý , 

iI 
. " ý I , . 

` 
I . . 'ýý' 1º 

. ý , ýII l* ý II ºr ! . l º1 
ý [J 
. ý . 

J 

iii! 1ý, fý 
ý 
! li i lf 

1 i 1 
!i1 0 iý 

ýý Iýi ýhi ýýýj l 

! 

l ýº ºIli Iý 'ý'f c ý ý I I . t I I! 1 I 
! 

I1 1 I; ý Il i '! +1ý '1 1ý '' J t ý (f I if ý ' III i º , º 1 º1l ( i . i I 
(! 

iý! I 'Tý; ? TI iýýl 

rüg 
l, 

'; ; I, i r;, ̀  
lijf rill iýýý .! i#i' '' 

,. ý,..; i ýý; ýfýý! ; lii; ý ýýII 

ý I? 
I! lI 

I, ý( 'i! l 

ý ;� 

. iýýi 

; - fill I 

ºý 

i? 

c t i 

!I 

!! 
ý ) 

ri 'i l 

, 

ý I 

I 
? 

I1 

ý 1 

ý 

( 1 

( 

i 

I 
1 

l 

, 

1 

! 

J 

? 
I 

1 I 

I 

? 
I 

I ý Iº 

ý 
li 

i 

{ 
ll 

ý t 11 la. ý 
I Iii 

!+ fý, 4 

! 

ý I 

ý 
' 

ý 
I 

!! , 

ý I 

ý 

( 

Iý; 

" 
! 

I, ý 
! ýý 

'i 

ý 

I 
I 

. I 

I .ý 
, jlýf 

il rf; 

. ;, ! l iI [ I ý I 

!. 
Iý 

! rj I 

ý 

f 

ý 

I 

II 

HH 

r (ý I 

H 

ý 11 ý 

Oj ý 

"I i! 1i 

It, 

! 
I? 

ý !! i i 

1 ! 

? 
! ! 

, I1 

; 

I ºf 

j 

] 

,I 

. 
,1 

' º r 

( ý! 

, ̀ li 

! 
ýi 
fil 

'! + 

j I 

' 1ý 

I 

. #I 
' 

? 
li Ili 

. r, 

1 jj 

i ? ii 

ý-; ? ý; ý; I 

ý 
I 

? 

1 
+ 
II 

(ý (! l 

. ý } ''Iý 
? fý 

t'; ý , j, l; . 

. ý; 

;?, 

i 

;!! ý ' ; Iii 

!! 

ili 
t 

; 

i{ 

lýi l 

i! 
! 

? 

; 

ý, 

i 

! 

ýi ' l 

iI 

, 

ý! 

i il f? t, 
'i ß;; i 'i ý 

i 
1º1'ý 

f,, 
s 1 

, i .! . ( 
. i' i' j ' 

i 
' 1! .. iii I 

? 
!f ý ti lid, 

! 
; ! i'i ý, I .! 

i! 
il t l , fi! 

! 
i'i ' 

! 
? 

! 
ý 
i 
ý! 

i i 
l i 

(f º 
'l !ý 

!.. 
ý 
. ,' ýi' 

ºi 
' 
l; 
I 

, ý+ ;; ýý 
i 
! ,i lid ; 

ý 
ýi , !' ü ` l# 

,j!.! : ß; ir I! ; 
! tº ! ? 

, 
II ýý f I ý i 

l 
I I fIi Iý If I Iý<< i. i ý+ ýf 

I+ ºiý 0i i f ? . ý i I ! 11 11 0 - 1 !i 
,! 

1 
. 

II 

ýý 

. 
' il i; ii 1{i +;; ' º 

"? 

5- 

s 

o. ýi 

I 

ry 

ü 

f 
f 
i 

, '; 



1 
ý. 

. ,, i, 

`i . I' 
I: i: ;i 

lip 
ii:, ii` 

: 

{"ii? 

ýýý 

I 

1 

,;. 
lii'ý ; 
: flý . 

;.. ; 

, li 

,I! 

. '+! ?! 
: li 

.;; 

.+ 

, 
ýI, + 

!It I11+, 

I 1 I; 
+i'I i 
,. 

li ! 

;; I! i 

,I ! 
ý 

it ý ! 

!+ 

. 
i+ 

'' lll 
I 

II' 
{! 

+ 
. ! 

! 

j ?I 

I! 
I? 

ii' 

? 

! 
+H 

l 1 
1 

Il 

! 
i 

( 
H 

{t i 
I 
t 

!{ 

' 

+ I 

1 

t 
II 

i! 
+I ý 

ý I;, {I! 

rl (I!! I ? 'I+ ? +I? It j 1 
ý: 

,! +! i i! ' 
f4 

.iI 
:1i! 'III 

++.. 
º) W' 

" 
'I ' ! I! 

, 
++ 

1 

I ( 
II 

i' ?! 

I 
L+! 

! II' '? il !I (I ` +I 
!! tl 

lic! 
tl 

! 
.t !I! I! 

fl 

? 
IIý !U 

i! i( 
! ºII, ! I! 'I II ffl }1 

' 

(! ý 

I. 

j' ;I 
1 

I 

II! 

I{I I I 

+ 

+ +? 
ili 

I! I! I!!! Ij 
( 

ý 

i+ 
III!! ) II 

{! 

i il f 

il !ý 1ý. j I ý 

i 

{I1ý 

il `' ̀ 4ý 

t 
ý 

1' 

Iý 1.1 
i ,! i l 

I! 
1+ 

I+! I! +i ! lil I, ' 
'ýt I1,! !? I! ! 

lI 
1 

i 

j! I ! II! lj' (! i! !! I! f! 
I, i; ! 

iil ! ý'i III ! i! ' t;; l I 
,..: 11.... 1.1.. J ,. 11 , 

I! lil illl !;! ' ! 1º+ , 
ißt! i!!, +,; ý,;! +! i!! I ! i 1. i l 1 if 

i! 
! 

ij 

il 

º? 
!.. I 

i 
1 

+I , 
ili ! 
, ý1 ; 

I ý1 

.!? 

ýý 

I1ý 

' II 

11 

1 
! 
f+ 

! Il 

11 ';! I; ! ,; 
'I! 

ii 
!!? 

I ý! I ! 1) f 
! I. 11, -I 1, ý I! 

i+. ' 
tli 

±I 

I: 

i1ý Ali! 1I III ll . 
!i+ 

ýlil ii! ) +ý; f 

, 
I! llý, I' ,! 

+i 
!!!! ýII 

( ;iII (ý 

! I! Ii!!! 
I!! 

i i'i I ý. 

w .. _ 
ý,. 

ý i! !; 
I! 

Iliý 

ý. 1}a 

I ;i l!! II i !l 
! I+; 

ill I1+1ý!! +; ! ý!! i 
ýl 

Týj + 'ý 
l I' 

?! 

I 
-t ' ' i l; ' "'i' 

, 
iii ii 

' 
l+ i i. i, i +., ; +! ! 1! 

,! 
I! 

"! +ýEI, II !! I: ý'i+ i Ilii ; i. 1 :i 11! I. I! ' ̀ ) 11 
I1ý 

I 
ýI! ý 

11 . 1 
ýI! I ! 

t 

l+ý , ii i.! j 

t' 

i 

- i 

:: :::.. 
ýý. 

; ý !i I 

, i; 

, ;, 1i 

iiiº '. 

IIý 

1 
;i 

i 
;..;. , 

+! + i ;. ' ý 

:; + i 

ii; i!. 

i 

!º ,! 

;II 1 

i+ ; Ij 

;!? ?! i 

111 
:,!; .!? i ? j1' I I! 1' !1 

I'ýý Ili ý. ; li+l + ý! ! i+ ; I1 

(i li II, 
I t: I +! ! 

' 

: i; I' I' ` ?. l! +!!! 'ili I , "t I, I ! 
I) ý 

ý, i ºi4? +! " !l ,º !! I ! I{I! il! I I II !ý ý 1 

ýi ýII 

.II 

I! Ill' i; l III ! j 
? ! 

I{ 
f! 'ý ! II il j 
I! I+ 

ý 
l 

++ ? +l 
Iý i 

- iI ! II i 

+ (I +. t (! ýiI 
1I Cº ljýl 'I! '? 

TI i; ' +!! 
ý 

ill'+ jl ! ffl i W I 
I, ?, 
l ý 

.. 
L" 

:i' 

_ ý- 
III,. I 
" 

!! i1 
; '' ! 

' 
..; i' 

! Ili! 

i 
! f 

i+ü I 
+! l 

,.?. 

!, ý 
I! ' 
i! 

11 
I ýI 
' 
rI ý{{ ( 

+ 
I 

' 1 
+ 
º1 

ý. 
II+ 

}ii 

. I! 
ý 

++ , 

! ?, 
r 

1; 
~! I 
!! l 

,!; 
{ 

!!!! I! !Ii 
I! i I! iýý ! II '! I if 
ilt 

ýý 
; , ýýý! 

ý 

!, r, 
! 

jl º, 
jII 

i! 
I! 

,i 
l! i u 
Ili liI 

la !l ll! II ' 
º! it "! ia! 1ºý ! 

ýI 
. 

. ýi! 

m ý 
iii 
! il lýi II iýi: ` .. ' 

; !+ I I' 
i ! ?I !! 

I ýI l 
i 

... 

(I Iý! il! III ! i i11 II il l'! ! ý li! ý 
I; 

Ij `III; X111 jj' I 
1I! i! ! !! ' IIý 

I! I I 
! 
{I II ,jº,! il hl! ýI I1I 

I1II 11 ýi'!! ý ýýý{ý. I ý! ±; Iýý tl 1 ! 'I ý! ! j11, ý!! 4 , 
! lä l 

iýý 
l'ý 

. _. -ý ý ; ý; i 

ý 
; :!; ý ý +; i? 1 

. ' 
+ I ý , ýI !r 'i+! C;! i ! i I ýý I l +I II I! 1 

! ! i l I ýij+ 
il 11 ' ! 'I + >IIý I ! ýl !l 

i II I ! II I! I +III ! !! ' ; i I !IH ;! I 

ý! : -ýýý 'ý- ,! ý ý-ý I?, I: I i; ! ,: i, ! I!! ý , ,? + !. I i? I! ! Ii º .º ! +i. 1 . ' , 
) 

,! I . ý ' " ! I! ý i ý ý I l! I Iº ! Ii +!! i` ! '' ' +º! 1 '!! h - ;; -ýý . ýý ýi+ j`tý 

ýi' ! '4 ýiº, II 
+''! ý! ' ? 
.+!! ýýýý iº + I! I il i 

Ii ý; I ;ý; ý l'I I ýI !ºlf !i 

! 
ºI I 

!?!. ?I?! I 
.i. iº ý! Iº 

!, il I li I l I iºii I'I I I! Iº Iý ý ! II Ilit; ý 

-i li, il;, l i i, lii I II IIº III; !?,; fiº +i I 
ili! 

i ?ý! 
} 
I' i! . I: ý, .. + I, ý EII# 114I1 IE `,!! -. _ 1_:: ßy; i !; l"; i :! j ili '' Ij( 

ý_ý i ll; il{ i; ii i, ilý i?!! 
II i ili' ! '' !! 

!? I. I!! 11 {1f l{ 
' 

1 
ý 1 !!! I 

I! !{ ý 

(? ! '''( ?I ll !I EI! I !i I'I II i 
ý 

II 

(I! { III ?! I! (I 

t' i `ýI 
{il r li 

It il+l i;: t 'I I ! 
'! ! ill 

II! i II I IIý 
' 

.' 
1! 

ý 

- ii+! ii ;: li+i iii? üil 1 

illi +f'I'II! (I 
I'!! i ? 

'w 
! 
li 

! '!! i ; il, ll!? li I 

?' ! 

i! 

Iý'! ý i 
11 !ý 
!i?!! 

! fi 

! I, ý I! ill', jl ! il 
III. 

(ili !!! 
I 

!. (ý 
'? ' '+!! '! ý ! I; i 

! +' '{;!, ! 
ýº+ 

I! 1 

lý ;º ýI? 

! I+ (! 
1 

ýº! 
! 

