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SUMMARY : .

Statistically designed experiments have been carried out to examine the eilfects
of operator technique and injection variables on the precision and accuracy of peak
height and area ratios. The results show that technique must be carefully standardized
and that bias errors can be minimized by sound chromatographic practice. In general.
on-column injection gave significantly better precision for narrow-boiling-range
mixtures. but tlash vaporization injection gave better results for peak height ratios
with wide-boiling-range mixtures.

INTRODUCTION

This paper is the second in the series to be prepared from the results of the
BSI Research Project described in Part I (ref. 1). The purpose of thisstudy was to assess
the nature and magnitudes of errors that occur in liquid sample introduction to packed
columns using microlitre svringes. This operation probably contributes a larger total
error to the overall analytical error than any other single source. The total error arising
from sample introduction can consist of random error, which leads to lack of pre-
ciston, and bias error, which leads to lack of accuracy.

Nevertheless, the injection of liquid samples into the chromatograph by means
of" a microlitre syringe is now the accepted method for the majority of applications
and this situation is unlikely to change in the forseeable future. Thus, whatever the
inherent disadvantages of the method, the principal aim of this study was to examine
the errors associated with the normal procedure rather than to attempt to devise more
precise and accurate methods of sample introduction. i

Clearly there are two major sources of error arising from the injection process.
viz.. procedural error, which is caused by the operator and the particular technique
he employs for filling the syringe and discharging it in the Injection system, and in-
strumental error, caused by the design of the injection svstem and the conditions
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under which it is operated. A complete factorial investigation of all the possible
variables would have been prohibited by the limited time available and so these two
major sources of error were investigated separately because the probable interactions
can be predicted by simple logic.

NATURE OF INJECTION ERRORS

The ideal method of syringe injection would add the required volume of a
representative fraction of the sample to the stationary phase in the first theoretical
plate. This could be achieved, in principle, by displacing such a fraction from the sy-
ringe directly on to the column packing by the depression of the plunger. In practice,
Rowever, the syringe needle invariably contains residual sample and fractionation
eitects will occur while the syringe needle is immersed in the injection system. This
can lead to a relative enrichment of the loner-boiling components. the extent of which
depends on both the residence time and the temperature of the system. When relatively
low vaporizer temperatures are used, as is often the case with on-column injection.
it is sound practice to withdraw the syringe immediately after the depression of the
plunger to minimize this fractionation effect. When high vaporizer temperatures are
used, however, as is often the case in flash vaporization, significant fractionation
occurs concurrently with sample displacement and so it may be expedient to use a
longer residence time to vaporize all the residual sample from the needle. This tech-
nique, of course, would only be praciised with very small capacity syringes, where
the needle acts as the barrel and the sample is displaced by the movement of a steel
wire inside the needle.

) With syringes of larger volume, the needle is always completely filled with
sample and serious bias errors due to fractionation would occur it the needle were
not removed immediately after the depression of the plunger. In practice the injection
technique usually consists of 4. combination of flash vaporization and on-column
injection and the optimum residence time can only be estimated by trial runs on
typical samples. Thus. we see that by the application of sound chromaiographic
principles, bias errors- that arise from fractionation etlects should be minimized.
However, there is a further problem. which arises from a combination of operator
technique and the injection conditions. This is the eftect of injection variables on
the ~“injection function™, i.e., the distribution of the solute zone on entering the column
packing. This can be adversely affected by capacity effects in the system, overloading
the stationary phase and by slow vaporization of compoenents. The use of low vapor-
izer temperatures w  tend to give a poor injection Tunction for high-boiling com-
ponents causing tail .¢ peaks. Conversely fractionation effects from the needle will
have a more critical effect on the zone widths and hence the heights of rapidly eluted
compounds than on those of well-retained compounds. With either of these eflects
it is good practice to use peak area rather than peak height measurements, but again
the appropriate procedure can only be chosen trom the results of trial runs.

EXPERIMENTAL

For the purposes of the investigation the errors arising from syringe injection
were considered to be of two main types, viz. (1) Operator errors resulting from the
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technique adopted for filling the syringe and injecting the sample. This is defined as
procedural error™. (ii) Errors resulting from the design of the injection svstem and
its operating conditions. This is defined as ~instrumental error™.

