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Brief o f

More frequent analyses from a single column and, in some cases,
virtual deconvolution of overlapped peaks and reduction of tailing

A

have been demonstrated.

' Abstract

| Computer-simulation and laboratory sfudies hafe been méde
of aquantitative analyses obtained by overlapping of two or mofe
chromatograms in a single column. Using a high-precision chromatograph,
the-compromises between extent of overlap, which increased as the
sample~-injection interval decreased, and the resulting accuracy
and precision have bgen examined. Overall, rapid repeated.injécﬁions
permit a morelnearly continuous analefs of a sample stream using
a single chromatographic column. One potentiaily valuable special
case has_been discovered whichvinvolves summing the peaks' of more
strongly héld components. In a second important case, a virtual

, ¢

deconvolution of overlapped peaks éan be accomplished. In a third

case, excessive peqk—tailing has been shown to disapnear under

appropriate conditions.




Rapid Repeated Injections of Samples into' a

Gas-Chromatographic Column

In an effort to process more samples in a given time using
oniy a single gas chromatograph, several ideas have been tried.
First, Reilley9 Hiléebrand and Ashlev (1) suggested a periodic
introduction of samples ihto a column and sﬁBsequent Fourier Analysis
of the waveform appearing at the detector. Second, Hiratsuka and
Ichikawa (2) continuously injected a sample but changed tﬁe amount
in a sinusoidal fashion. They used sevefél-detectors along the
column so as to measure the phase-shift and amplitude~change from
the original wave. By using a set of simﬁltaneous equations, they
were able to calculate the mole.fraction of ‘each component.

Third, Obst (3) injected a samble periodically and applie& a phase
modulation treatment to the waveform that appeared at a single detectbf.

Recently, Power (4) and Murdock (5) used a simpler, but more
limited, téchnique df repeaﬁed injections. In both cases, one of
three components was hela up for a long period of time.compared
to the first two. The éonditions that resulted in long retention
for the last component were necessary in order to separate completely
the first two components. Their approach was simply to fill the
interval between fhe rapidly'eluting cdmponents and the strongly
held oné. Both investigators stopped injectioné at the time after
which théy wouldihave had severe overlapping of components, thereby
allowing elution of the strongly retained third component frém that

\
series of samples before proceeding with another series. Roth



investigators reported a significant saving of analysis time..

The purpose of the present inveétiggtion was not only to produce
more results in less time, but also to do so in a more nearly
continuous manner. ‘For example, by judicious choice of the time.
interval between injections, Power's analyses would not have had to
be interupted in.order to clear the column periodically. As will
be shown later, even if there had been no interest in phe strongly
retained component, repeated periodic injections would save time
compared to backflushing or allowing the most strongly held
component to elute.l

|
To apply any of the above methods, it is necessary to determine

the relationship betWeen the time between successive analyses and

the attainable aéburacy and precision. For example, no accuracy

is last by overlapping of samples by repeatedbinjections if the

individual peaks are still compietely resolved. However, as the

injection intérval is made shorter and peaks bhegin to oveflap, the

accuracy and precision of the analyses will decrease. The question

then hecomes one of\how closely one can approach a continuous

anélysis and still obtain results of prescribed accuracy and precision,
Assuming that one has a high-precision chromatographic system,

the present appréach offers advantages over the alternatives discussed

above. TFirst, it not only uses a single column. and a single detector,

but also a simple approach toward calikration. Second, it permits

measurementé to be made at a feﬁ selected times rather than over all

of the data points. Third, treatment of a system which involves

severe tailing is simplified because the overlap of samples



will deactivate the most energetic adsorption sites to a much greater

‘extent then usual. As expected, one has to examine the effects of the

components on one another and of peak distortion from instrumental

as well as from physico-chemical sources.

Experimental
Reagenté. The hydrocarbon samples, n-pentane, n-hexane, and
gfheptane, were J. T. Baker "Amalyzed Reagent" G.C. - Spectro quality.
The helium was Airco 99.99% pure that had been passed through a
LA molecular sieve. The column packings were Davison L0-80 mesh
Chromosorb G impregnated with SE-30, and silica gel.

Procedures. A 4% w/w SE-30 column was prepared by dissolving

the SE~30 in chloroform and coating it on the Chromasorb G using a -

rotary evaporator to reﬁove the solvent. The coayed sunport was
packed in a 100 em x 0.32 em o.4d. copper tube by vibration.
Anotherlcoiumn, contéining_silica gel? was packed in the same way
using a 50.0 cm length of the same tubiﬁg. A second coiled silics
column was 50 .-cm x 0.6k cm.o,d. A1l of the columns were formed into
10.0 cm. i,d. coils.