I !! Il {I III!! IIII 
{lII 

{I 

! ! jl ! [f1 Jill 11l! l il . º1+1 li !!; 111.111 iý+! !ý 

I{ (I ! !!! + ! 
III !? i 

f 11 ! +lj il!! ºI'! liii, i 

II! 

l,! 
ýý - I;; " ,.. , ý+ ! +! ý- +ý? "i 

. l<<rýý ý 

- X11 i 
I +ý '! !.?! ý! ý ?ýý; i ! i: (, C+, ! i!! 

. ; !; . Iý; I 
,.; 
1. ýý' 
I+ ? 

!I!. + .!; . i't' I' 't7 ;? + ýý1 I,, ý . i,! 
ýl 

.. #ii 
il' !! 1ý 
! 

+I jj ij' '. I! ?+ ! I!! !. + ,ý i! E; 
i 
! 
+, 
.? ! '1ji'ý' ! til 
_, ! IliºI!! I; IU?, ±? ý l!! j . 

?,!! 
lit; ; i? i + ? 'i ?!!; lil? +: 1 

.t l 
1t I!? + 

li ill ? f! i 

+1 l 

? t+ 
I1 ! +i 

!i!?! +i ý!.!! ý+ ! 
!,, 

+ !? +I ! +I! j? i. i, 

1; + 

_ 
w--i? 

+? i , : 1; 
7! 

:,, + !i! i! l ! I! I ??! Jill 1? I !t.? 
t! i ? 

!! I! ': +! i! i' I, '! ý ' I, . 
I! i? I'i I 11? 1 I! I. 1! !t? !+1?!! ! ?! ! I; ! 'Ii 

ý: ý: ý - -- 1! "! i, ll .: i 
(;; iii+ t ! fý'j? +f 

.. 
a1 "j 

! ; li !+ 
? "? .! 11 

' 
t 

. 
, 

,,, 
! 1º1 

:! ýýº Jill !?; - !ý 
'+ .! ... +1., 

- + tt 

},!! i. 
? 

!, 

iý ! +? I E+ 
?)?! ! l+ ?( 

!! r1i I !i+ ft CýI j 

+1i ?i(!. l ;, f 
!! !ý jý 
? Jill lilt i{ +? i 

;ý tý 
! ill 1t I ? ill +t jt; ý ;f 

... ýIr? 
(?;! 

_ý t it }i; i .?:! : lt ;i 

Itl ,; 
I!? il! i uý ,1 : L.! +'If 

t 

i 
! 

+ ii ;; 
j11 ! it 

i, tl , '+ +11 +I, iJ, 1i+ 
1 

;! +} ttl '1{t 
!, 

ff +l 
, ? {, 

? ! lýj44 
! ýi 

?4 lilt, 
1 '. I 

! i! iii lit, 
-i `; tl I iý, ' ! i'i! C 

ii it c'iý'I 
` 1! it! ' i?? ' i' 1' 'l! ' º '' + {! ifjý f{ I '1 ; c+ it+; { ;+ 

ti 
ýl'a, 1?! l ! 1! 

ll Ill !if! ; ij 
! ü. 
?C 

? i? I ill li(i 1+Il 
+ :, 

1iii, 
+;; i ? i, j 

'ý it t 'ik. i +i C! ! ?!?. iii; i!! ? li i!! 
ý+?? 

c i.! ii ilýi I f!!, }li, l ! ii i ilia, ! 111!!! ! I; +! '; º! 
I , i':.. 

.. 
ü "1, 

' ý 

l.? 
ý.. ý 

w"M 

" " 
1 : 

}. 
... 

;ti, 
� .. 

I" ,; i, ;,: 
t 
tt; i i; ' 

!! 
1; 
It 

i; <' .' 
Will 

j 
i 

+i i 
if1. t t , 

ýý, 

, 
. ., 
ý3, ý ii 

! ', 
i+,! I 
I" Ijýt +! ! 

i' 
r j +? ý! 1! ! 

1! + 
ill' I:,: 

., 'i. 

d 
V 

4 

w 
N) 

4 

'7 

ry 



:i 

t 
:rt: r, r: :! r ,º r' 

t! 
' 1, }i 

, rt ii! !! l ? (?! ! '? I! Ii 
i ?}? 
1 "fill {. {l 

! 1' 

ri 11 ! i. 

11 
! t {1 ý 

lii ! 
f4 

!i 
i t 

jiý+ 
ilj! rt! 

1!! ' i! ' jll 

j (t 
1 il 

ii' 
?! 

! It, . 
J l 

j 
j tl! tiiý !ý 

iii 4II ýir ;i ºi`c i'i lil ( jji' 
1i 

ý1 44 i 
! iK1ifjitfI 

yi i1 
4! F } 

1! !! !! ý !1 lj { 
?t 

ý f, } i ! 
I1 

j? I' rý 
4 t ! i! ) 

11 t 11 !I l! 

1! j . 'i ' '''' ! jji'i'i !? 'i ''lI i! 'j j" fill lr iýý ýll 

1! I f! i t! !i I i " 
l j !! ii ti! it 

1 il t 

[iii l1 1 i iI1 
!? i 

'V 
ii 1 

1 
(! 

1 

! r' 
{ 

ill . 
It 

i . 
( 

, l t : i! , ,: i t' i 
crI 

'it 

11 i? 1! ? !!! 1 ji 
.. t ii tl ( 

i'i 

t. U 1'1 NMI :t t't 
' 

f 1 ý1 
! 

'1 
!! 

r 1 t. 
,?. 
rý iiii If! 

iý,: ? i'ii i'i ti?? i!! 
? i}i' 'ill 4ji! 'tt ? ?:! 4 1? i ºt l!! ? 

ai ! 
!it 

! ýii } f ? {i! i !? 

till !! ' 
i } #! ý ! '! j i! j 

i}! c r 1il 
ij !! 
it 1 

' 
! 11 !j 

ii 
}? ¬ 

?. j!, ii ! i? 141j ; Ij! ii!! j4! 1 iii !!! ! i' !: 
L 

It'll ri '! 
114 

ý ! ji?! r!: i tt: 
j . r.: ;: i! r, t! 

ý! ;. i{! ' il'I? ! i! 1 i' !i tl ýtr! 

;i 

I it ill i' 
i Will 

:r 
r t 

1ý 
' 

1 iii !! 1'i i4 

"' 
i 

1 

Ml 
Iiii! i? Ili !I! 

! Ili i!?? ?I! ! ili !: l; ! 
i!!. 

! '1! i lýii ! ýii 
?i 
i 
:E 
i(! i 

,! 
i' 

! 

t! 

!! 11I 
it! i'i! ! i! 

! if !' 
H 

t 
?! ;Il; Ifi 1 

il 
1, 

11 ii! ' 1! ! # ?1 I I j! ! rr [ i I 
I ; ý{1? ! jº! ii !` (iii I" i' (ii (! tl ! . -: v _-_ F!, 

r Iii iii. 
i;!? ! iý! 'iii 

r r; i ýr*ý-" , ýý( Iri! !!! .i ! 
1 

! TP 
: ltl 

il l, 
i! I 

ý !! 
, 

= 

ji'! j' i'rf 
;T 

Illi 
r, t" ? 
fý t 

ij ! 'ijjý ýi ! ýý-; 
lr it 

1?! '{ I'! 
, 

- rt u: ý i, : 
4 
° _. :t =ü rCC: Cl: ý:? i ii (IC i! '! .I irf -_ Cit 

,..! ct II(li 
RiH' 

�ctiºClýi . 

. ; 
i rIý Ii 

I'}RH 
, !1 

., 

! I , i. 
C 

, 
t ýi, . C :? 1i1 l! C ft !i -`ý- i +! 1? It t. i li i't ? º ? pit 

I'R l ýi i! T' ý i i! º ii 
i ( 

lý 
. 

1 i! ! 
1 
ci 

c1 1I f ?, 
j 

t 
I 

i 1 ; 
!, 1 

i.! 
"! I)C IIý? i! ý! ff C 

11' eil 1. j 
ýº 
11 

, 1 
, .. ' _oý. 'ii "i j! ijlj il! j ! Iý! I'I 'Ili Ili !i1? I 

';! !1 
'jl 

jI! 
1i !1' j' ) Ij 

lIi 
?' ! 'li ?1 'I j ?!? I. jl II ?, I! ! t! I l!!! ij 

CC 
il! 1 1? 

il 
ll u ý 

. _ý.. __.. t� , ý1:::: !! l , I, ! Iº! tl II I! i I4 I ºI ! I... I 
!I t I 

ll = IIi IiI! 1 
!i. 

I 

.,. ý 

I 
tl1 

, 
! Ii I (l 

__ ... I º1'!! ýt .,, ýillýttiýºI it if i, ºi I il Ilia I, i Iý .IIt ºi 
( ý i I 1I iº fl . 

I I! i i C i i. 
l!! If`I ii iilillill iº i I lli il! it I 

II III I ilil lº f s Iý II 1 I Hill iilI ý I! 1ýII I ii 
__.., ýIl ! !! . ý lýýºIý! i l, l º ... i= ý!!! ! ýi 'f '! iI il ºi II I{ II ilýý, lI IIiI I 'il II H ! 11 I I I I! ' I I lI 

ý 
I 

iI lI ! I li I l i. _ o __.. ! 
7 

4=! i ý- Iº ! ? ýºº ... ... I !t iºý ýC !I iIýI I .ýº . ýý I 1 r II 

__ý 
ý 

,I II 1 1111 I IIi I 
11 11 

ýI 
,ý 
,I 
Ieil 
! li l I II I 

ý, f I 
t ýý I 

`li 
I 
II I I ' i 

1 
Iý. ýIý 
ý 

III I1 II ) I I 
? ý, ýýý!, 
ýýI 
t! i!; ý Cý ;+ 

iiý 
ý . . ý, ýýil i! l 

, iý; ý ilii 
! ! ýýýI, ý III; 'CI ! 

!i 
Iýý' I II 

,ý ! ýIý! 'ºýýýý I 'i ºý !' I i1 
I! l'I 
º( I 

I 
' l 1 

II 
U 
I II 
fI 
I '! 
ý ýýi"' ý'; li!! i !;! ý' 

ý I I ifi 
I' ,r t l 
ýi r l ! Iý ý ,r it . I ý! ;;; ' 

fl 
ý 

ý . ºl i lý I 
I t! ,i 
cl º i 
ý; ý 1 
1l 
ý ý , i I lt 

i 'll'' :! '. ii ý! , _liý i.,. ' ij j'ýý ;!,; ! Ik . ,ý ºI! it ý , rºt ý'. .'. t '' iw; ' ýI ! i. If! j' ý !rC ýI i ̀! ?i ý'' . !ý r ? ! ýf Iii i ý :., I ilij " , I +{ i r ý ! r. _ iilý 'i jý 

a"; 
g ý: 

1 
ý; 

ýý 

1; 

J 
v. 

_. 

M ýZ 
2 

tý I1) y; t, V ii 7'fNQIS'ýtt ýý POV111ý71 



ý 
! 'i+ 4j! ii!; t+ I+tf 

ý, ý 
+!! 1 HI! !? '? H r! ! ý if 

i' ? ''!, t 
`. 
11. t 

! t+ ý`1 1 !l 11ý i ?{ ý Iil ý 1 ' 4ý ý ? l t ! !i ? }l �º 
' ý1 

' ; }; iý ; ýi iii . . It! 

i 
; i; l ', tt " r! 

! 
!' 

,! 

ý{i! !! 't 
fi 

u.. 
1 

;; {' 

?. 1 
{ n 

º 
t i" I 

t 
f 

I? 
t f1 i 

+ 
fE 

?? ? iý it t f ?i ?t 
ý: 
;,! 

,.: j 
l 

}!? t 1 `. il iii llº' 
! l) 

ýi!? j{; !; j{ 1 1H 1 
` 

?l i? 'i 
i` 

i[ýi 
?!, T 

±lº i 
? 1! 

i ?' I 
,I 
ýI i (º, I? I i 

ii 
!?, ? ?! 

.,:.: I! :.: 1i ! }'; .,. ! t: ! 1! i tit ;; f; .. ;,; ;; i1 .t ý, I, ! llº 'i,! ýjiý'! j' ! !i ,. ý.. ! fil t1 j1 ' 
ý 

If 
1ý! 
?! 
; 

I i 
ý? 

f1 ' 

ý. !ý f! t! 
ý 

lº ? 
11 
1 i ý ?= 

tit } 
tt 

11; i!: 'i!? ' ;!: ' !{i i+L i! ti ; f? 
? 'iil i!! i ! i! ? ? 1!! it ? ' 

lift 
?? 