The microsyringe may also affect both of these types of error from the view-
point of both its design and degree of wear. In this investigation it would have been
inappropriate to compare syringes of different origin, but experience has shown that
all microsyringes deteriorate gradually with use. Thus, any excessive error resulting
from the use of a particular syringe was included in the replicate error by using
several syringes during the investigation. In view of the limited time available for this
study only 1-xd “plunger in necdle™ syringes were employed. The injection svsiem
consisted of a separately heated block or ““vaporizer™ that could be adapted.to either
flash vaporization or on-column injection. In either case the svringe needle penetrates
a silicone rubber sepuum and projects into the centre of the block. For flash vapor-
ization injection this central space is occupied by a [0-cm stainless-steel tube that is
connected to the column inlet outside the block. For on-column injection the column
inlet itself 15 inserted into the block so that the svringe needle can make contact with
the packing. The inlet gas stream enters the column around an annular space between
the outside of the stainless-steel tube (or the column) and the wall of the vaporizer.
This annular space forms a constriction to minimize the possibility of back-diffusion

effects.
PROCEDURAL ERROR

A sample was prepared comprising 17, toluene and 17, cis-dekalin in cyvclo-
hexane. These materials were chosen beciause of the wide difference 'in their boiling
points. o detect fractionation eftects: and because of their thermal stability.

The following chromutographic conditions  were ased. Chromatograph:
Vartan 1860-1, fitted with improved {low control systemincorporating thermostatted
capillary constrictions for the carrier gas and auxiliary gases. and a precision pressure
controller situated up-stream from the chromatograph inlet points. Carrier gas:
nitrogen at 12 psii. Column: 3 m - 6 mm O.D. stainless steel. packed with 209,
Carbowax 20M on Celite. 72-80 BS mesh. Column temperature: 160 . Detector:
flame tonization. Detector oven temperature: 200 . Recorder: Servoscribe. Type RE
512-20, operated on 10-mV range. Electronic integrator: Varian Acrograph, Model
480. Injection system: ilash vaporization mode, emperature 200 .

A standardized injection procedure was adopted and the eflects of deviations
from this procedure were studied by carrving out runs in pairs. one sample being
injected by the standardized procedure and the other by a variant procedure in which
only one variable was altered. The order of the injections was randomized to avoid
anyv possible order etlects and sets of eight pairs were run for each variani-standard
combination. The peak areas of the toluene and cis-dekalin were measured by the
electronice integrator and their heights were measured manually in the normal way.
Details of the standard and variant procedures and associated set numbers are given
in Table L. Sets 4 and 18 were performed without a variant to ensure the absence of
any injection order effect or ““presence of variant™ effect that could cause the operator
to be significantly less precise in his sequence of operations when variants are included
n the set.
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TABLE 1
DETAILS OF STANDARD AND VYARIANT PROCEDURES
Standard " Ser  Variam ' )
No.
Sample taken through 5 Sample taken through ““suba-seal™ stopper and syringe o
“suba-seal’” stopper wiped carefully, avoiding tip
6 Sample taken through “suba-seal” stopper and syringe
wiped without avoiding tip
1 Sample taken from open bottle and syringe not wiped
el

Syringe not wiped Sample taken from open bottle and syringe wiped carcfully,

avoiding tip

3 Sample taken from open bottle and syringe wiped withiout
avoiding tip
Plunger raised 3 mm 17 Plunger not raised bevond ““full™ position
bevond “full™ position
when filling syringe
and then returned to
“full™ position
Syringe filled after three 7 Syringe filled after one operation of plunger
operations of the plunger 8 Svringe filled after ten operations of plunger
Immediate injection 16 20-sec interval between filling the syringe and injection
No spacer bar used. i.e. 9 Short spacer bar used. 30 mm of needle enters the injection
532 mm of ncedle enters system -
the injection system 10 Long spacer bar used. 16 mm of needle enters the injection
syvstem
Needle inserted centrally 15 Needle inserted off-centre and to one side of injection
into septum and system
injection svstem
Needle inserted rapidiy 12 Needle inserted slowly into septum
Into septum
Plunger depressed rapidly - [1 Plunger depressed slowly
Needle left in injection 13 Needle leit in injection system for 2 sec after depression of’
system tor 10 sec after plunger
complete depression of 14 Needle left in injection system for 20 sec after depression ot
plunger plunger
As cbove 4 No variation

18 No variation

RESULTS OF INJECTION PROCEDURE TESTS

Table 1l gives the results for the mean set ratios of toluene to cis-dekalin peal
areas and heights, with their coefficients of variation, and also the mean set ratios ¢
variant to standard peak ratios with their standard errors.

The mean set area ratios of toluene to cis-dekalin decreased gradually durin
the period of the experimient owing to volatilization losses. This accounts tor the muc
greater set variances in sets 10, 16 and 18, which were carried out with night or weel
end intervals. )