Liquid samples were injeqted using a 5 ul Tracor valve. Gas

,samples were produced in the following manner. A stream of helium

‘'was passed in succession through two gas saturators which contained

the liqﬁid hydrocarbons. A fiber-glass plug was located in the
exit port of the last tube to trap any droplets in the stream.
The saturators and filter were completely immersed in a dry-ice-

methanol bath (v-78°C) contained in a Dewar fiask. The saturated

f
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helium stream was allowed to warm to room temperature and then

passed through a 25 pl Seiscor sampling valve. Under those
conditions, one injection corresyronded to about 0;5 ng of n-hexane.
Usingva chromatographic system described previousiy (6), an
injection sequence was obtained by using a digital counter té
select a time interval. Fach time the preset count was reached,
the sampling valve was actuated;
Simulation studies were perfdrmed on a Hewlett-Packard 2116A
computer. The simulations were produced using a BASIC pfogram
called SIM, which permitted éathode~ray oscilloscope‘disPlays

of Gaussian curves of desired height, width, skew, and position.

Replicates of the curve(s) could be located at desired equal

intervals along a time exis, and the mum of the heights of all of thel

‘
)

peaks could be shown at each point aloné‘that axis. The running
sum was the simulated chromatogram which wés displayed on a Tektronix
611 6scilloscope and photoéraphed°

The same computef'was also used for reading the expérimental

data from the punched paper tape and for calculations.

Results.

Simulation Studies. First, repeated injections of a oné-

i .
component sample were examined using the Gaussian peak form. A

. [
chromatogram similar to Figure la was produced when the injection
interval allowed each peak to be separated from tﬁe others.;-As

expected, those measurements yielded results having accuracies

and precisions comparable to those for a single injection. ¥Figure

o ]
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1b §hows a simulated chromatogram for the same sample injected
at a.shorter interval. Consequently, the peaks overlapped somewvhat
and some accuracy and preéision.was lost. The heightvof_each peak
was still known accurately.because the neighboring peaks-did not
overlap enough . to affect the‘height appreciably, but the valleys
between the pesks were beginning £o fill in,

As thé injection interval was decreased further, the valleys
filled in faster than the peaks increased. Figure lc shows the
signal from an injection interval short enough so that there was
onlﬁ a somewhat wavy plateau which was higher than a single peak.
Further decreases in the injection interval had the major effect

of raising the plateau and causing it to be more nearly flat.
\ .

This last example has now approached gquite closely the limit of

contin%pus injection.

By calibréting the system, the height of.the plateau can be -
related to the amount of sample in eéch‘injéction; Figure 2
describes the maximum height of fhe 6verlapped peaks relative to a
single Gaussian peak vs the injec%ion interval_eg?ressed in standard-

deviation units of the Gaussian peak. In going from complete

sepdration of -the peaks down to about 3 standard-deviatiOn units,

- the peak height increased less tﬁan 2%. Then, the relative height

changed with increasing rapidity, but it could still be related
quantitatively to the‘concentration (or amount) of sample.

The\flatness of the plateéu can be reported as a percentage
by taking the differenée between the average values for the

maxima and minima, dividing by the average value for the maxima,



and nultiplying by one hundred. When the pércentage variation in

the plateau produced from a Gaussian peak was plotted against the
injection interval, the results shown by the solid lines in Figure
2 vere obtainedc

Simula£ions were also done using a skewed Gaussian model
generated by means of the following equation (7).

Y o= H e [(x¢)? / 20w + s(x-c))?].

where H is the height of the peak, X is the position along the

abscissa, ¢ is the location of the peak center on the abscissa,

Y is the ordinate value for a given x value, ¥ is the standard

deviation»of the basic peak, and s is thé‘skew féctor, which was held .

equalvgo zéro for ali values of x before the peak cénter. That

input produced the normal Gaussian férm on the leading edge, while

on the tailing edge, it could be used to progressively increase

the peak tailing.l The dotted lines in Figure P show’that this _' '
particular form of peak skew did,not produce as flat a plateau as

fhe pure Gaussian form at injection interﬁals less than 3 standard
deviation units. In addition, each waée_in the plateau ﬁas skewed.
?hese results were confirmed‘by a simulation study using data faken from
a real chromatogram for a skewed peak of gfheptane‘on a silica column.
fhe percent variation was essentially the same as that of the.
artificially skewed Gaussian,l This phehomenoq will find application

1

later in this paper.