! 
? II 

H I ' I 
? ? !I ! + 

I?! 
! ii 

? i 
f! 

! ! {{t! 
?1 

i {' i 
ý ý 

!i l I I1 1 li ! ! I ? i 1 ! ! I i ! ` !l ii i ? i! 
t: 
1 

n 
:1 

c ý t! 
. , 

; t: 

ýt 
r' it , 

tl# 
tt " I 

r , i!! II 
i 
I1 

t ?. 

? )'! j 
l 

!! 
t 
º? ? 

? 
1 1 ! 

l! 
i !? 

Jil 

? 
l ? 

!? 
1 

?! ? . t , I ,, . . 

:, 
M E? 'Z 

!i 
I? ' 

!i 
iii ! '' i! ? º 1 ' 1i ! ? 

! 
i ? 

? { i 'I 
ii il I i -, "l 

; ̀? `; i ? . º`; !! [' 'ý? Ii l 1 
? 
? 1 
? 
' 
! li 

J ill j 1 
l 

i ! 
i ?i ?i !! ? .?? i ? fl 

1 1\N ! IIIT 
! Ii ii lll 

;ý 
º t 

? Ti ?? 
il 

ý 
?II 11-1 U 

,1 
], 1 ml º i t I t 

' i 

ý 
i~'"iH it º 

HH111 
t! 

`i i 
Ili 1 

i' ; 

! 
111 

?Ii 1: ý 
?? ! I!? I !? ?. 1 

1M 
j 

, }! r? 
I! 

i 
fi 

º? t {ji 
? 
i! 
' 

!1 }? ' ill 
"w 

I Hit t I . + 
i 

' ? º1 ?! j 
? 

I 
t 

? 
t 

? ?! ý ?! I? I !?! 
T 

? ? 

ýýf ý' i is ý! i i ?!! ̀1ý4' ! i, i 1? ý jýý4 ? i J ! ýý ' ll ý ýº 
! 

ý l? 
l 
ýI 
1 
mº ?ý: 

1ýi! . ; .l 
ill! I 
filý I? 

ý 
! 
?i 
!ý( ý 

?' Jý 
! 

Jý 
i 

ý III i 
fi 
fi li 11i}ß f 

!I I 
i 
! 

' 

t:::: 
ili! 
iI 

ii i 
U, 

l? ? 
tit 

jj1 1 
ý: 

! ii 
Iii 

i{ I 
!' 

' 

!! ' i1 ;tý 
I iI+ý 

I 

l 
? 

ý! 

II 
' # !; ! I !I! 

iI! 
II 
( 

Il 
! 
l 

ý 

II1 'I d? 
. )i 

j 
ý, 
' 

! ?' 
! fi 

! 'ý i+ 
i 'l ? 11 

1 

hfi 
? 
le 

! 
i? f 

' 
`I i 

I' 

i! 
} I! 

! I? ? 
t? 

!? jýý? )j 

i# 
li 

i; ' 
Iý 

il 

; i; I 

! 

'! ( 

'ýr- 

(!!. 

il ý 

ji 

! 

ýI 

i 

fi 
}ýý 

ý 

ý; 

! ! 

!f 

'l 

i. 
A 

i 

l 
i 

i1 

I 

! I ( 

! 
I 

i; 

IC I 
I 
I 
!! 

ý 

" ! i 

ý 

Iý ! 

iu! 

i 
!. 

' 

j! ! ý 

; 

! 
I 

( 
I 
I 
! 
(I 

!i 

II I ýI 
1? i ! 

!! 

II 

!, 
!! 

' 

`I 
1! 

I 
(ý 
(l 
I 
!! ! 

'I fI 

I ýI ý II i! i !' I l 
i! º t' ý I ! I i 1 

! ý ? ii lip ( Ali i* 'i i il i l llllý ! ll" Ii 
. 

il i 
! ( ý) ( ?: 

i I l 
!! { !ý 

H !ý IN 
ý I ! 

? i Il ? 
(! ! ! ! !! 

M i ll ! ýX 11 1I CI { ;;, f l 
II II I ý II ý, i ý I !º 1 E I fll º !! i ! )I ! I! !! 

1 I. It . 
. i ! 1 , 1 ý .. 1 I r. ý 1 l ! ? I (I 

ý 
!I 
ý 
ýla! i ; ll º 

Li l i 
! 

!> > { f ( Il i ! . 
I! I . 11 l 1! I I 1 I j I ! 

:ý ý I iii t 

ýlii ý? I i?. j , iii 
1 Iýý 

11 
(ýý 

, 
I I 

. ! 
l ! t 

i l, 
º f1,. ,i "" , 

º 
! 

ýýýýý 
''ý 
ºiýi 
i 
lI 
; ýi 
!! ý ý ýif 
flý !, I l 
!ýý ý ffl 
º ? 
ffl 
! I !! il R1 
?º! ºº ý? u 

' 
? Hi i º l f ! 

! 

( 
i, 1. 

H 
ýi l! 

º1ý 

lI 
,. 
t 

. 

'i ! ! ! 
;: º 

i 
,+ F, 

? 1i 
j 1 

.i ? I ! t H º º Hll !? I 1 
ii ý 

,t 
I 
' ý 

Ii , !, ... 
i; 
+ :. L; 

.. I I ft 1 
II I I ( Ali i' 

, ?! I, 
, 
ý! , 
! I? ! 

i lill 

:! 
11 i. If I ill , ýº + . '1 ' ý ' ii ' t i ! 'I ? º ? ' ' 

41 
-41 

= ýýi? !' ;; ý : ; ý I f ; 1 ! Jfj ! 
e VI 

(t'Ui) WV 'yv-; i .. 75 "iuwonw+silx 



2 

kA b %A 

`w, ) Vrv iv% r7SFaiSya býýoºýiýýýt 



:---- --- 

II i i! ' i ll 
E l H 

. ! 
11 
I 
Il lI I il 

Ij! 

J ill 1 1 iº I I I ' + ! 111 
; ý++ ý1 ý ºi+l ýIý{ ýýº R I ! ! i I i ! i t i ' 

ýýýýi ý. 
"' . ft 

; 
ý'; ý 1 ý? iº !j I 

f 
In ! I I '! r il + II i II ! ' J , º! I l I f ( 1 

1 1 1 . . . . 

1 1 

ýýý- ýiti ( +i +il I I I I + I . . . i III tl 

1 Q-4 c 1 il i1 
( 

º i 

, 
6 111 

-U 
NI I M 11 - 11 11 

11 1 11 11111 C O N ll IlI i! t 
1i 

ý; _=_. ý. i; !i' . +I t, f l! 
({i r' " ; ýi }ý ( ý I1 , rý 

? 
11 l 

? I 
l lf i 

i! 11 f jj I ' 
i i i 

ýi 
I! 

I 
I 
I j 
III 

I I 

f 11 1111 1 1i i 1f 
i ý ( (1 f 

iil 
ý 
l 

! i! iý 
1 
i 
1'ýI 

+ i 

Iý. rr: ý=.? º 'ýi l i ýi 
; 
l ýi l R ! ! i 1 

. t 
!+ ' i+ ' I i N !R H 

II i i R R it 1 ? i' ý lS 

, i ý: _; f ! ! º1 i} 1 j 4 } f i ý11 't{ }(t ý ? i ! }' f 

lit P, 
Hill 

ý, j ý-o: R: 2 r 

-o=C' ' 
jt 

! fi 
t 
3l 

ý 

?4 I 
c 

} 
{ 

; iº } !i 
ý 
ll fl 

cI 

'1 , 1 
R I 

I 
ýfý 

, !? II ýi l } R } t ýc t. i I 
ý+ t 1ýý}; i lRt? M 

I ?ý t 

{i 
t. ' 

1i 

I 
t 

1 ý 
IC 
it 

ý} 
l 1 

tt ý t j 

!. pit 

{ 
r 

a ir 

1 
i 

r 
i 

' I ii 
Ma I 

` ! (1{ ý- ö 
'I{! i` 

t 
11 ;' 

t 
{I 

, 
i } if f i 

t 
t 1 tU 1 i ! i?, 

r 
} ; 'f '' 

1 
º ý? +( ! ' 2 t ýl 

1- 
1 

111 
Ci; ̀ 

I?? 
ýý1 
I #fi 

i( if 
; : }i l ,t 

} t, fi ., , , 
} I 1 t } I, t ýt t S t , 1 . 1 } 11 1 ; 

+ }ý' ? ýt 
' º 1 r I t it , ffi ! ', ý I ,' 1 il ' ý 1 ýl li C 1 ! ! 1º ji!: ; iýf ýIl t 

I ll H ill I H IT R u l I N O R 1, I l l M I ýý""; ü;?. 
!1 

; S"ý 
I{ 

IR? I 
I? 

?? f 1 + 
1,11 E } 11 11 1 1 1 1 1 0, H i l l I r + r i, I , ýc { i} 

liýc 
ºi 

I 
1 1 ý i 11ý M I N N ' ' ;I ,;: ! ii ; i!! i!!! 1 1 1 ; ! 

, 
i n . i I . ! !( ; 11f tr 

t 'ý ''Ir 

U Jill IN 
ifi ? 1 2 1 1 1 1 ý ffi l 

, = 
,ý ct t 1 11 1 M I M I 

'{ iiº IIý ýi ! 

`O 

I1ý 

"0 

i.. 7 U-MtV vdll - -JSNOJS-PA VgL'4 40-AU%AIV-A 



ýr:,, r ý st ; jý il fi ýI! t If' t ºiii t 
J 

t 
.f 

rt 
ý, 

f ! 

' 
j 

' 
Scc j r 

º 
,i 'ff u H ý ?. ý 
t 

tll i ! ti; 
t: ý 

ý ý 
" i 

j, r 
!ý " 

j 
, fi. i+ 

"i: 

. ": , 
Iýf 

`( i f ii i{' i If ; +;! ? II 1{ ; fi { I'l l 111 ! ! ! 1! i !1 1f i 11i f! ! 1 l l ff 
: t: iif " ý;: ! !ü ii! f ý iý ff! i , tf 

: lL I ffim 

! f l! i f i i fl t f , . 1t t ;. t I. 
" . ' . ;{ .,, r ýf 1{ ji f' fjý ! 1111 1 . lý 

I 
' ;ý ; 1' + lý ý t , 1; ! i ý tý ý' _ ý1 1 f ii i! ý! i 

+ : I 
' !, iý. ' ' . ? 

i 
; 'i 
ii 

i ff , i I'I ' !, I f , f º i f 1 f M ill I I f ýC ýI 1f ii 
i 

i 
I .i ifý ! 

ii 
i iil 

ff ý 
i 1 4 

f I: 
f 

t ;;; ; I"; f ; i1 
1i 

Iý t 
H 1f IU 

f 
l t l l ' I1 1 

Mf 
1 1i f! !f iý fib! if f flf l! i,? l i ' li i , !. IE il ttf ! I f !! ; f !f if +I ft i ! ,f lf f t f ! , 

1i " t! :j I I fi ý !I ` 7 r 
ll { 
} 

Oi !I 11 1 {' ;, f 
l 
'I 
I 

M i mi 

ivy --- 
ii fl 

,:.. 
ii! 

t: 
I i 

., t.. ! I! 
.,. t 
'iil !! i 

, ßf1j 
;.. .. a , l ., 

; fr i it 
q 

if 
11 ý . 

{ 

f , ;. i . 
? 

