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- A STUDY OF THE EFFECTS__ OF INSTRUIMENT VARIABLES ON AC- 
CURACY AND PRECISION IN GAS CHROMATOGRAPHY 

II_ ERRORS ASSOCIATED WITH THE INJECTION OF LIQUID SAMPLES 
BY MICROLITRE SYRINGES 

SUhlhlARY 

Ststisticzill~ designed esperiments have been carried out fo examine the ctt‘ects 
of operator technique and injection variables on the precision and accuracy of peak 
height and area rsrior_ The results sl~ow that technique must be carefully standardized 
am! that bias errors cm be minimized by sou~u_l chromatogr:~phic practice. In general, 
on-column injection gave significanrly better precision 1-w n;Irro\~~-boiling-Ronnie 
mistures. but flash \vaporlzarion injection gave better results ly>r peak height ratios 
with widr-boilinprttn~e mistures. 

INTROI>UCTION 

This paper is the second in the series to be prepared from the results of the 
BSI Research Project described in Fart 1 (ret: 1). The purpose ofthisstudy \\‘;1s to assess 
the nature and mtignitudes oferrors that occur in liquid sample introduction to packed 
columns using microlirrr syringes. This operation probably contributes ;I 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 prs- 
cision, and bias error. which leads to lack ol‘accuracy. 

Nevertheless, the injection of liquid samples into the chromntopraph by means 
of a microlitre syringe is now the accepted merhod for the majority of applications 
and this situation is unlikely to change in the forseeable tiltwe. Thus, aharever rhe 
inherent disadvantages of the merhod, the principal trim of this study was to esamine 
the errors associated with the normal procedure rather than to arrempr to devise more 
precise and accurxe methods of sample inrroduction. 

Clearly there are t\vo major sources oferror arisin, cx from the injection process. 
l-ii., procedural error, which is caused by the operator and the particular technique 
he employs for tilling the syringe and discharging it in the injection sysrem, and in- 
strumental error, caused by the design of the injection system and the conditions 
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under which it is operated. A complete kctorial investigation of all the possible 
variabfes would have been prohibited by the limited time available and so these two 
major sources of error were investi gated separtttelv because the probable interactions 
tan be predicted by simple logic. 

NATURE OF INJECTION ERRORS 

The ideal method of syringe injection would add the required volume -ol‘ 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- 
<rye directly on to the column packing by the depression of the plunger_ In practice. 
lio\vever, the syringe needle invariably contains residual sample and fractionation 
eifects will occur while the syringe needle is immersed in the injection system. This 
can lead to a relative enrichment orthe hoer-boiling components_ the extent of which 
depends on both the residence time and the temper~~turc ofthr system. When relatively 
lo\\- \-aporizer temperatures are used, as is often the case with on-column injection. 
it is sound practice to withdra\v the syringe immediutely after the depression of the 
plunger to minimize this fractionation etTcct. When high vaporizer temperatures xc 
used. ho\yever, as is often the case in fittsh \aporization, significant fractionation 
occurs concurrently \\ith sample displacement and so it may be cspedieut to use :I 
lonier residence time to vaporize a11 the residual sample from the needle. This tech- 
nique, of course, would only be practised \vith very small capacity syringes, where 
the needle acts as the barrel and the sample is displaced by tflc movement of a stcef 
ivire inside the needle. 