Two—comﬁonent systems were alsoc considered so that all the .
baseline in a chromatogram would be utilized to produce meaningful\‘
data; For any two—component systeﬁ, overlapping of the peaks is
not the best sclution for improving the rate of repeated anélyées;
the best choice is to shdften the‘Column and not overlap the injections.
This would do four things:'éause the peaks to be narrower, permit ’ :
the'peak maxima to be closer together, shorten the time to complete
a chromatogram, and, usually, simplify the déta haﬁdling. Under
optimum condifions3 the injection interval would be equal to the
. sumlof the base widths of the two peaks. Thus, as soon as the two
-peaks from the first injecpioﬁ had eluted, the second sample
would begin_to elute (Figure 4b). The individual chfomatograms
would not be overlapped.
However, the overlapping of two-component systems is useful
to consider because one can often reduce, to the equivalent twb—
compohent system, problems‘which involve samples that contain threé '
or more components. Then; onc can often find a useful solution'by
applying thé overlap method. |
If -two.peaks are rather Widely:separated, one has the choice
between speeding up analysis using that same column, by incfeasing
the/column temperature (or the.flow rate of the gas) and lowering
‘the column temperature so as to permit peaks from two chromatggrams
to be interspérsed with littlé or no overlap of the igdividual

peaks. To minimize the overlap of the peaks. in the latter case,

" the injection interval must be 2AT/n where n is an odd integer,




greater than 1, and AT is the time (distance) be£ween the two peaks
in a given chromatogram.  In that way, the peaks will be prevented
from directl& superimposing on one another as a fesult of having a
common multiplier of time. Tigure 3a applies this éoncept to a- two-
compgnent sample. If shorter intervals are used (greater g) thé
overlap is greater just as it would be if the two components in one
sample were not as widely seﬁarated. For quantitafive measurements,‘
thelmaximum valﬁe of each peak can be calibfated using known mixtures.
Thé response time of thaf system from the first injection until a .
steady state'-is reached will be equal to the elution time '
of the last component in the sample injection that follows the change.
As an alternative one can overlap not only the indiyiéual
chromatograms.but also the individual peaks. If, in a mixgure,
‘one peak is at least 2, preferably 215 times wider than the other,
then the injeqtion interval can Be made such that the brdader peak.ﬁill
overlap with itsel% forming a nearly flat signal as was described
(Figure'Z),: However; the narrower péak will not overlap with itself N
to an appreciable extent. Under those ciréumstances, the narrower
peak was found to sit upon the relativeiy flat plateau of the wider
peak. The relative'positiOns of the two'peaks was unimpbrtant; and,
if they were unresolved, a virtual deconvoiution was accomplished quite
simply. Figurelh shows a chromatogram of one such mixture (n-pentane
. and‘gfheptane) and the wresults. to be'expected from rapid\repeated
injections. In the homoloéous n-alkane series, the n and (n + 2)

comporents will give the necessary ratio of widths. It should be

possible to measure such a system using the maxima ‘of the peaks .



and the minima of the troughs. It should also be possible to analyze

mixtures of the n and (n + 1) members of a series, ﬁut with less
reliability.

We shall now exﬁlore how the method of overlapping of chromatograms
might prove to be useful,for three or more components in a sample,
where separétion of any two of the components is difficult (%,5).
In the first case, £w§ compbnentS'may be just barely resolved
but the third component is widely separated from the first two \
(Figure 5). The bascline between peaks two and th;ee can be
utilized'by considering peaks onc and éwb as a single peak and
applying the method of overlapping chromatograms. An injection
interval caﬁ be selected thaﬁ will férm a plateau from the overlapped
third peak, on which the resolved pair of peaks one and two will sit.
waever9 the third peak must he greater than 2,5'timeé as.wide.as
the first two together (CD > 2.5 AB). \

_The\seqond possibility is tovemploy a modification of the
procedure employed by Powers (4) and Murdock (5). Depending -
uﬁon the width of the separati&n between peaks two and three,
different numbers of samples can be overlapped. For example,
the séparatioﬂ distance, BC, must be equal to, or greater than,
the total base widths of the peaks, AB + CD, Figure 5. This is
the case where n is equal to 3 and AB and CD are just able to
fit into BC. If BC is two or more times larger than (AB + CD),
n can be larger, and shorter injection intervals can be used.