Hi 
M1 
ll' 11 111 1I . il I 

! ! l l 1 ,t It 

f ! I ii i 
U, : {N ! fii 

1 
1; f ' 1 ý ý 

f l I 
1 

I 1, l 

t 

i 
l 

1 
i 
tI 
I # 

tli ! 
! t 

! 
u l l 

{ ! 
I I + f 

ttli 
, 

ft �t 
, s Ii. t 

1iI 
,, fl, . 1f 1 I !! i ! I, . l ! il 

.Q 
-ýýj 77 

:! i ii ýf ý+j 'ºI! j Iý I I' ijý H lll.. ' I f! j j! ' I ý! I .I 1 F ý l ;ý l ifi f º P ! H I ! Il jý i ! '! { jJý (l( fº, Ii1i Jlý ýii i i ̀ 
=f `. I; . ..; ! ifl ii 

i ti i ! li il I+ .I ! I !! f I i I ! I I f !f .. ! Il 1 i, t , ,º I . 
0 

ý. ' ý tr: , lfl 
i Iý 

tl 
i yiº1 I 

i, lllf 
ýl! 

ifl 
ýi 

ý! 
11 

E 
jli 

! 
ý'ý 'lt 

tl{ý 11 
!I 

i ! 
It 

I 
ý 

! ý 
ý 

ý. 
f I= 

lý 
11 

rl II 
if 

I' 
i 

tý ý ý I 1 
fý --- ; " + ii ift 1 " 1 º t N !I ýI I 

!ý , I , f !I 
I! ' i j '. ( il " !f If i If 'I f f . 

I' il ! +I I X11 ýy 1ý . !ý ' 
J 

ji!! ýý 
II 

tl 
! I' 

i!, l 
+ 

l 
; 

ýý 
+ 

t,, 
I 

, 
'I I( 

{! ! ll ! i 
I 

! !{ 
! ý 

, 
I 

I! 
I I 

II { I 
t l l 

4 

I I 

1ºý 
I 

ý ý I{ 
,.. 

ýý1 
. ; 

I I tý -: ý -- a -ýIý! 
. ý5fi1 

ý 

! 
lia I 

... , 
I' 

fl y ij! 

!i 
', 
t 

f !! 
I1f! ll I< I < Ifl 

! I! 
( ( fý I Iý !ý I 

( I! ý 
i 
If ý ý 

If ý I 

I . 
I 

I 
I 
I I I 

i 
! 
! 

I! II ° ý; il, 'ý IIj l 1ý' l ýI I 'I ý ( {ýII+i, f I º ! ' I I ' ý I o ýýff i li fl l ii , t ý 
, 

'ýl; ýºýý ý-lý 

ý 
! ill º 

ý 

ý 

ý rI 
iý 

ý 

ý ýý l 
. 

1 
I 

li I 
I 

f 

ý 

ý 

I' iI 

i ifl' 'ifl Il if Ilil ti 
l ( º l i I i ! f t I! ;f ff º !l , 

I;: ii 'ýiý 
'`ül alý 1 

I { I' ! ! I ! 1 ! I{{ý I ! (I ! r{ ý f 
't 

ý) (` I 
tlý 

(ýj ! 1ý1 ! 
ýji 

f jI 

, tl 
If, IIl 

! 
ýII 

1 ! 1 = I ! Hil i i. 

; fl 
!f u " 

ýýýff 
ilfp ; lllf IIII I? it 

º i 
.? 
ii 
f ( 

I` 
ýý ' 

!ý j 'jjl I i 1 
ý ýi 

. 
ý I! 

. 
ºý ý { ýý I 

iý 
( ýl , ýý + ý, ýý 

ý .. ý ' i 
I 

ý ý I ý 
t 

I M 
{ 
Mj ýf ( 1 I ! !I ýII j' ý º +ýý I; ' ý ý.. ý fý, 

'! 
'ý 

ý. i 
`ý !I 

Iýý ý ;ý 
1 , , 

... ,, ;; '.. t ! ýI l 
I, ý; 
!, ý 

Ii, +i; 
Iff 

ý, 
' 
;, ; = I ºi 

1l 
I if t . ; ft 

I 
� 
I 

. 
I 

. 
I , 

,! I, i 
, .. I ! 

, 

I,; '; 
ýtý 
I 

, !i l 

0 

0 

Ný} 

OG 

9 

0 

C`", 7) v 70v %v D -Znoivd ýº O V% ( 



C) i 

_- -- .- ---ý -- - _ 

6 
- _j 

. -23. 
- - Vif. 7777 

7- 7 

t7 
C 

Oa, 

yolohexane - 

F. 

I- 

, 
'- 

nw-d otane 

j 

- 77 7771 

q 

7. 77 1 
__- - 

_ ` h n b bor Di ®... et yle 

-7 77 

17 

6 - j , CiLrbo 2e traahlorid " ;; 

-7 -7 

m 7-1- 71 

! -Chromatogrgmo showing; the Rooponoe of a Katharometor and the 
r1toa vetootor to a wultioomponent Mixture (aee page 217). 



-217- 

component. Since the response of a katharometer is not predictable 

when nitrogen is used as carrier gas, the results are most satisfactorily 

expressed graphically. Response curves are shown as plots of peak 

area, obtained from the katharometer, against the weight of component, 

determined by the mass detector. Each figure shows the response of 

the detector to the constituents of each mixture, (figures 6.16 to 6.22). 

All compounds, except carbon tetrachloride gave a response of similar 

pattern, namely a gradual fall off in sensitivity as sample size was 

increased. Carbon tetrachloride was the only material to give a response 

linear with concentration, but for all sample sizes the response was 

negative. A chromatogram of the mixture containing carbon tetrachloride 

is shown in figure 6.23. 

n-Heptane was used as a reference standard, and the response of 

pure n-heptane (99.9 ý) was measured over the mass range 50 to 170 jig: 

the response curve is shown on figure 6.241 The response of any other 

compoÜnd with respect to n-heptane can be calculated using the appropriate 

calibration curve. The following response factors have been calculated 

and are listed in table 6.8: response per unit weight of material 

(cm. 2pgrl), 
and response with respect to'n-heptane (by weight and in 

molar proportions) for 100 jig of material: The alternative way of 

expressing molar response is to read directly from the response curve, 

the response per mole and express this value relative to one mole of 

the standard material (RMvalues). 

Table 6.8 

Compound Area/unit Weight response iiolar response Fig. 
weiht 1 ( 

wrt heptane wrt 
k 

heptane 
R cm vg ) 

m 

n-Heptane 0.79 1.00 1.00 1.00 6.24 

benzene 1.11 1.41 1.81 1.24 6.16 

Toluene 1.33 1.69 1.84 1.62 

methyl Benzene 1.64 2.09 l.. 97 2.17 
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Compound Area/unit 

weight 1 'cm µg- ) 

Weight response 
wrt heptane 

Molar response 
wrt heptane 
R Rm 

Fig, 

Methyl ethyl 1.28 1.63 2.27 1,38 6.17 
ketone 

triethyl n-propyl 1.42 1.81 2.11 1.68 
ketone 

Methyl n-butyl 1.80 2.29 2.30 2.29 
ketone 

Ethyl acetate 0.98 1.25 1.42 1.17 6.18 

n-Propyl acetate 1.21 1.54 1.51' 1.55 

n-. outyl acetate 1.43 1.82 1'57 1.99 

n-Ileptane 0.81 1.03 1.03 1103 6.19 

n-Octane 0.90 1.15 1.01 1.21 

r, thyl acetate 1.01 1.29 1.46 1.21 

Methyl ethyl 1. 
-27 

1.62 2.25 1.34 
- ketone 

Benzene / 1.18 1.50 1.93 1.39 

Cyclohexane 1.07 1.36 1: 62 1.26 6220 

n-Octane 0: 96 1.22 1.07 1.30 

Carbon tetra- -0.30 -0.38 -0.25 -0.62 
chloride 

Dichloroethylene 0_38 0.48 0.50 0.47 

2,2,4-Trimethyl- 0_77 0.98 0.86 1.04 6.21 

pentane 
n-Octane 0,93 1.18 1.04 1124 

1-Octene 0.93 1.18 1.06 1.24 

n-Octane 0.91 1.16 1.02 1.20 6.22 

Butylene oxide 1_13 1.44 2.00 1.31 

Dioxan 1.72 2.19 2.49 2; 04 

Benzene 0.57 1.78 - 1.39 

p-Cymene 1.53 3_60 - 2.04 

The weight response factors do not follow any trends. Molar 

response factors R, are about unity for simple paraffins; simple 

aromatics approach two, and halogenated compounds give very low values; 

The difference between benzene and p-cymene is striking! 

Calibration of a katharometer by conventional techniques is very 

time-consuming. Calibration of the detector for a number of compounds, 

which can be contained in a single mixture,. can be carried out quite 
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rapidly using the mass detector. The composition of the mixture does 

not have to be known, and a response curve covering a reasonable 

concentration range can be obtained from about twelve runs. 

6.4a Limits of lletection and Response Time of the Katharometer. 

Since the response of the katharometer is not predictable, a 

response curve in the region of the detector limits is required, in 

addition to determinations of noise levels and the onset of peak 

splitting. 

The response curve from which the lower limit of detection was 

estimated is shown in figure 6.25. The limit of detection in terms of 

peak area is estimated from the point at which the extrapolated response 

curve cuts the noise level of the detector: the weight, and hence the 

concentration of. material represented by this peak area is estimated 

from the mass detector response. The lower limit of detection for 

n-heptane is 8x 10-8 mMml-l (0.5 pg). The upper limit of detection 

was estimated from figure 6124, and is 1x 10 
4 (150 pg). 

Although the sensitivity of the detector (cm2jig-1) is species and 

concentration dependent, it is similar to, and a little greater than 

the Gow-Mac gas density. balance, for many materials. 

The response time of the detector at room temperature, determined 

by the schmauch procedure2, using benzene and ether was 30 seconds, at 

a flow rate of 50 ml min This is a particularly high value, even 

for use with packed columns, and is a result of the design of the 

detector, which is a semi-diffusion type. The internal volume of the 

detector is 2 ml. Response times of semi-diffusion detectors, 

published by Schmauch are of the order of 11 seconds, at 50 ml min-1. 

614b The Katharometer - conclusions. 

The katharometer must be calibrated for all materials at all 

concentrations when nitrogen is used as carrier gas. A convenient 

and rapid method is to use the mass detector placed in series with the 

katharometer, 
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6.5 Calibration of a Flame Thermocouple Detector. 

The calibration of a destructive detector can be carried out by 

placing the detector in parallel with the mass detector. The flame 

thermocouple detector has a sensitivity of similar order to the mass 

detector, so that by splitting the column effluent in. approximately 

equal proportions, a reasonable response will be obtained from each 

detector. Ideally the ratio of the amounts of material reaching the 

two detectors will be in the ratio of the flow rates at the detectors. 

However it may arise that the split ratio is dependent on gas viscosity 

and hence will be different for different materials: it may also 

depend on the concentration of material. Such variations in split 

ratio will interfere with the calibration curve of the detector if it 

is to be subsequently used in the absence of a stream splitter. using 

approximately equal split streams, and small concentrations of material 

in the carrier gas, and for materials of a similar nature, variations 

in split ratio should be negligible compared with the errors resulting 

from peak area measurements. The linearity of a flame thermocouple 

detector was determined using a 2: 1 splitter, and the quantitative 

analysis of, a two component mixture was carried out. 

6.5a Experimental and xesults. 

The Pye Panchromatograph flame ionisation detector chamber was 

modified to take a flame thermocouple detector. The cold junction of 

the detector was maintained at room temperature, and placed in a large 

block of expanded polystyrene to minimise random temperature fluctuations. 

The output of the detector was fed directly to a 10 mV potentiometric 

recorder, without amplification. The standing thermocouple emf was 

backed off with a simple potential divider driven by a l- V battery. 

For a temperature difference of about 800°C, the thermocouple emf is 

8mV. A imV change in output represents a temperature change of"80°C. 

A circuit diagram is shown in figure 6.26! Operating conditions are 

given in table 6.9. 



Figure 6j26 
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Table 6.9 

Apparatus Pye Panchromatograph 

Column ApL A 

Column temperature 50°C 

Carrier gas Nitrogen 

Flow rate - major 60 ml min-1 
stream 

minor stream 33 ml mint 

Sample sizes 0.2 p1 to 31 pl 

Flame thermocouple - 
thermocouples Pt - rt/Rh 

cold junction 23°C 

Hydrogen flow rate 50 ml min 

Air flow rate 250 ml min 

Mass detector - ranges 1 mg to 5 mg 

element 31b 

temperature 23°C 

A two component mixture was prepared (table 6.11) and analysed 

several times covering the mass range 200 pg to 2 mg per component, 

firstly with the major stream, and then with the minor stream to the 

flame thermocouple detector. For each set of runs a response curve 

of peak area against weight detected by the mass detector, was plotted 

(figure 6.27). In all cases the response of the flame thermocouple 

detector varied linearly with sample size. The response of the 

detector should be predictable on the basis of heats of combustion 

(section 3.3). For the materials analysed the heats of combustion 

were for practical purposes identical. The response curves for the 

two materials at each split ratio should thereforercoincide if response 

is based solely on heats of combustion.. Heats of combustion, and the 

slopes of the response curves, obtained from figure 6.27, are given 

in table 6.10. 