Comparing the coefficients of variation within each set, only sets 5 and 117§
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TABLE 11
RESULTS OF PROCEDURAL ERROR INVESTIGATION
Ser toluene Sig. . {rolucne rolucne
No. Ratio (,7;;;-;;15;) level Ratio {dm,z;-,, (var) / dekalin© "‘”)
SR - of diff. of pairs
Mean for sets Coefi_ var. (%,) in D . ] ]
- - - - coeff. Mean Standard  Sig. diff.
Sed. Var. Std. Var. var. (®,) for sets  errors Srom
of mean wnity ()
Areas
1 1.1605 1.1624 0.804 1.05 ns 1.0019 0.00548 ns
2 1.1315 [.1229 0.870 0.859 ns 0.9924 0.00266 99
3 1.1156 1.1123 0483 0360 ns 0.996% 0.00141 95 e
4 1.0816 1.0886 0413 0752 ns 1.0067 0.00412 ns
5 1.0790 1.0074 0.278 0.682 95 0.9986 0.00202 ns
6 1.0676 1.0670 0.546 0.701 ns - 0.9993 0.00197 ns
7 1.0674 1.0635 0229 0363 ns 0.9966 0.00158 93
h 1.0612 1.0671 0535 03529 ns 1.0055 0.00235 95 - -
9 1.0612 1.0660 0.263 0.494 ns 1.0045 0.00230 “93
10 1.0312 1.0354 292 ijos ns 1.0041 0.00335 ns
I 1.0022 1.0032 0322 0890 95 1.0010 0.00326 ns
12 1.0057 1.0013 0.867 1.05 ns 0.9957 0.00569 ns
13 1.0106 1.0128 0.250 0.353 ns 1.0021 0.00207 ns
i1 1ot 1.0105 0.476 0.343 ns 0.99914 0.00155 ns
15 0.9890 09846 0.690 0.664 ns 0.99356 0.00131 ns
16 0.9911 0.9841 1.17 1.06 ns 0.9930 0.00381 ns
17 0.9881 09832 0.704 0.910 ns 0.9950 0.00192 95
18 0.9583 0.9566  3.08 3.30 ni 0.99582 0.00308 ns
Overall mean 0.796 0.968 99
Heiehts
1 1.499 188 0.613 2.60 99 0.9925 0.00972 ns
2 1,453 1.452 0.788 0.957 as 0.9993 0.00228 ns
3 1.437 1431 0472 0342 ns 0.9957 0.00110 99
3 1.395 1.399 0.537 0.357 ns 1.0029 0.00226 ns
5 1.393 1.396 0.269 0.320 ns 1.0019 0.00122 ns
6 1.378 1.381 0.775 0.728 ns 1.0021 0.00224 ns
7 1.374 1.372 0.262 0.326 ns 0.9992 0.00190 ns
8 1.369 1.359 0.579 0.681 ns 0.9931- 0.00271 95
9 1.367 1.348 0.411 0.623 ns 0.9861 0.00138 99
10 1.328 1.298 3.07 235 ns 0.9774 0.00522 99
1l 1.292 1.287 0.251 0.482 ns 0.9963 0.00176 93
12 1.291 1.271 0.605 0.618 ns T 09847 0.00239 99
13 1.291 1.301 0.578 0.277 ns 1.0077 0.00207 99
14 1.303 1.301 0.322 0.457 ns 0.9984 0.00214 ns
15 1.272 1.275 0.371 0.438 ns 1.0027 0.00152 ns
16 1.279 1.282 0.647 0.698 as 1.0027 0.00375 ns
17 1.276 1.283 1.08 290 99 1.0052 0.00990 ns
18 1.232 1.235 346 3.82 ns 1.0021 0.00161 ns

Overall mean 0.838 1.054. 99
the area ratio results give a significantly lower precision using the variant. The com-
paratively lower precision for set 5 is probably a result of variable fractionation effects
from near the needle tip due to it not being wiped. In this event one would also expect
significantly worse precisions for variant sets 1 and 2, but here unfortunately much of
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the significance is lost owing to the much larger variances arising from the day-to-day
volatilization losses. However, the slow depression of the plunger in set 11 clearly has
an adverse effect and so should be avoided.

The overall mean set variance for standards is significantly better than for the
variants. This confirms that a standardized procedure will give a better precision in
injection than a variable one. The general lack of significant differences, however,
between the variances of the standard procedure and those of the variants implies
that the actual procedure adopted as a standard is not critical. provided that it com-
plies with sound chromatographic practice.

For peak height ratios only sets 1 and 17 gave a significantly lower precision
using the variant procedure, and since neither of these sets gave significant eftects
for the area ratios, the lower precisions experienced in the variant mode must be
attributed to injection function effects. Thus, not wiping the needle when the sample
is taken {rom the open botile or not raising the plunger bevond the full position when
filling the syringe will leave sample at the very tip of the needle. This seems to cause
some significant peak spreading that affecis the toluene peak more critically than the
cis-dekalin peak.

The results for the variant to standard ratios were calculated to eliminate the
time effect caused by preferential losses of toluene and changes in response. When
these miean ratios are statistically different from unityv, we can assume the existence
of bias errors, the nature of which depends on whether the elfects were high or low

TABLE 1}

SUMMARY OF SIGNIFICANT EFFECTS IN VARIANT.STANDARD PEAK AREA AND
HEIGHTS RATIOS

Ratio” Application Probable explanation

Cm . to ser mpnbers

Areas Heights

Low No sig. 2,7, 17 (2t) Preferential loss of toluene in variant probably

effect taking place by fractionation from syringe before
injection.
(b} Preferential loss of dekalin in standard probably
due to fractionation after injection in which a
higher concentration of dekalin is left behind.