In general, (n - 1)/2 is the number of total base-widths (AB + CD)

which can fit into the BC interval. Thus, ‘



and, solving for n, '

n = +1 (2)

Rounding off to the nekt lpwest integer allows one to calculaté
the minimum injection interval.. ! |

Another possibility is that of deliberate overlapping of
later peaks if only their sum ié desired. This might be done
in a situation where there are early peaks which are to be individually
determined, and later broad ones for which only the sum is needed
or, perhaps, they would otherwise be ignored or back-flushed.
This type of problem ariseé in air-pollution analysis for sulfur
dioxide or ammonia (8). To separate these from air, using Graphén,
-requires that a water peak appear 1ong after the components of interest
' haye eluted. Thelinjecfion interval would be such that the later
broad peaks sum up to a continuocus bhaseline upon which the earlier

sharp peaks would stand.

.Laboratory Studies. The first experiment was aimed at
determining how well the labofatory results Iprodﬁced
from a chromatograph agreed with the results from the simulation study
for a singlc component. A sample stream of helium, saturated at
\

—78OC with n-hexane was sample periodically and introduced into the

0.32 em silica column. The resulting peak had a standard

1

'dgviation of 12.8 seconds at half height, was slightly skewed,
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and had a tailing edge approximately 20% wider than the leéding

edge. The data were taken after three peaks of the series had

appeared, and then no fewer than five measurements were made én

each run. The data plotted as ghown in Table T had a coefficient

of variation of less than 2%. Figure 2 shows that they comparéd

closely with the simulations using the Gaussian form (solid line). / _ o
Since the hexane peak was slightly tailed, the resﬁlts were not

expected to be in such close agreement with the‘predictions

based upon a Gaussian peak.

The closeness of agreement seemed to indicate that the peaks
became more nearly Gaussian in shape due to covefage of the more
active sites in the,columh. To show that this was indeed the éaSe,

a more severely skewed peak vas obtained using 5 ul liquid samples

of heptane injected onto the 0.64 cm o.d. silica column. Figure

5a shows the heptane peak produced. Upon éoingvto repeated injections
of the sample, this skewed peak formed a %aseline like that derived
from a Gaussian input.

To explore further the idea that deactivation of the most')
energeti& éites vas leading to a Geussian peak, another gxperiment was

run in which a constant amount of'heptane was added to the helium

N 1

cafrier gas. Into that mixture, single samples of heptane wvere
injected. As the continuous level of heptane was raised, the peak
for the hepfane samples became more nearly Gaussian, as shown in
Figures 6b and 6¢c. The retention time also changed‘in'the

‘

expected direction.




An experiment was also done on a mixture under conditions where
the peaks in a single run would be badly tailed. Knéwn amounts of
n-pentane and n-heptane were used in mixtures to calibrate the
system using the O.6h‘cm 0.d. silica column and a thermal conductivity
detector.  Approximately 5 ul/samples were injected a£f26—second
intervals which corresponded to about 1.6 standard deviation units
of the heptane peak. Each run involved about 25 injections. The

‘

ratio of peak widths was 2.7 so the pentane peaks were separated

.from one another by k4.l standard deviation units of pentane at

that injection int’er:val° This gave a baseline (Figure Tb) upon Which
the narrower pentane peaks sat(Figure Tc). The percent variation of the
baseline formed by the heptane was less than the noise (V1%). Data
taken on38—lO peaks are shown in Figure 8 along with the least-
squares lines.. The greatest relative uncertainty in any run was
2{05'percent which corresponded to an absolute uncertainty in the

\ ‘
mixture of & 1.75% for pentane.

When the same experiment was repeated at an injection interval

of 34 seconds (2.1 standard deviation units for heptane) a wavy signal

of about 5.1% variation was obtained using pure heptane. Combined

with the pentane signal, they préduced a regular waveform of peaks
and valleys. When samples .of different compositions were done in
random order, the reproducibility of the duplicates was 3.1% or
better on a relative basis, or about z 0.5% absolute in terms of
pentante. figure 9 show; the resulting calibration curve. Thué,

even at the longer injection interval,.which did not pfoduce

a flat plateau, the system could be calibrated to_ﬁroduoe rneaningful
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results. However, the calibration curves were not linear. The
reasén'for the nonlinearity is quite complex. It is a result

of changes in the sample concentration which produce changes in the _
widths and retention times of the peaks as a result of changes

in the percent coverage of the'active sites in the coiumn.l Similar
effects were observed previously in the ong-component system (Figure 6).
The curve for the difference did not go through zero because the heptane

signai had a S5-percent variation at that interval and therefore

there were peaks and troughs present even with pure heptane..