Table 6.10 

Compound Heat of Co9bustion Response (cm2 pg 
1) 

(Kcal g) Major stream Minor stream 
Benzene 10.02 0.013 0.032 

Toluene 10.15 0.014 0.036 

Since the streams were split, the slopes of the response curves 

do not represent absolute sensitivities. An estimate of the split 
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ratio is given by the ratio of the flow rates at the two detectors 

and is 60/33, i. e. 1.82: 1. The split ratio can be calculated from 

the ratio of the weight of injected material and the weight of material 

detected by the mass detector. A1 pl sample of the mixture will 

contain 0.30 mg of benzene. With the major stream to the mass 

detector 0.20 g of benzene was detected, i. e. the split ratio is 2: 11 

The same value was obtained for toluene. This method relies on 

injection of a known amount of sample and no loss of material within 

the column. Since the detector gives a linear response with respect 

to concentration, an estimate of the split ratio for each material 

can be obtained from the response curves. Using figure 6.27, the 

response of the flame thermocouple detector for each material at the 

500 pg level was found, and the split ratio calculated from the 

differences in response when the major and minor streams were inter- 

changed: e. g. for 500 ig of benzene detected by the mass detector, 

with the major stream to the mass detector, and with a split ratio 

of n: 1, 

500(n + 1) = 1.6 (n + 1) S 

n 

where IC is a proportionality constant. 

For the minor. stream to the mass detector: 

500 (n + 1) = 6.25 (n + 1) K 

n 

from which n=1.98 i. e. the split ratio is 1.98: 1. 

For toluene n=1.97 i. e. the split ratio is 1.97: 1. 

Thus the absolute sensitivity of the detector is 0.0065 cm 
2 

P9_1 for 

benzene and 0.0070 cm2Fg 
1 

for toluene. The limit of detection 

(without amplification of the thermocouple output) is 5.9 x 10-5 

mM mi"1 for benzene. 

The percentage composition of the mixture of benzene and toluene 

was calculated directly from the ratios of the peak areas (corrected 

for heats of combustion) (x values): The composition of the mixture 
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was also estimated using the experimentally determined response 

factors (X 
E values). 

The results are. given in table 6.11. 

Table 6.11 

Compound Mass Detector Flame Thermocouple Detector 
x0 x V(%) x xE V(%) 

Benzene 31.48 37.86 o. 8 35.38 36.76 2.9 

Toluene 62.52 62.14 - 64.62 6324 - 

Klore accurate results were obtained using the experimentally 

determined response factors rather than those based on heats of 

combustion. The coefficient of variation of the results was 

significantly greater than the mass detector results, and similar to 

the value obtained using the martin gas density balance. 

6.6 Calibration of A Flame Ionisation Detector. 

The use of the mass detector for calibration purposes is not 

restricted to detectors of comparable sensitivity, it is possible, 

using a stream splitting device, to calibrate detectors of much. 

greater sensitivity! To demonstrate this, a flame ionisation detector 

was calibrated. The conditions of operation are given in table 6.121 

Table 6.12 

Appartus Pye Panchromatograph 

Column Car. 20t4 B 

Column temperature 100°C 

Carrier gas Nitrogen 

Column flow rate 48 ml min-' 

i'lame ionisation 
detector: 

Voltage 50V 

Hydrogen flow rate 50 ml min 
l 

Air flow rate 250 ml min 
1 

Sensitivity 10-9,10`8 

Mass detector: 
Element 31b 

temperature 23°C. 

The response of the detector toward methyl propionate toluene and 

chlorobenzene was determined: the results are illustrated on figure 

6.28 as plots of peak area against weight detected by the mass detector. 

The response of-the detector was linear over the whole range 
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investigated. rrom the slopes of the response curves, the response 

per unit weight for each material was found, and hence the response 

relative to one component as standard can be calculated. °lhese values, 

together with'the coefficients of variation (V) of the response factors 

are given in table 6.14. 

The response factors must be corrected for the contribution of' 

the stream splits if the detector is to be used in the absence of the 

splitter. Since the response for each material was linear, it follows 

that the splitting ratio remained constant over the concentration 

range covered, but was not necessarily the same for all the components 

in the mixture. The split ratio was determined for each compound 

individually, under conditions as near as possible to those used in 

the linearity experiment. The mass detector was connected firstly to 

the minor stream, and a number of injections of identical size made. 

The detector was then attached to the major stream and the experiment 

repeated. The split ratio was calculated from the mean value of the 

step heights in each experiment. The results are given in table 6.13. 

Table 6.13 

Compound Mean detected weight (mg) Ratio 
Major stream Minor stream 

Methyl pro- 6.928 0: 1045 66. 
_3: 

l 
pionate 

Toluene 6.249 0_0946 66.1: 1 
Chlorobenzene 8.428 0.1178 71: 5: 1 

The response per unit weight obtained from the calibration curves 

(figure 6.28) can be corrected using the values given in table 6.13. 

The values are given below, and are compared with published response 

data (table 6.14). 

Table 6.14 

Compound Response per unit Relative Corrected Publishe 
4fAi f'AT_ D-----L+s T)we+«Iýh +w D. ý.. «n«. ýw 

2 weight 
(cm pg ) v(%) 

Response Response Response-' 

Methyl propionate 0.108 4.2 o. 44 o. 44 0.40 
Toluene 0.247 3! 8 1.00 1.00 1.00 

Chiorobenzene 0.192 5,1 0.78 0.72 0.69 
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Comparison of the response factors with those quoted by Ilaggs3 

shows excellent agreement, especially since neither the detector nor 

the operating conditions were identical. 

Using the response factors obtained from the calibration curves, 

the mean percentage composition of the mixture was calculated 

OF values) and compared with the results obtained from the mass 

detector (ý, values, see table 5.3)" 

Table 6.15 

Compound xo xM xF a- V(%) Bias 

kethyl propionate 33.51 33.05 33.09 0.81 2.45 -0.42 
Toluene 30.41 30.35.30.35 0.44 1.45 -0.06 
Chlorobenzene 36.08 36.60 36.56 0.66 1.81 +0_48 

The coefficient of variation of the absolute response (area per 

iznit weight) for 45 determinations was 4.4/, and the coefficient of 

variation of the percentage composition was 1.9%. Very similar 

values were obtained with the Martin gas density balance (section 6.3a). 

6.7 Conclusions. 

The response of the Gow-Mac gas density balance, although 

predominantly a function of molecular weight, varies with chemical 

species and sample size. However the response of the Martin gas 

density balance is completely predictable on the basis of molecular 

weight changes, and has a wide linear dynamic range. The mass detector 

can be used as a rapid means of calibrating detectors of completely 

unpredictable response, and as an example a katharometer was calibrated. 

Although the responses of the flame thermocouple and flame ionisation 

detectors are linear over a wide concentration range, both detectors 

require calibration with respect to chemical species, and this can be 

conveniently carried out using the mass detector. 
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CHAPTER '7. 

Applications of The Mass Detector II 
The Determination of Molecular Weights 

7.1 Discussion. 

An ideal procedure for the determination of the molecular weights 

of the constituents of a mixture would comprise the separation of the 

constituents by gas chromatography, and at the same time, the use of 

the detector response to determine the molecular weight of each 

component as it emerged. Present methods require pure and isolated 

materials: ebullioscopic and cryoscopic methods are straightforward, 

but give only moderate accuracy. Mass spectrometry gives very accurate 

results but demandsexpensive equipment. Using a gas chromatographic 

detector whose response depends solely on molecular weight, the 

accuracy of the method will depend on the accuracy to which peak 

areas can be measured (section 7.4): The response of several detectors 

is a function of molecular weight; namely the gas density. balance, 

the jet stream detector (section 3.10), and the ultrasonic detector 

section 3.15). The gas density balance has been used by several 

workers for molecular weight determinations'-5; Iabut 
no data have been 

published, using the remaining detectors. 

The response of the gas density balance is given by the equation: 

A=kq Mc 7,1 

where, q = amount of component x, x= molecular weight of x 

A= peak area Mc = molecular weight of carrier gas. 

The proportionality constant k, can be found by measuring the response 

to a known amount of a pure material of known molecular weight. By 

injecting under identical conditions a known amount of an unknown 

material, its molecular weight can be calculated, using equation 7.1. 

In pnactice this method is open to a number of serious objections. It 

is not possible merely to separate the constituents of a mixture in the 

gas chromatographic column, and to determine the molecular weight of 



-228- 

each component as it emerges, since values for q for each component 

are not known. Both the standard material and the unknowns are 

required in the pure isolated state. In addition it is particularly 

difficult to inject a known amount of material into the apparatus, 

and to ensure that no fraction is lost before reaching the detector. 

It is difficult to maintain precisely the same experimental conditions 

over the period of time required for calibration and subsequent 

analysis of unknowns. A satisfactory practical procedure for the 

determination of molecular weights using a gas density balance was 

first carried out by Liberti2. To an unknown material (possibly a 

mixture whose constituents can be resolved), is added a material of 

known molecular weight, M and the mixture analysed in the conventional 

manner. For a two component mixture, two peaks of areas At and As1 

for the unknown and standard respectively, are obtained: 

Axi =kq., rx - Ml 7.2 

M 
x 

and AB1 k qsl Mx - X11 7: 3 
M s 

where NIl = molecular weight of carrier gas 1_ 

The experiment is repeated using a carrier gas of different molecular 

weight, M2, to give: 

Ax2 ` kgx2 x' ii2 7.4 

x 

and Ast = kgs2 los + M2 7'5 

li 
s 

It is not essential to inject precisely the same quantity of the 

mixture in each series of runs since the ratio: 

qxl 
= qx2 7s6 

qsl qs2 

so that by combining equations 7: 2 to 7.5: 
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Ax, i148 - [i1) = AX2 (Ms - M2) 7.7 

Asl (M 
t- 

M1) Ast '(X- M2) 

The A values are obtained directly from the peak areas of the 

chromatograms, and all molecular weights are knotra except Mx, which 

can be calculated. Using nitrogen and hydrogen as the two carrier 

gazer., molecular weights to about 4% of the true values were obtained 

for materials of molecular weight about 150. Similar results were 

obtained by Revel'skii3 using nitrogen and argon. In an attempt to 

improve upon the accuracy of the results, Parsons used one carrier 
4 

gas of molecular weight lower than the unknown, and the other carrier 

gas of molecular weight higher than the unknown, (e. g. nitrogen and 

dichlorodifluoromethane): Errors the order of 1-20, % are quoted in 

the published data. Molecular weight dterminations based on the 
k 

Liberti scheme, although giving acceptable results suffer from the 

disadvantage that column conditions must remain constant for the 

duration of the two sets of runs, although it is no longer necessary 

to know the amount of sample injected, or to work with pure isolated 

materials. The need to change the carrier gas is tiresome, but is 

not regarded as a very serious disadvantage. 

An alternative method for determining molecular weights using the 

gas density balance was devised by Phillips and Timms5. -Equation 7. l 

is rearranged and rewritten: 

PV   KA 7.8 
M- ri MX 

0 

where P and V are the pressure and volume of a vapour x, and Ka 

constant. Pressure-volume measurements are made on the vapour, which 

is then passed into a gas density balance. K is found using a material 

of known molecular weight. the method gives molecular weights, in 

general to within 1% of the true values, for materials of boiling 

point up to about 200°C. The P-V equipment requires considerable 

skill to operate and the determination of asingle molecular weight is 
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fairly time consuming. Pure isolated materials are required. 

. 'reparative chromatography or other methods of purification must 

therefore be employed before molecular weight determinations can 

be carried out. 

A chromatographic method for the determination of molecular 

weights based on the measurement of the increase in flow rate 

which occurs as a component emerges from a column was proposed 

by ocott6. The gas volume AV, occupied by m grams of solute vapour 

is given by the equation: 

AV =mK. 22.4 x 103 .T 7_9 

K+ 1 ri 273 

where K= partition coefficient 

M= molecular weight of solute. 