Low Low 3 (¢) Asin(a)or (b) together with additional injection
function effect due to zone spreading.

High Low 8.9 (d} Preferential loss of dekalin in the variant due to
tractionation after injection, leaving residual
dekalin. with additional injection function effect.

No sig. Low 10, 11,12 (e) Injection function etfect with variant but probably

effect no bias error due to fractionation.

No sig. High I3 (f) Injection function cffect with standard but probably

effect no bias error due to fractionation.
R _- toluene
variant ratio .
dekalin
" Ratio = R
toluene

standard ratio .
dekalin
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and whether they were obtained for areas, heights or both. Table [1I gives a summary
of” the significant results and their probable explanations.

Regarding the area results, it is apparent that the number of insignificant dif-
ferences by far exceeds the number of significant differences. This strongly suggests
that the standard procedure does, on average, provide a representative sample with
no bias error. Thus, in those sets where significant differences occur, the effects are
probably due to bias errors in the variant procedure. For the height results the
preponderance of low values indicates that the variant procedure is giving greater
spread of the toluene peak than the standard procedure and this is because of an in-
jection function effect. Only set 13 gives a high result and it is interesting to compare
the height ratio results for sets 13 and 14. There is apparently a decreasing effect with
increasing residence time, which suggests that the standard procedure is having a
slightly adverse effect on the toluene spread and a shorter residence time would be
preferable. This would also reduce the possibility of fractionation eflects that could
give significant bias errors with lower vaporizer temperatures.

INSTRUMENTAL ERROR

Factorial experiments were designed to test which of the instrumental injection
ariables cause systematic changes in relative peak areas and heights. The experi-
ments were intended to test the effects of vaporizer temperature, mode of injection,
chemical tyvpe and boiling range on the representativity of the chromatographed
sample. as measured by changes in relative peak areas. and the injection function
error, as measured by changes in relative peak heights. Four boiling ranges were
selected. each containing components of differing chemical types. Details of the mix-
tures are given in Table IV.

The chromatographic runs were carried out in sets, each set consisting of
short-term duplicates run by the standard injection procedure. Three replicates were
performed under each combination of conditions, but on different days and using
two different syvringes so that errors from these sources were included in the repli-
cation error. Experimental details are given in Table V. Each figure refers to a com-
plete set and designates the order of performing the set. ’

Analvses of variance were performed on the results and the eftects were tested
tor significance using the ~F™ test. ~Within™ effects were tested by comparison of’
estimated precisions with cach other and ~“between™ eftects were tested by comparison
with the estimated mean replicate variance for the particular compound concerned.
The results are summarized 1in Tuables VI-IX which give the estimated percentage rel-
ative standard deviations tor each effect and the significance of the values obtamed.

CONCLUSIONS TO EXPERIMENTS ON INSTRUMENTAL EFFECTS
Within cffects
Replicates :
Area ratios. With the low-boiling mixture the mean coeflicient of variation for

arca ratio replicates is least for toluene and greatest for L-propanol. these two values
differing by a factor of about ten. The methanol value is also high, suggesting that the
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TABLE IV
DETAILS OF MIXTURES USED IN EXPERIMENTS ON INSTRUMENTAL ERROR

r = Reference compound.

Relative

Samiple type Component B.p.
(columm ) (°C) retention
remperature) (reference = 1.00)
Low boiling Diethyl ether 35 0.31
(100°) Cyclohexane 81 043
Methanol 64.5 0.69
Benzene (r) St 1.00
I-Propanol 97 1.30
Toluene 11l 1.61
Medium boiling I-Propanol 97 0.53
(100°) n-Butyl acetate 126 0.69
Ethvlbenzene (r) 136 1.c0
o-Xylene 144 1.36
cis-Dekalin 195 1.81
High boiling Ethylbenzene (r) 136 '1.00
(160%) Tetradecane 252 2.1t
Indene 183 3.70
Hexadecane 287.5 1.63
Wide range Diethyl ether 35 0.23
(1607) Cyclohexane S1 0.27
Toluene 1il 0.50
Ethylbenzene 136 0.64
cis-Dekalin (r) 195 1.00
Tetradecane 252 1.32
Indene 183 227
Hexadecane 287.5 2.80
TABLE V
EFFECT OF INSTRUMENT VARIABLES ON INJECTION — EXPERIMENTAL DETAILS
Type of mixture On-column ' Flash rabari:atiau
Vaporizer temparature (°C) Vaporizer temparature (°C)
100 150 200 100 150 200 250
Low boiling 9 s 1 17 21 25 13
9A 5A 1A 17A 21A 25A 13A
iB ~ 5B 9 13B 258 2iB 17B
Medium boiling 10 6 2 i8 22 26 14
10A 6A 2A 18A 22A 26A 13A
2B 6B 10B 14B 26B 22B i8B
High boiling i2 8 4 20 24 28 16
12A 8A 4A 20A 24A 28A 16A
4B 8B 12B 6B 28B 24B 20B
Wide range | 3 7 3 19 23 27 15
l11A 7A 3A ISA 23A 27A 15A

3B 7B I1B 15B 27B 23B 19B
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TABLE VI

SUMMARY OF RESULTS OF ANALYSIS OF VARIANCE FOR LOW-BOILING MIXTURE
Reference peak = benzene (peak 4).