'

Discussion
! | The methods described above possess the advantage of saving
a substantiai amount of time ﬁithout the need for added chromatographic
equipmenta Only oné column is needed to process many samples guickly.
For process-stream anaiysisP this system should give results at
shorter intervals than singleisample methods, especially if one
is interested in analyzing for only two or ﬁhree components in a
complex mixture. One would have to wait the séﬁe length of time
to complete each analyéis, but there would be more results per
unit time, thus facilitating the'observation of shorter-term |
changes in composition. The amount of data taken can be reduced
by measuring only at a few selected times rathér. than continuously;
The major requiremeﬁt is the neea for high precision in the
sampling and injection sysfem. .
The analysis of the n and (g_+ 2) system of a homologous system
is possible because of the favorable peak—width ratio: It appears’ ,

that this ratio will be favorable in most homologous.series and
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would thus be useful. Also, the n and (n + 1) members of any

series would lend themselves to the same type of analysis even

.though the ratic would be less favorable. Because of the lower

. ratio the narrower peak would overlap with itself té some extenti

However,_peaks and froughs would appear in the resulting chromatogram

and would make possible‘aﬁ anaiysis after appropriate calibration.
The fact that the reiative positions of the ﬁwo peaks does '

not affect the ”deconvolutiﬁg" effect should be‘e:mphasized° This

fact allows one to do an analysis on a system without complete

séparation of the components as long as one component is at least

2.5 times wider than the.other. Hence, the deliberate overlap of

major-component peaks may'permit th@ ready detection and determination

of trace components that would otherwise be hidden by the major
component. However, due to a small signal difference (trace component )

in a large signal (major component ), some sensitivity will be lost.
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Table I

Comparison of Real Chromatographic Data with Simulated Data
for Rapid Repeated Injections of a One-Component Sample

P

Run Injection, Interval ' Percent Variation Relative Baseline Heigh%
Number &kmﬁs Std. Dev. .'me , Simulation Exp. 'SMmhtmn_

3 S T2 | 5.00 9oud 91.2 11.10 1.00

4 48 3.33 55.0 50.5 | 1.12 1.01

5 36 2.50 16.6 16.2 | 1.13 1.08

19 30 2.50 17.9 16.2 107 1.08

21 25 1.95 L1 2.1 ’ 1.38 1.30

23 .19 1.48 0.7 0.2 1.78 1.70

o5 16 1.25 0.6 <0.1 234 2.00



Figure 1. ‘Chromatogram for repeated injections of a one-component
sample at intervals expressed in standard-deviation
unité of the peak.
. a - injection interval greater than 4 standard
deviation units
b - injection interval of 2.5 standard deviation units

¢ - injection interval of 1.5 standard deviation units

Figure 2. Relative height and the percent‘variation vs the injection
interval (standard deviation units) of a chromatogram
vobtained from rapid repeatéd injection of a éne—component
sample. -
Solia lines - computer simulation using Gaussian form
Dotted lines - computer simulatipn using ;kewed
Gaussian form |

Points - experimental data

Figure 3. Chromatograms for a two-component mixture which |
compare the methods of overlap and no overlap. The

. ]
injection number is shown.

Figure h. Example of a virtual "deconvolution" by repeated
injections of g two-component mixture. Solid line: -
actual signal from chromatograph. Dotted line: - individual

Ve
sample signals that form the chromatogram.
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Figure 6.

Figure 8.

Figure 9.

Three-component chromatogram illustrating unused paseline
and the determination of the appropriate injection interval.

-,
7

Chromatograms showing the changes in g}hepténe peak
parameters with the continuous concentration of n-heptane
in the carrier gas.

A ~ no heptane in carrier

B -~ carrier saturated Witﬁ n-heptane at O OC‘

C - carrier saturated with n-heptane at 20 OC

Example of typical results from a series of rapid
repeated injections of a n-pentane - n-heptane mixture. .
A. Chromatégram of a single injection
B. Result of an injection series with heptane only.
C. Result of the same injectidn series using the same

sample as in A.

Calibration curve for the analysis of the gfpentane~g§heptane
mixtﬁres using rapid repea£ed injections of gas samples.

A. Trough minimum

B. Difference (Cc - 4)

C. Peak maximum

\

Calibration curve for the rapid repeated injections
of liquid samples of a\grpentane4gfheptane mixture.
A. Trough minimum
B. Difference (C - A)

C. Peak maximun
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