For a two component mixture, containing one material of known 

molecular weight, Ms: 

QVs Mx ms 7.10, 

ax He mx 

provided that K =K + 1. 

If the detector responds solely to flow rate changes: 

AVs 
_ 

As 7.11 

1AVx Ax 

where A. and Ax are peak areas representing the standard and the 

unknown respectively. The molecular weight of the unknown is given by: 

M= AsmxMs 7.12 

x8 

It is essential to know the weights of the injected materials, 

which using syringe injection implies that the densities of the 

standard and unknown must be known. The assumption that K >> 1 will 

give rise to negligible errors provided that retention times are long 

and similar for standard and unknown. 

The flame thermocouple detector (section 3.3) is sensitive to 
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both flow rate changes and changes in temperature caused by the 

presence of an eluted material. These two effects can be isolated 

by preventing the material from reaching the detector. The detector 

will then respond only to flow rate changes. Scott used the following 

system to accomplish this effect. The exit of a normal partition 

column was attached to a length of empty. tubing which itself was 

attached to a column containing activated charcoal. A substance on 

emerging from the partition column, produced a flow rate change which 

was detected as a positive peak by the flame thermocouple detector. 

On entering the adsorption column the material was totally adsorbed, 

resulting in a flow rate decrease, which was detected as a negative 

peak. By using the adsorption peak area rather than the partition 

peak area, the assumption that K. l is removed. Using the results 

quoted by Scott 
6, 

the molecular weights of a number of materials 

determined by this method have been calculated, and are quoted in 

table 7.1. 

Compound 

Table 7.1 

Detector Response 
(area/unit weight) 

Molecular 
Calculated 

Weight 
True 

Bias 

n-Hexane 5: 8 86.2 86.2 Standard 
(standard) 

Carbon tetra- 3.2 156.2 153.8 +2. k 
chloride 

Chloroform 4.1 122.0 119.5 +2'5 
Dichioroethylene 5.3 94.4 97.0 -2.6 
n-Butyl chloride 5.3 94.4 92.7 +1.7 
Ethyl acetate 5.6 89.3 88.1 +1: 2 
Ether 6.8 73.5 74! 2. -0.7 
Acetone 8.6 58.2 58.1 +0.1 

Errors the order of 2% are encount ered. On the assumption that 

the detector is responding only to flow rate chan ges, the major errors 

arise from the d ifficulty of injecting known weights of each material, 

and of measuring the resulting peak are as. 

The require ment that the amount of injected material must be known 

(and hence densities known) is common to all of the detectors which can 
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be used for mölecular weight determinations, and constitutes the 

major limitation and error source in the determination of, molecular 

weights bj gas chromatography. 

It has been established that the mass detector will give. reliable 

quantitative analyses over a wide range of operating conditions, and 

that response is proportional to mass. If the mass detector is 

operated in conjunction with a detector responding to molecular 

weight changes; then the amount of material present is obtained 

directly from the mass detector response. A knowledge of the amount 

of material injected, its density, and the percentage composition of 

the mixture is not required, and losses of material within the column 

do not affect the results. It was demonstrated by Bevan and Thorburnl 

that by using a gas density balance and the mass detector in series, 

the molecular weights of the constituents of an unknown mixture could 

be found in a single run. Two chromatograms are obtained: the mass 

detector will give values of q (equation 7_1) for each material, and 

the gas density balance the corresponding values of A: k is found 

by adding to the mixture a material of known molecular weight. It 

is not necessary to add a precisely measured amount of standard. The 

only requirement is the same for any conventional quantitative analysis, 

namely that resolution of the components should be complete: It 

would appear that the use of the mass detector in conjunction with the 

gas density balance offers-an ideal method for the determination of 

molecular weights. There are however two factors which limit the 

versatility of the method: 

(i) the calculation of a molecular weight depends on the accuracy 

with which a peak area and a step height can be measured, as with any 

other method involving gas chromatography detectors, 

(ii) the change in response of the gas density balance for species 

of different molecular weight is a maximum when values of ric and M. 

(equation 7.1) are of the same order: but the absolute response of 
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the detector is a minimum when Mc and Mx are similar, and zero when 

they are equal. As the values of Mc and Ix diverge it becomes more 

and more difficult to distinguish between the responses of compounds 

of similar molecular weight; in the limiting case 04x -x c)hx = 11 

and the molecular weight term disappears. The effect is shown 

graphically for a number of carrier gases covering the molecular 

weight range 4 to 121, on figure 7.1. It will not be possible to 

determine the molecular weight of a material with certainty if its 

molecular weight is at a point on or approaching the plateau of the 

curve. Consider the curve for nitrogen. It should be possible to 

determine the molecular weight of any material up to about 120, 

including values below that of nitrogen, but with decreasing 

certainty as the molecular weight increases. Over about 120,. even 

a small diccrapancy in the measurement of A. will result in an error 

in the value of (M - Me)/Mx, and the error in Mx itself will be 

grossly magnified. Consider a peak area measured to within 6% of 

its true value. For a standard of molecular weight 80, the values 

obtained for an unknown of molecular weight'61, will lie between 

57 and 65. Using the same standard and an unknown of molecular 

weight 150 the experimentally determined values will lie between 

121 and 200, clearly an unacceptably wide variation. however if a 

carrier gas of comparable molecular weight is used (e. g, dichlorodi- 

fluoromethane, 121) the molecular weight of the unknown will lie 

between 149 and 154, which is a significant improvement. 

For a detector to be of value for molecular weight determinations 

it is essential that the response dependd only on molecular weight 

changes. It was established that the Gdw-Mac gas density balance 

rarely gave a linear response over a wide concentration range, and 

even for a specific sample size, response was not wholly predictable 

on a molecular weight basis (section 6.2): On the other hand the 

: iartin gas density balance was found to give a response predictable 

on a molecular weight basis over a wide concentration range for all 
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materials investigated (section 6.3). The Martin gas density balance 

was therefore used in the present work. 

The fall off in precision as molecular weight is increased, 

limits the value of the gas density balance - mass detector combination. 

Combination of the mass detector with the flame thermocouple detector 

operated as an anemometer overcomes this limitation, since although 

the response of the flame thermocouple decreases as molecular weight 

increases, it does so linearly and hence a marked fall off in precision 

does not occur. Using a combination of partition and adsorption to 

create flow rate changes, it would appear to be necessary to operate 

the two detectors in parallel. However the incorporation of a stream 

splitting device may interfere with the flow rate pattern as a material 

is eluted. Preferably, the two detectors should be operated without 

the need for a stream splitter. This could be accomplished by 

replacing the adsorption column. with a second short partition column. 

Elution from the main partition column will give a positive detector 

response; the material isethea partitioned on the second column, after 

which the gas stream is deflected to the mass detector, by means of 

a two-way tap. Such a procedure could only deal with widely 

separated components, and the condition that K1 must be satisfied. 

An alternative method which would be satisfactory for multi- 

component mixtures is to trap all components on the adsorption column, 

and after completion of the run, place this column in front of the 

partition column, in a chamber sufficiently hot to quantitatively 

desorb all material; the run is repeated using the mass detector in 

place of the flame thermocouple detector. 

A detector which functions solely as an anemometer would overcome 

these difficulties, and it is proposed that a Gow-Mac gas density 

balance, operated in the horizontal position would function as such a 

device. The mass detector could then be placed in series with the 

anemometer, using a single partition column to create a flow rate 
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change. Multicomponent mixtures could be analysed without difficulty! 

7.2a Molecular Weight Determinations using the Martin Gas Density 

Balance. 

The molecular weights of a number of materials have been determined 

using the Martin gas density balance in series with the mass detector. 

Operating conditions are given in table 7.2. 

Table 7.2 

Apparatus Shandon KG2 

Column see table 7.3 

Carrier gas Nitrogen 

Analytical gas flow rate 51 ml m3-n-1 

Reference gas flow rate 51 ml min-1 

Gas density balance 
filament current 1.9A 

sensitivity X103. 

Mass detector - ranges 1 mg 5 mg 

elements 27,30 

The linearity of response of the gas density balance toward each 

sample was checked by covering a reasonable concentration range and 

plotting graphs of detector response 
. 
(peak area) against the mass 

detector response (weight adsorbed)* The molecular weight can be 

calculated from the slopes of the curves, since the slope gives 

A/q (equation 7.1) directly: However more precise values can be 

obtained by calculating the mean value of A/q. 

several two component mixtures were analysed, and the molecular 

weight of each component calculated assuming that the remaining 

component was the standard. The molecular weight values given in 

table 7.3 are the mean of about 10 determinations. Bias values are 7. 

given in terms of molecular weight, and not as percentage-error, 
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Table 7; 3 

Compound Mean molecular Std Deviation True Bias 
Weight Molecular 

Weight 

Z, atera 17.5 - 18_0 -0.5 
Ethyl alcohol 43.8 - 

. 46.1 -2.3 

Watera 18.0 0.13 18.0 zero 

Ethyl alcohol 46.1 0.63 46.1 zero 

Methyl alcoholb >28 32.0 c -2 

Ethyl alcohol 52.9 46.1 +5.8 

Ethyl alcohol? 45.2 0.61 46.1 -0.9 
n-Propyl alchhol 62.3 lt70 60.1 +2.2 

n-rropyl alcohols 59.1 3.27 60.1 -1.0 

n-ßutyl alcohol 75.9 6.06 74.1 +1.8 

Iso-propyl alcohold 59.4 4.67 60.1 -0.7-. 
Nitro-methane 61.8 5.22 61.0 +0.8 

n-Yropyl alcohol? 59.7 3.03 60.1 -o. 4 

methyl n-propyl ketone 87.1 6.35 86.1 +1.0 

n-butyraldehydee 70.8 7,29 72.1 -1.3 
Methyl ethyl ketone 73.4 4.65 72.1 +1.3 

ISO-pro pyl alcohold 60_4 60.1 +0.3 
n-Yropyl alcohol 59.8 60.1 -0.3 

uenzened 76.5 2.41 78.1 -1.6 
Toluene 94.7 4.57 92.1 +2.6 

n-Heptanef 90.9 15.23 100.2 -9.3 
n-Octane 128.4 24.25 114.2 +14.2 

n-Heptaned 107.6 100.2 +7.4 
n-Nonane 144.2 128.5 +15! 7 

n-Octane f 98.6 23.24 114.2 -15,6 
n-Nonane 159.8 29_75 128.5 +31.3 . a column D at 70°C d column E at 101°C 
b column E at 70°C e column E at 68°C 

c column D at 140 °C d column H at 106°C. 
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The variations of bias and standard deviation with molecular 

weight are shown on figures 7.2 and 7.3 respectively. Clearly 

accuracy and precision are inadequate over a molecular, weight of 

about 100. In the region of 100, values are as good as those 

obtained by Liberti2, and become progressively better as molecular 

weight decreases. 

For a relative composition analysis using the gas density balance, 

the molecular weight of the components of the mixture must be. known! 

The analysis of mixtures containing free fatty acids cannot be 

carried out using correction factors based on simple molecular 

weights, since the lower members of the series dimerise. The degree 

of dimerisation is dependent on temperature and pressure, so that the 

correction factors will depend on the conditions under which the 

analysis is carried out. The molecular weight of formic acid was 

estimated using water as a standard, and under the same conditions 

the percentage composition of a formic acid - acetic acid mixture 

was calculated. The results are given in table 7.4. 

Table 7.4 

Compound Observed Molecular Monomer xo xM XD 
Weight Mol. Weicht 

Water (standard) 18.0 18.0 

Formic acid 54.8 46.0 

Formic acid 54.8 46.0 62.04 60.79 56.74 
Acetic acid 82.2 60.0 37.96 39.21 43.26 

The mass detector gives excellent quantitative results, but the 

gas density balance results are only fair. 

Molecular Weight Determinations of itiulticomponent Mixtures. 