C 0;"['";'-;"(1;— iu "’,;‘l"":'
of elution

Diethyl ether
Cyclohexane
Methanol (benzene)
1-Propanol
Toluene

Overall mean
d.og.”

Diethyl ether
Cyclohexane
Methano |
i-Propanol
Toluene

Overall mean
d.o.f.*

Within cffects

Rep.s’; On- Flash
column v,
{oc)

" Area ratios

1.41 1.44 1.53

flash’

(- ) = 1.06. (ns)

oc |

.46 1.20 1.78

flash

(7)) - 1asns)

oc

285 214 345

lash;
F(20) = 161 s)
o

3.79 2.93 1.49

 flash
F( ") s s

oc

0.39 0.16 0.1

flash
F( ) = 70,095
c !

198  1.57 2.35
70 10 33
Heighr ratiox
1.16 6.39 3.26

9 ) L 3.83.090)
flash’

2.35 198 3.33

: flash ;

| > } = 2.81,(ns)

L o¢

270 1.82 343

:tlash |

("7 = 3.58,095)

oc

172 356 580

 flash
F( 1) = 2.66, (90

oc

0.45 0.55 3.38

flash

("77) = 38.099.9)

kS OC -

294 286 384

40 55

* Degrees of freedom.

30

Percentage relarive standard deviations

Benween effects

Ser ! Ser?2 Set3  Temperatures
oc Flash v.
0.75 052 037 045 I1.11
Set i
Ger3 | =+ 00
068 065 0.21 1.23 1.23
Set 1
Set 3 ) 1199
1.38 1.15 - 093 0.78 1.33
; Set 1
( Set 3 ) =: 2. 22 (ns)
1.73 128 089 0.32 1.55
Set 1
S:[ 3 } = 3890
041 021 016  0.09 0.27
Set 1
Set 3 ) = 7,099
0.99 0935 051 058 Li0
30 3 3 10 15
3214 589 353 598 839,
: Set 1 (S0)
F[ SL[ N ) == 2.2 (ns)
C
2.06 245 1.97 3.28 3.8,
Set 1 (95)
SZ[ 1 ) == 1.1, (ns)
1,36 184 317 2.77 1.53
; Set 3
( Set 1 ) = 547,95
281 14 1.08 1.27 1.97
Set 1 PO
F Sei3 ) = 6.9, (95) B
032 069 095 092" 278,
Set 3 (99)
ot 1 ) = 9.(99.9) '
c H
236 308 213 324 4.23,
30 30 10 15

Sery

882,
(90)

1.10,
(95)

6.76,
(93)

1230,
(99)

0.17

Modes

1.17

0.65

1.50

1.99

a.54

U -

5.07

1.05

6.20,
(95)

219

3.20,

(99)

+.20
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SUMMARY OF RESULTS OF ANALYSIS OF VARIANCE FOR MEDIUM-BOILING MIXTURE

Reference Dn.ak == ethyl benzene (peak 3).

Ci umpuumb in order
of elution

I-Propanol
Buiyl acctate
(cthylbenzene)

o-NXylene
cis-Dekalin
Mean
d.o.f.

I-Propanol

Butyl acetate

o-Xylene

civ-Dekalin

Mean
d.o.f.

Pcrceulaz.'c -elative standard denalwm

Witkin e jﬁ'c!_\

Betu cen ¢ j[ccts

Reps- Ou- Flash  Setl Ser2 Set3 Tcmpcramres
colunur v, e
(oc) oc¢ Fi I(ulz v,
Area ratios
6.535 4.12 7.05 7.16 212 270 140 5.24
('ﬂll_\'h) 3.01. (95) ( Sct | ) 5.8. (95
= 3.01, = D
oc Set3 ! )
2.25 1.63 2.38 1.62 0.72 1.47 1.31 1.72
; flash Set 1
E =210, (ms) F . )= 112 ms)
oc \ Set 3

0.539 0.30 0.82 1.10 0. 0.32 034 1.04

F() 78 009y B[ 5! ) 11.4,(99.9
(oc:ﬂ"(') Set3 /]~ 7 9

.22 0.97 824 11 0 Q.83 0.82 1.01 S.93,

F(ﬂ‘bh-) 69.5. (999 E | b} ) 167.(99.9 o
'oc,“‘)( )['it = 167.499.9)