With syringes of larger volume, the needle is af~wys completely filled with 
sample and serious bias errors due to tiactionation \vould occur it‘ the needle \verc 
not removed immediately after tfw depression ofthe plunger. In practice the injection 
technique usutilly consists oi‘ 3 combination ot‘ flash \-aporization and on-column 
injection and the optimum residence time can only bc estimated by trial runs on 
typical samples. Thus, \\e see thrtt by the application of sound chromato~_raphic 
principles, bias errors that arise from fractionation etkts should be minimized. 
However. there is ;t further problem. which arises tiwn a combination of operator 
technique and the injection conditions. This is the elkct of injection vrtriabfss on 
the --injection lirnction”, ir., the distribution ofthe solute zone on entering tfiecolumn 
packing_ 7 his can be adversely allixtcd by capacity efkcts in the system, overloading 
the stationary phase and by slow vaporization of components. The use of low vapor- 
izer tempentturcs L\ tend to give ;I pow injection function for hi~ft-boi!ing corn-- 
ponents causing tail .C peaks. Conversely fractionation etkcts f-ion1 the nccdlc will 
have a more critical ctfcct on the zone widths and hence the heigf~ts of rapidly rluted 
compounds than on those of well-retained compounds. With either of these efiPcts 
it is good practice to USC peak area rather than peak fxeigfjt measurements, but again 
the appropriate procedure can only be chosen from the results of trial runs. 

EXPERIMENTAL 

For the purposes of the investigation the errors arising from syringe injection 
\\ere considered to be of two main types, k. (i) Operator errors resulting from the 
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technique adopted For tilling the syringe and injtctin g the sample. This is defined as 
‘-procedural error”. (ii) E rrors resulting lion1 the design of the injection system and 

its operating conditions_ This is defined as ‘minstrutnentttl error”. 
The microsyringe may also afyect both of these types 01‘ error fat-on1 the view- 

point of- both its design and degree oT wear. In this investigation it would have been 
inappropriate to compare syringes of dill‘erent origin, but esperience has shown that 
all microsyringes deteriorate gradually with use. Thus, my escessive error resulting . 
frotn the USC of ;t particular syringe was included in the replicate error by using 
several syringes during the investig_ation_ In view of the limited time available for this 
study on!; I-,rcl “plunger in needle” syringes were employed. The injection system 
consisted of a separately heated block or --vaporizer” that Could be adapted. IO either 
tlasll vaporization or on-colutiiti injection. In either case the syringe needle penerrates 

;I silicone rubber srprum :tild projects into the ccntre 01‘ the block. For flash vapor- 
ization injection this central space is occupied by a IO-cm stainless-steel tube that is 
connected to Ilic calittii!: inlet outside the block. For on-column injection the colutiiti 
inlet itself is instxtrd into the black so that the syringe needle cm make contact \vith 
the packing. The inlet gas stream enters the caltttllti m-aund an annuktr space het\veen 

tht outside cl!‘ the stainless-steel tube (or rhe colut~m) and the ~~-a11 of the vaporizer. 
This annul:it- space t~~rtiis ;i cansrriction to niinimizc the possibility of back-dittitsion 
cll-ects_ 

A satllplc \v:ts pitZp:tr4 cntnprising I I’,, rolucnc and I “_ cYs-dck;aliti in c_vclo- 
l~tuat~c. These materials \vct-c chosen bcc:iusc <)I‘ the u idc c!itYcrencc in their boiling 
points. 1~1 detecr liacrioti:trioti cf~ccts. and bccaust ljt‘ tlwir r!icrtiial stahiliry. 

The tiA!owitig cl~rotiiato~rapl~ic c~mditi~xs \tCfc :tscd. ~l~r~~tn~tt~~~r;tl~li: 
\‘:triati IWO-I, litted \vitli itiiproved lla~v cotim~l system itk-<wpkw;ttitig rlicrtiinstattcd 
c~tpill~ir~ constrictions lilt- tlic crtrritt- gas mid :tusiliary _% ws(c~. :tticl ;t precision pressure 
controller situared up-slreatn lioni tlic clirotiiatogr~tplt inlct points_ Carrier g-as: 
tiitro5zcti at 12 p.s_i_ Colutnn: 3 111 - 6 tnt11 0-D. t;r:titilc~s alc‘i‘l. iXlCked kvitli X3:,, 
Carhowas Kohl on Cclitc. 71-W HS tncsh. Col~ttnt~ tt‘tnpcraturc: 160 _ Detector: 
Ilame ionization. Detector oven tetnper:tture: 200 _ Rccordcr: Servoscrihc. Type RE 
5 1 Z-20. oprratcd on IO-WV ratgl-r‘_ Electronic integrator: Varian Acrograph. Model 
4SO. 1 njection system : fasll \aporization mock, tt’nipera~itt-c 200 _ 