An advantage of the determination of molecular weights by gas 

chromatography is that pure isolated materials are not required. The 

analysis of multicomponent mixtures therefore represents a more 

realistic situation than the analysis of a two component mixture in 

which one material is the added standard. 
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For the multicomponent mixtures, listed in table 7.5, each 

component in turn was taken as the standard, and the mean molecular 

weight of all the remaining. constituents calculated. Thus for an 

n component mixture, there will be n standards and n-1 values for 

the mean molecular weight of each component. It is not valid to 

calculate the mean of the (n - 1) molecular weights, to give a 

single value, since the different standards used to calculate the 

values, all have different molecixlar weights themselves, and hence 

fall on different parts of the curie shown in figure 7: 1= 

Compound True 
Hei 

Table 7.5 

Molecular 
ght 

Mean Detected Molecular Weight 
1234 

Cyclohexane 1 84.2 - 82.9 86.7 105.6 
Dichloroethylene 2 97.0 98.9 - 102.7 132.9 

n-Octane 3, 114.2 109.3 106.9 - 154.8 
Carbon tetrachloride 4 153.8 108.9 10615 113.6 - 

Benzene 78.1 - 78.9 79.2 
Toluene 92.1 91.0 92.5 
Ethyl benzene 106,2 103.7 105.1 

1"Iethyl ethyl ketone 72.1 - 7710 72.6 

I"Iethyl n-propyl ketone 86.1 79.8 - 80_5 

Methyl n-butyl ketone 100.2 99.1 110.4 - 

Methyl ethyl ketone 72.1 - 71.2 65.7 68.1 69.1 
Benzene 78.1 790 - 71.2 74.3 75.6 
Ethyl acetate 88.1 102.? 100.5 - 93.5 75.8 
n-ileptane 100.2 Ill-. 3- 108. 

-7 . 94.0 - 103.0 

n-Octane 114: 2 125_0 121.6 102.9 110.8 - 

Ethyl acetate 88.1 - 93: 8 90.5 
n-Propyl acetate. 102.1 95.3 - 98.2 

n-Butyl acetate 116.2 111.9 122.0 - 

Ethyl acetate 88.1 - 82_l 7918 
n-vropyl acetate 102.1 112.8 - 98.3 

n-Butyl acetate 116.2 138.6 122.0 - 
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True Molecular Mean Detected Molecular Weight Compound 

_ 
Weight 1234 

Butylene oxide 72.1 - 63.4 66.1 

Dioxan 88.1 ll0.8 - 94.8 

n-Octane 114.2 140.4 104.1 - 

The variation of bias with molecular weight is shown on figure 7.2. 

For all materials of molecular weight below 100, the results are 

reasonably satisfactory. The method does not yield sufficiently 

accurate results over this value; e. g. the results for carbon 

tetrachloride, (row 4), and using carbon tetrachloride as standard 

(column 4) are completely unsatisfactory. 

There is no significant decrease in the precision and accuracy 

of the molecular weights of the multicomponent mixturesbompared with 

the two component mixtures. 

7.2b High Molecular Height Carrier Gases. 

It was established in the preceding section that the use of 

nitrogen as a carrier gas can only yield satisfactory molecular weight 

values up to about 100, and above this' a carrier gas of significantly 

higher molecular weight must be used! Any gas should be suitable 

provided it is chemically inert and non-toxic. It must also be 

readily available and not expensive. Several gases, listed in table 

7,6 fulfil at least some of these conditions. 

fable 7: 6 

Compound ýp 
C 

MP 0C 
Critical 'temp. 

0C 
Molecular 
Weight 

Dichlorodifluoromethane -30 -158 112 120.9 

Chlorotrifluoromethane -81 -181 29 104.5 

Chlorodifluoromethane -41 -160 96 86.5. 

Sulphur hexafluoride -63 sublimes' 46 146.1 

. eor satisfactory operation in conjunction with the mass detector, 

additional conditions must be fulfilled. 

(i) physical adsorption must predominate, 

kii) the boiling point must be very low, compared with the boiling 

points of the materials under analysis. 
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viii) the carrier gas must not interfere with the adsorption of the 

eluted materials. 

it satisfactory gas would appear to be dichlorodifluoromethane, 

which is readily available as a liquified gas9. 

The amount of dichlorodifluoromethane adsorbed by active charcoal . 

at 15°C, was estimated, from published data10, to be 513 mg g1A 

similar estimation for nitrogen at 15., 0C gave 6 mg g1. The uptake 

of dichlorodifluoromethane by the charcoal used for mass detecting 

elements was 600 mg g -l. Since this is significantly greater than 

nitrogen, and is the same order as the materials under analysis, it 

is likely that the presence of dichlorodifluoromethane as a carrier, 

may interfere with the adsorption process. 

Prior to entering the chromatograph, the dichlorodifluoromethane 

was dried by passing through a 4A molecular sieve. Dichlorodifluoro- 

methane is slightly toxic and precautions were taken to prevent the 

gas entering the atmosphere on leaving the mass detector: the outlet 

from the detector chamber was fed to a cold trap at -70°C, attached 

to a water pump, 

Experiments to establish satisfactory operating conditions using 

the Martin gas density balance in the absence of the. mass detector, 

were carried out. Using a mixture of n-heptane and n-octane, peak 

splitting readily occured, but satisfactory response was obtained by 

a suitable choice of conditions. The mass detector was incorporated 

into the system. Air was swept from the detector chamber by a 

continuous flow of the gas, in addition to that reaching the chamber 

as carrier gas. The analysis of the two component alkane mixture 

produced a most unexpected result: the elution of each component was 

detected as a weight decrease, indicating displacement of adsorbed 

carrier gas by the new adsorbate. If'simple displacement occurs, the 

use of an adsorbate of higher molecular weight than the carrier, should 

result in a weight increase. The analysis of n-nonane and n-decane, 

also resulted in a weight decrease, so that the displacement cannot be 
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a simple function 

analysed, and the 

when nitrogen was 

Compound 

of molecular weight. Several other compounds were 

results compared with the weight increases observed 

used as carrier gas (table 7.7). 

Table 7_? 

Molecular sleight . Weight Change (jig) 
CCl.. 2 1v2 2 

n-Pentane ? 2.2 -227.7 - 

n-Hexane 86.2 -226.1 +420.2 

n-Heptane 100.2 -201.2 +451.9 

n-Octane 114.2 -197.4 +489.4 

n-Nonane 128.3 -77.6 +515.4 
n-Decane 142.2 -157.8 +551.6 
Benzene 78.1 -130.4 +549.2 
Toluene 92.1 +100.0 +59.1 

o-X; rlene 106.2 +64.3 - 

p-Xylene 106.2 +71: 4 - 
Chlorobenzene 112.6 +175.7 +714.7 
lodobenzene 204.0 +398.2 +975.0 
Carbon tetrachloride 153.8 +238.0 +762.0 

Although the basic mechanism is th at of displacement, it is a 

function not only of molecular weight, but of the area occupied by 

the adsorbate and the critical temperature of the adsorbate, in 

relation to these values for the carrier gas. Consider an adsorbate 

of lower molecular weight than the carrier, and having a similar 

critical temperature. A weight decrease will occur if the cross- 

sectional areas of the two molecules are similar, since one molecule 

of carrier will be replaced by one molecule of the new adsorbate. 

However if the area of the molecule is greater than a carrier gas 

molecule, then several carrier molecules will be replaced by one new 

adsorbate molecule, again resulting in a weight decrease. If on the 

other hand, the molecular cross-sectional area of the new adsorbate 

is smaller than the carrier, then several adsorbate molecules will 

replace one carrier molecule, and there may be a weight increase. 

To predict response on the basis of such a mechanism, requires an 

extensive knowledge of the nature of the adsorbates. A calculation 

of the expected response of the detector to carbon tetrachloride, 
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neglecting the critical temperature contribution, gives the value of 

163 jig: the experimental value was 238 pg. The use of dichlorodifluoro- 

methane as a carrier gas for molecular weight determinations is clearly 

unsatisfactory: However by using a mixture of dichlorodifluoromethane 

and nitrogen as carrier, response based solely on the weight of 

eluted material may occur if the dichlorodifluoromethane is in a 

sufficiently small proportion. The advantages of using a high 

molecular weight carrier gas for the gas density balance are maintained 

by introducing the nitrogen supply at the gas density balance outlet. 

The effects of such a combined carrier gas, on the mass detector were 

investigated. Buoyancy effects were separated from adsorption effects 

by running two series of experiments, one with a conventional lined 

detecting element and the other with an unlined element. The 

detecting element was saturated with dichlorodifluoromethane, after 

which nitrogen was introduced in varying proportions. The continuous 

passage of nitrogen resulted in a weight decrease (see table 7.8) in 

all cases, indicating that nitrogen was adsorbed in preference to 

dichlorodifluoromethane. Adsorption sites should therefore be avail- 

able for adsorption of other materials without the need to displace 

dichlorodifluoromethane. 

Table 7: 8 

F1oW xate 
CC1.214,2 

(ml min-') 
N2 

xatio Weight change 
mg 

28 - - (20.9) 
28 28 1: 1 -2.54- 
28 60 1: 2.1 -3.48 
28 122 1: 414 -4.73 
28 288 1: 10.3 -6.82 
- 288 - -8.50 

A mixture of n-nonane and n-decane of known composition was 

analysed using the carrier gases mixed in various proportions. The 

results are given in table 7.9. 
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Table 7.9 

Flow Rate (ml min-') iiatio % Weight of Bias 
CC12J2 N2 n-nonane 

29 54 1: 1.9 23.12 -9.5 
29 107 1: 3.7 29.92 -2.7 
29 154 1: 5.3 31.92 -0.7 

True value--j 32158 

A satisfactory response based predominently on the weight increase 

due to adsorption of the alkanes is obtained when nitrogen forms the 

major proportion of the gas mixture. Such a system may therefore be 

satisfactory for molecular weight determinations, although no 

experiments were carried out to confirm this. 

7.3 rAolecular -. eight Determinations using The r-lame Thermocouple 

Letector. 

the work was limited to a number of preliminary experiments of 

an exploratory nature to determine suitable conditions for molecular 

weight determinations. 

A rye Panchromatograph was fitted with a Pt-Pt/Rh flame thermo- 

couple detector (see section 6.5aj and the output fed directly to a 

10 mV potentiometric recorder. The chromatograph was fitted with a 

partition column (ApL ref. G) and an adsorption column (charcoal 

6 
ref. I) after the method described by Scott. An empty column 

(8m x 11 mm) was placed between these two columns to induce a time 

lag between partition and adsorption. Using 20 Ill samples, of n-hexane, 

well defined partition and adsorption peaks were observed, but they 

were insufficiently large for accurate peak area measurements. The 

sample size could not be increased. without overloading the partition 

column. No significant improvement in sensitivity resulted by 

changing the thermocouple position with respect to the flame, or by 

changing the hydrogen and air flow rates. An amplifier with a 

maximum gain of about 50 was constructed and used in conjunction with 

the thermocouples. Noise was excessive at all amplifications, and 

peak area measurement could not be attempted. 
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Chromatogram showing the ºlesponfe of the 41ame Thermocouple 
Detector (see pago 244). 
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The thermocouples were replaced by iron-constantan thermocouples, 

which will give a sensitivity increase of 5 mV per oC 
at about 8000C. 

Reasonable peak heights were observed for 5 p1 charges of n-hexane 

and n-heptane, but the detector was noisy, and accurate peak area 

estimation was not possible (figure 7.4). 

It was concluded that the detector will respond to flow rate 

changes most satisfactorily when a Pt-Pt/Rh thermocouple is used, 

without amplification, provided that a partition column of high 

capacity is used. The method offers promise, but a considerable 

amount of work is necessary before it can be regarded as better than 

the gas density balance, or gas density balance/mass detector methods 

for molecular weight determination. 

Mention has been made previously of the possibility of operating 

the Gow-Mac gas density balance in the horizontal position to obtain 

a response dependent solely on flow rate. The Pye Panchromatograph 

was fitted with a gas density balance in the horizontal position and 

10 pl samples of n-hexane were injected. A very small response was 

observed which may be attributed at least in part to inaccurate 

levelling of the detector. However, by changing the reference or 

analytical flow rate by even a few ml min-'. significant response was 

obtained. Further amplification of the detector output, or the use 

of larger sample sizes may produce a measurable response. 

724 The Measurement of Peak Areas and Step Heights. 

In Chapter 1 the measurement of the peak areas obtained from a 

differential detector was discussed. A number of different methods 

of determining peak areas were described, and the limitations of the 

various methods noted. For quantitative analysis it is essential to 

measure peak areas with good accuracy and precision. In the present 

chapter it has been established that the value of the technique of 

determining molecular weights using the gas density balance and mass 

detector relies to a greater and greater extent on the ability to 
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measure peak areas accurately as molecular weight increases. 