2.65 1.76 1.62 5.22 2.58 4.63 1.02 1.23
36 32 41 24 21 24 S 12
Heioht ratios

6.32 437 189 26.7 2.2 370 273 20.3,

_;fash o Set 1 YY)

{ S 20A 9N E( o L) © 493,999
oc ! Set 3
3.01 1.72 3.70 3.00 0.63 1.62 072 . 40
_ i flash, Set 1 _
F } = 48,099 F( } - 395,99
oc f Set 3
079 061 O.81 0.3 039 031 071 0.39
flash i Set ! _ _
F ) = 177, (0 . ) = 586093
o oc ! SL[ 3
29 1.21 6.1 1.01 1.03 Q.98 1.12 15.0,
: ilash i Set | _ 9Y)
() = 162,099 F( o, ) - 1.07.(ns)
L og *Set3
2.90 1.98 9.87 8.38 1.09 1.66 1.32 992,
24 S 12

36 32 44 21 24

Sets

131,
(93)

le
a
"N

(93)

0.76

G 15,

(99)

7.90

3.74

R EA
Y0)

1.89

3.19

2014

1.03

.27,
(99)

2.66

15.14,
(93)

041

921,
(Y9

7.19
1

replication error increases with increasing dilterence in chemical type from the refer-
ence compound. The value for diethyl ether is surprisingly low, which suggests that
evaporation losses are negligible for this compound. For the medium-boiling mixture
also the value was significantiy higher for I-propanol than tor succeeding compounds,
the lowest value being obtained for o-xvlene, which is the most chemically simifar of

the components to the benzere

standard.

The high-botling mixture gave very poor

Mades
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TABLE VIl

SUMMARY OF RESULTS OF ANALYSIS OF VARIANCE FOR HIGH-BOILING MIXTURE

Reference peak = ethyl benzene (peak I).

Compounds in order

Percentage relative standard deviations

]

of elution - oo - y
Within effects Berween effects
Reps.  On- Flasly  Set ! Set2 Set 3 Temperatures Sers
colunur v. -
(oc) oc Flash v,
Arca ratios
(ethylbenzene)
Tetradecane 1314 8314 137 G.32 6.92 3.70 0.35 254 199,
lash’ Set 1l (93)
= = 1.86. (ns - = L.73
F | . } . (ns) F | o3 ) 3
Indene 1.02 1.55 0.84 1.57 0.40 0.87 2.36. 0.69 1.92,
F( oC ) 311 (95 -(- Set 1 ] 35 (95 (95) (90)
= 3 3 - 3.23, 3
Uash ! 7O Flgas 9
Hexadecane 7.96 3.57 7.76 2.87 3.30 I.88 1.09 7.11 328,
lash _i Setl 93
F(" “h) Ccazom (3N 7 e )
tooc + Set 3
Mcean 7.37 N ) 745 3.3 3.54 215 1.27 RIR -
d.o.f. 42 24 33 I8 18 18 6 9 —
Heighr ratios
Tetradecane 12533 505 304 430 10.0 382 R6.7. 3.2, 225,
- \TLI . Sctl (99 (YY) [C1V}}
FI ) Lieems) F o0 ) - 091 ms)
flash’ v Set 3 =
Indene 3.31 1.74 7.43 2.38 S.08 7.29 386 1048, 1.95
ach a3 D
F(ﬂ““l‘) Casnem EB{ O 09 (93)
'ooc Sett
Hexadecane 16.81 33.2 332 W7 124 N7 915, 6L, 364,
- R ot 3 Yy vY PR
F(™ ) L7a.mm F Setd 30, (as) N e
' flash - Set |
Mean 11.35 36.13 23.7 330 302 2801 6l 438
42 21 33 I3 I8 s 0 9 -

d.o.f.

area replication with the exception of the indere value. ‘The reason [or this was
probably the relatively high boiling points of tetradecane and hexadecane, which
cause bias errors due to fractionation at the lower vaporizer temperatures. Because
the replication variance was poor for this mixwure, the significance of these bias
errors was lost. The wide-boiling-range mixture gave the highest values for the co-
efficient of variation for the diethyl ether peak, the first eluted component. and hexa-
decane, the last eluted component. The lowest values were obtained for cthylbenzene
and cyclohexane, ie., tor components similar to the standard and eluted close 1o 1t

Height rarios. For the low-, medium- and high-boiling mixtures. the coethicients
of variation for height ratio replicates are not significantly different from the area
values except in a few cases. This suggests that peak heighit measurements are for the
most part as precise as the integrator measurements under constant conditions. Fow-
ever, peak height ratios may be less reliable because of the possibility of injection
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TABLE IX

SUMMARY OF RESULTS OF ANALYSIS OF VARIANCE FOR WIDE-BOILING-RANGE MIXTURE

Reference peak = c¢is-dekalin (peak 5).