A study was undertaken to compare the reliability of measurement 

of peak areas by the methods commonly regarded as the most 

satisfactory, namely peals weight, and peal, height x width at 4 height 

measurements. In addition the results using a digital and mechanical 

integrator are assessed. Since the main purpose of the experiment 

was to select the most satisfactory method for use in molecular 

weight determinations, the study was limited to completely resolved 

peaks, and peaks where only a small amount of distortion was observed. 

It is necessary to separate effects not caused by errors in area 

measurement. The results must be independent of errors caused by 

syringe delivery etc. 't'his can be accomplished by injecting nominally 

the sarge amount of material of a two component mixture several times, 

and expressing peak areas as percentage composition. The'true 

composition of the mixture is not required to calculate the standard 

deviation of the results (precision), but it is required to find the 

bias (accuracy). The accuracy and precision of step height measurements, 

using the mass detector were measured using the same procedure. 

7.4a Experimental. 

A sample was prepared of composition 44: 94% by weight of n-propyl 

alcohol and 55.06% methyl n-propyl ketone. The Martin gas density 

balance was used, the output of which was connected to a potentiometric 

recorder in the usual manner, and in addition to a digital integratoril-. 

A total of 31 runs were performed, each using a nominal sample size of 

3 µl. The peak areas of all these runs were calculated from peak 

height and width measurements, and, the results are given in table 7.12. 

Peak heights, and step heights were of the order of 5 cm. The areas 

of 14 of the runs were measured by the digital integrator used in the, 

conventional manner. In this mode the integrator cannot begin counting 

until there is a finite baseline shift, which was set for this experiment 

at 0: 5>o fsd. The integrator will not take into account any fraction 
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of the peak area below this value. This is insignificant for 

symmetrical peaks, but could lead to a substantial error in the 

case of a peak exhibiting a long tail. This mode also relies on 

a completely stable baseline throughout a run, and any drift in 

baseline above the O. 5, o level will contribute to the peak areas. 

15 of the runs were carried out using the integrator in a different 

mode. The integrator was set above the zero count position when no 

signal was received from the gas density balance, and by means of 

a micro-switch printed out the number of counts at fixed intervals 

of time, it is thus possible to follow any drift in baseline by 

observing the change in count rate when no components are being 

eluted. On elution of a component the count rate of the integrator 

will change in the normal manner, but it will continue to print out 

at the same time interval. The peak area is obtained from the sum 

of the counts, above the zero signal count rate. The method has 

several advantages over the conventional operating procedure: 

(i) detector baseline drift and integrator zero drift can be taken 

into account in peak area calculations, 

(ii) there is no threshold below which the integrator does not 

count, 

(iii) the integrator will count negative peaks without the need for 

a signal polarity reversal switch, provided that the zero count rate 

is set sufficiently high. In the conventional operating mode the 

integrator will not count negative peaks, and a polarity reversing 

switch can only be used satisfactorily if peaks are well separated. 

The device used to trip the print-out mechanism of the integrator 

at fixed time intervals was made in the laboratory. To the shaft of 

a synchronous motor, geared to give a speed of rotation of 2 r. p. m. 

at 50 cycles sec-l, was attached a Meccano wheel of 2111 diameter. 

Near the circumference of the wheel was attached at equal distances 

apart, small protrusions made from 4BA screw heads. A wiping contact 

was positioned such that each screw head in'turn war, iour_hPA H- +I-- 
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wiper as the wheel rotated, thus momentarily completing an electrical 

circuit and causing the integrator to print. With 4 contacts spaced 

at intervals of 900, print out will occur every 71 sec. Provision 

was made for print out at other time intervals by changing the number 

of contacts, and by using a1r. p. m. motor. For the device to be 

satisfactory the following conditions must be fulfilled: 

(i) mains frequency must not fluctuate significantly, 

(ii) the distance between each contact must be identical, 

(iii) the wiper must always make contact at the same point on each 

head. 

`iche performance of the device was checked by timing 10 contacts 

starting at each contact point in turn. The results are given in 

table 7.10; 

Table 7.10 

Contact No. Time for 10 contacts Time per contact 
(sec) (sec) 

1 74.8 7.48 
2 74: 9 7.49 
3 75"° 7.50 
4 75.0 7,50 
1 75: 1 7,5'- 
2 75.1 7.51 

The performance was regarded as satisfactory. 

The peak areas of 15 of the runs were obtained by cutting out. 

the peaks and weighing them on an ordinary laboratory 4-place balance. 

The repeatability of weighing a single peak was measured: no 

variation of results measured to 0.1 mg (1% of the total weight) was 

observed. The variation of weight of the chart paper over the length 

containing the runs was measured, by cutting out small squares of 

equal size, about the weight of a typical peak. The results are given 

in table 7.11. 
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Table 7.11 

No, of Squares Mean gleicht a- V 
mg m6 °ý 

6 12.00 0.36 3.0 
6 11.62 0.21 1.8 

Variations in chart speed during a run will affect peak areas 

obtained by all methods except the digital integrator: no measurable 

variations in chart speed were observed, and the accuracy of the seed 

on each setting was excellent. 

The performance of a ball and disc integrator7 was assessed. 

The integrator was attached to a potentiometric recorder, and a 

similar mixture to that used above was analysed using a Pye 104 

chromatosraph fitted with a flame ionisation detector. The results 

are given in table 7.12. 

Data published by Scott and Grant8 have been recalculated in 

the form used in the present work and are given at the foot of 

table 7.12. 

Table 

: Method of Area Measurement 

7.12 

n Cr V °, ö Bias 

Peak width and height 31 43.41 114 2.9 3.4 
Peak weight 15 44.90 2.1 4.7 0.1 

Digital integrator - 
conventional mode 14 45.12 1.2 2.5 0.4 

fixed interval print out 15 46.20 1.1 3.0 2.8 

Step height (mass detector) 8 45.36 0.9 2.0 1.0 

Disc integrator 18 45.54 1.0 2.2 3; 0a 

Peak width and height8 20 23.37 0.28 1.2 

Triangulation8 20- 22.56 o. 60 2.7 
Planimetry 16 23: 49 1.23 5.2 8 

n= Ito. of determinations. 

= mean % weight of n-propyl alcohol.. 

a= assumes equal detector response for both constituents of the mixture. ' 

7. kb Peak Area Measurements - Conclusions. 

The most satisfactory peals area measurements were obtained using 

the digital integrator, but contrary to. expectations, better results 



-249- 

were obtained using the integrator in the conventional mode. The 

peak areas under study were "typical-, rather than ideal peaks. For 

a very broad and low peak it would be expected that the results 

obtained using the integrator conventionally would become poorer, 

but that the performance of the integrator using the fixed interval 

print-out technique would be unaffected. A similar result would occur 

for a peak with a long tail, irrespective of its height. The 

precision of the results obtained using the ball and disc integrator 

was equally satisfactory! Peak weight determinations gave a very 

accurate result, but the coefficient of variation was high due in 

part to variations in paper weight (table 7.11). 'The mass detector 

gave results as good as the best peak area results. 

7.5 Conclusions. 

The. mass detector can be used in conjunction with a iiartin gas 

density balance to obtain the molecular weights of the components of 

a mixture in a single run, but the method is only satisfactory for 

molecular weights up to about 100, when nitrogen is used as carrier. 

To increase this limit, dichlorodifluoromethane was used as carrier, 

but the response of the mass detector was not a simple function of 

the weight of material eluted. -. Preliminary experiments with a flame 

thermocouple detector indicated that combination with the mass detector 

would enable molecular weights to be determined without the limitations-- 

of the gas density balance/mass detector combination, provided a 

sufficiently large sample-could be used. 'lohe determination of 

molecular weights relies on accurate peak area determination. The 

most satisfactory results were obtained using digital and ball and 

disc integrators: 
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APPENDIX. 

The mass detector has been used on several post graduate courses 

in chromatographic techniques. Quantitative analysis of synthetic 

mixtures using the mass detector has been compared with the results 

obtained from conventional detectors using the same mixtures, by the 

participants of these courses. The results are summarised in the 

tables below. Each analysis was only carried out once, and the tables 

are composed of the results of 12 operators. 

Percenta7e Composition 

Detector 
Apparatus 
Method 

Maser 
Pan 
Step ht. 

F/I 
l04c 
Arean 

F/I 
104 
Peak wt. 

F/I 
104 
Disc 

GDB 
Pan 
Area 

Compound True comp. 

n-Nonane 33.2 33.0 33.5 34.1 32.6 32: 3 

n-Decane 27.3 27.9 27.5 28.2 27.9 27.6 
n-Undecane 39_5 39.1. 39.0 37.7 39.5 40. E 

F/Id F/I F/I r-11 F/I 
Fll l04 io4 PV4000e Pv4000 
Digit. Area Peak wt. Area Trian. 

n-ivonane 33.2 30_l 32.6 30.3 34.2 33.5 
n-Decane 27.3 29.6 27.2 29.3 26.9 27.3 

n-Undecane 39.5 40.5 4o. 2 40.4 38.8 39.3 

F/I r/I F/i F/I F/z 
F11 F. 1 Fll Pv4ooo Pv4ooo 
Digit. Area Wt. Area Triag. 

n-Octane 30.36 28.90 28.6 29.65 33.1 31.0 
n-Nonane 31.30 31.64 31.8 31.52 30.7 29.9 
n-Decane 38.34 39_44 39.6 39.13 36.2 39.1 

Mass 
Pan 

r/I 
1520 

F/I 
io4 

Step ht. Digit. Disc 

n-iieptane 24.46 2?. 8 27.55 24.3 
n-Octane 70.00 68.8 60.30 70.0 

n-Non-nne 5.42 6.3 12.40 5.5 

n-iieptane 5! 06 5.30 7.69 5.03 
n-Octane 37.30 37.60 34.20 37.0 
n-ivonane 57.70 57.20 58 . 30 58.0 
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Percenta, e Composition 

Detector Hass F/I F/I F/I 
Apparatus Pan 1520 104 PV4000 
Method Sten ht. Digit. Disc Trianm. 

Cornround True comp 

n-Heptane 34.9 32.4 26.55 

n-Octane 42.0 43.2 39.75 
n-Nonane 23.1 24.4 33.70 

n-rientane 57.2 55.2 33.85 56.5 

n-Octane 7.15 7.2 " 7.28 6.8 

n-r+onane 35.65 37.7 53.5 36.5 

n-Heptane 41.4 40.7 

n-Octane 28.5 29.4 

n-i'Ionane 30.1 30.1 

n-Heptane 24.76 24.85 
n-Octane 70.00 68.80 

n-Nonane 5.42 6.30 

n-Heptane 39*4 39.6 38'9 
n-Octane 25.0 25.4 24.6 

n-Nonane 35.6 35.0 3613 

Mass F/I GDB Kath. Kath. 
Pan 104 Pan 104 104 
Step ht. Triang Digit. Peak wt. TTriang 

Benzene 24.0 23.4 26.5 23.8 23.5 23.7 
Toluene 23.2 23.4 26.2 22.2 22.8 22.4 

Chlorobenzene 52.8 53.3 47.3 54.0 53.7 54.0 

F/I 1/I F/I F/I r/S 
104 104 104 104 104 
Digit. Area Peak wt. Triang Planim. 

n-týentane 22.5 18.4 16.6 20.2 16.1 17.4 

n-Hexane 17.6 16.6 15.4' 17.4 16.4 16.5 
n-Heptane 14.6 15_6 14.1 16.2 15.4 15.4 
n-Octane 16.5 17.6 18.8 16.8 18.8 17.9 
n-Nonane 28.8 31.3 ' 33_6 29.8 33.4 33!? 
a peak ar ea from peak height x width at half height 
b Pye Pan chromatograph 

c Pye 104 

d Perkin Elmer I'll 

e Philips PV4000 
f uilkens 1520 
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The mass detector Gave satisfactory quantitative analysis for 

all mixtures. results using the disc integrator were excellent, but 

the digital integrator results were rather variablel i"ianual peals 

area results were acceptable for all runs. 

The mass detector is in use at the Laboratory of the Government 

Chemist and is discussed in the Laboratory xeport for 1964 (pp 72i3). 

The mass detector forms the subject of patent No. B. P. 982,500, 

and other patents are pending. 
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