C ompalmd\ in urdcr
of elution

Diethyl ether

Cyclohexane

Toluene

Ethylbenzene

(civ-dekalin)

Tetradecane

Indene

Mean
d.o.f.

Diethyl ether

Cyclohexane

Toluene

Ethyvlbenzene

Pl'rcentaz,'c re[atnc. .stamlartl del mtlolu

W ulzm C jf’ett.s

Reps. On- Flash
colummn v.
{oc)
Area ratios )
382 1.57 382
(ﬂash) - 6.99
1.04 1.29  0.57
' = 5.0,(92
ﬂash) o=
1.40 1.15 1.38
F(ﬂ‘“h) = 1.48. (ns)
069 077 0.79
”(ﬁdbh) = 1.1, {ns)
2.28 2.19 2.26
F(™") = 102 (ms)
oc !
17.1 0.90 241
F(ﬂ‘“h) = 7.33(99)
oc
332 2.65 4.69
flash
F f ) = 2.90, (90)
- oc
2.04 1.50 2.27
[ 72 77
Height ratios
1362 210 9.73
" oc
-} = 6.67, (99
ﬂash) i’ o9
749 163 5.15

ocC
F = 124, (99
( ﬁash‘) )

218 164 7.23
F( ocC

= 6.01, (99
;_ﬂash) 7
4.68 12.1

oc

fasi)

6.06
= 4.54, (95)

Set I Set2 Ser3 Temperatures
oc Flash v.
217 1.38 1.63 000 099
Set 1
| ses ) =209
0.75 1.12 1.05 0.38 1.05
Set 3 ) -~ 2. (ns)
Sct 1 | -
1.15 0.47 1.14 1.13 0.79
F( Sgll ) = 1.1.(ns)
Set 3 /
0.54 0.54 0.99 0.39 0.82
" Set 3
-+ 3.25.(90)
Set 1 )
2.19 265 1.10 295 1.24
Set 1
- = 3.75.(90
( Set 3 ) )
2.40 095 0.98 136,  3.04,
. o . C
E Set 1 ) 6.3[.(95)‘99) (90)
. Set 3
1.89 3.03 4.51 254 3.21
( Set 3y 6.26. (95)
Set1
1.58 146 1.61 1.71 1.59
12 42 42 14 21
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Berween effects

928 239 1.4 388, 3.37
( Set 3 ) ~ 7oL, (9))(99)
Setl !
733 122 16.7 2941 6.18
( Set 3 - 6.17. (95)(99.9)
\ Set ||
767 11.9 7.5 101.5, 13.0,
9.
(_Se_t3)_b7, 5 (99.9) (99.9)
L Set 1
5.83 933 13.1 221 11.0,
99.9 95
F( Set 3 ) ~ 5.48, (95)()9 ) (95)

Set 1 ;

Sets

8.30,
95)

0.74

3.02,

{93)

0.80

4.55,

(95)

3.68,
Y3)

542
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TABLE IX (continued)

Compounds in order Percentage relative standard deviations
Within cffects . Berween effects

Reps. On- Flash Set 1  Set 2 Set 3 Temperatures Sets
column v.

(oc) oc Flash v.
Tetradecane $.00 273 233 250 265 358 503, 442, 4.80
" Set 3 99.9) (99.9
F( ) =113ms F07) - 1.06. (ns)! ) 999
\flash \ Set 1 /
Indene 735 143 104 723 123 164 240, 947 6.52
< . Set 3 (99
F °°.) =222 (ns) F[ U ) = 5.59, (957!
flash ! Set 1 !
Hexadecane 724 290 211 212 296 268 538, 426, 3.33
, Set 3 99.9) (99.9
ac ) = 1.58, (ns) Set 3 ) — l.6S,(ns)( > ! )
 flash; \ Set I/
Mean 722 195 118 121 180 187 457 186 -

d.o.f. 98 72 77 42 42 12 14 21 -

function effects. For instance, diethyl ether, the first eluted component of both the
low- and wide-boiling-range mixtures, and hexadecane in the high-boiling mixture gave
poor replicate height ratios, suggesting the existence of adverse injection function
effects. The wide-boiling-range mixture gave much poorer replication for heights
than for areas for all the components, indicating that injection function effects are
more critical than for the other mixtures.

On-column and flush vaporizarion

Area ratios. For the low- and medium-boiling mixtures the precision in the
on-column mode is better than the precision in the flash vaporization mode. the
difference being significant, or very significant, in a number of cases. With the high-
boiling mixture both tetradecane and hexadecane give better precisions for on-
column injections than for flush vaporization but indene gave a significantly inferior
precision in the on-column mode. This is probably due to a slight polymerization of
indene. With the wide-boiling-range mixture only diethyl ether, indene and hexa-
decane gave significantly better precisions tor on-column injection than for flash
vaporization.

Height ratios. The precision of on-column injection using height ratios is
significantly better than the precision of flash vaporization in all cases except for the
high-boiling mixture where the reverse sitwition applies. The latter anomaly is ex-
plained by the relatively low vaporizer temperatures compared with the boiling points
of the components. an example of poor chromatographic practice.

Sets

Area rarios. The precision of set 1 is significantly worse than the precisions of
sets 2 and 3 for most compounds, except for the wide-boiling-range mixture. [t seems
unlikely that this difference in precision is due to the particular type of syringe used
because the same type was also used for half of the injections of set 2. The most likely

Modes
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explanation is that the syringe used for the injections of set | was badly worn in
comparison with the other syringes thus giving rise to a poorer precision for the set.
This syringe was, in tact, changed for the wide-boiling-range mixture, which probably
explains why set 3 tends to give a poorer precision than sets 1 and 2 in this case.

Height ratios. The effects obtained for the within set height ratios are much
greater than the area ratio effects for the low-boiling mixture. This is almost entirely
due to poor injection functions arising from an occasional poor injection by the oper-
ator. For the medium-boiling mixture, however, the results are similar to those for
the area ratios, set 1 again being poorer than sets 2 and 3. With the high- and wide-
boiling-range mixtures, there are considerable injection function effects, particularly
for the latter where ail the values are much worse than for areas.

Berween effects

Vaeporizer teniperature
Area ratios. In general, the level of the vaporizer temperature had no signif-
icant effect on the relative peak areas, which strongly suggests that the sample entering
the column was representative of the original sample, within the precision of the pro-
cedure. Gnly indene gave a significant effect, again probably due to polymerization.
) Heighr rarios. In contrast to the lack of significant etfects for area ratios, the
ticight ratios gave a number of significant effects. These arose in the use of flash
vaporization with the low- and medium-boiling mixtures and in both modes with the
high- and wide-boiling-range mixtures. These effects were almost entirely due to
variable peak spreading induced by injection function eflects. For the wide-boiling-
range mixture in particular, the effect was very significant for nearly all components.

Sets

Area ratios. There are numerous significant differences between sets except
where the compounds concerned are chemically similar to the reference compound.
These differences are clearly explained by long-term changes in the relative response
of the equipment, probably in the detector. When the measured compound is similar
1o the reference compound (toluene in the low-boiling mixture and o-xylene in the
medium-boiling mixture). the response changes would tend to be compensatory.
With the wide-boiling-range mixture there is evidence of changes due to evaporiation
losses, but here again the compound most chemically similar to the cis-dekalin ref-
erence, i.¢. cyclohexane, gives the least effect.

Height ratios. With the low-, medium- and high-boiling mixtures the set height
variances are similar to the area variances and so they probably arise from the same
sources. With the wide-boiling-range mixture. diethyl ether, cyclohexane and ethyl-
benzene give much higher values than tor areas and so clearly there 1s an additional
injection function effect.

Modes

Area rarios. Apart {from one or two exceptions, there is no significant dif-
ference between on-column and flash vaporization injection with regard to peak area
ratios. Thus, again, it seems highly improbable that there are any significant bias
errors in the mjection procedure. With the medium-boiling-mixture ¢is-dekalin gave
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a significant eftect because of a particularly poor injection that resulted in severe
fractionation from the needle. For the wide-boiling-range mixture there were signif-
icant differences for ethylbenzene, tetradecane and hexadecane, which indicated the
existence of bias errors in these cases. G inspection it is clear that these errors arise
from fractionation effects in the flash vaporization mode as described earlier.

Height ratios. There are significant or highly significant efifects for methanol
ind toluene in the low-boiling mixture, 1-propanol and cis-dekalin in the medium-
boiling mixture, and for all components except indene in the wide-boiling-range
mixture. All these differences are primarily due to greater peak spreading when
using the on-column mode than when using flash vaporization.

GENERAL CONCLUSIONS

The statistical experiments described in this paper indicate that bias or random
errors can arise from the sample injection precess both as a result of operator tech-
nique and instrumental conditions. The results suggest that bias errors are not likely
to be significant if' a sound cade of chromitographic practice is followed, but random
crrors, which affect the precision of peak area ratios, depend critically on both tech-
nique and injection conditions. Clearly the operator’s injection technique should be
carefully standardized. preferably on the lines described. and the vaporizer temper-
ature should be sutliciently high to avoid slow vaporizition or an adverse injection
function.

In general, for low- and medium-boiling mixtures, on-column injection gave
better precision and fewer bias errors for both peak height and area measurements
than flash vaporization. The latter, however. tended to give a better injection function
and hence 4 better precision for peak heights for components covering a wide boiling
range. An examination of the mean values indicates that the best compromise would
be to use on-column injection with additional heat supplied by a vaporizer.

Concerning the choice of relerence compound to be used as an internal stan-
dard, maximum precision was obtained for components similar in chemical tvpe and
cluted closest to the standard. -
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