A standardized injection procedure \v;ts adopted and the etkcts 01‘ deviations 
tiotn this procedure xverc studied by carrying out runs in pairs, one sample being 
injected by the sttmdardized prctctxlt~re and the other by ;I \-ariant procedure in which 
onlv one varitlblc \Y;fs altered. The ordct- of- the injections ?v;ts ratidotuizcd to avoid 
any possible order citkts and sets of eight pairs \vere run car each ~arianl-stttnd~tr~l 
combination. The peak areas of the tolttene and c-kdeknlin were tmasttrcd by rhc 

clcctronic integrata- mid their heights \vere tiiessitred nl:~nu:llly in the mmml w:l~. 
Details 01~ the stat;d:tt-d and v:tri:tnt procedures and :tssocittted set nutnbers are given 
in Table 1. Sets 1 rtnd IS were pcrt-ormed without a variant to ensure the absence at’ 
any injection order eltct or --presence of variant" clkct that could cause the opemtor 
to he signiticantly less precise in his squr~xx ol~operrttions when variants are included 
in the set. 
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TABLE 1 

DETAILS OF STANDARD AND VARIANT PROCEDURES 

Vuriarrt 

Sample taken through 
--suba-seal” stopper 

Syringe nor wiped 

.._ 
Sample taken through “suba-sedl” stopper and syringe 

wiped carefully, avoiding tip 
Sample taken through “suba-seaI” stopper and syringe 

wiped without avoiding tip 
Sample taken from open bottle and syringe not wiped 

Sample taken from open bottle and syringe wiped carcfuliy, 
avoiding tip 

Sample taken from open bottle and syringe wiped without 
avoiding tip 

Plunger raised 3 mm 
beyond Yull-‘ position 
when filling syringe 
and then rctumed IO 
-‘full‘- position 

Syringe filled after three 
operations of the plunger S 

16 

9 

IQ 

15 

I? 

II 

13 

II 

4 
IS 
_ 

Immediate injection 

No spacer bar used. ix_ 

32 mm of ncailc mm-5 
Ihc injection sysrem 

Ntvdlc insrrred centrally 
inro septum and 
injection sysrem 

Xeedlr inserted rapidly 
into septum 

Plunger depressed rapidty 

Needle I& in injection 
sy.tem for 10 set after 
complete depression of 
plunger 

As cbov*: 

Plunger not raised beyond “full” position 

Syringe filled after one operation of plunger 
Syringe tilled after ten oprrations of plunger 

2’0~xc internal between tilling the syringe and injecrion 

Short spacer bar used. 30 mm of needle enters the injrxtion 
system 

Long spacer bar used. 16 IIIIII of nccdlc cnrcrs rhc injL:rion 
system 

Seedle inserted olT_centrc and to one side of injekon 
sysrem 

Needle insrrted slowly into septum 

Plunger depressed slowly 

Needle left in injection qsrem for Z SLY after depression of 
plunger 

Needle Ieli in injccrion s_vstcm for Xl set after depression of 
plunger 

No variation 
No variation 

RESULTS OF INJECTION PROCEDURE TESTS 

Table IL gives the results for the mean set ratios of toluene to cis-dekalin peal 
areas and heights, with their coefiicients of variation, and also the mean set ratios o 
variant to standrrd peak ratios with their standard errors. 

The mean set area ratios of toluene to cis-dekalin decreased gradually durin 
the period of the experiment owing to volatilization losses_ This accounts for the muc 
greater set variances in sets 10, 16 and 18, which were carried out with night or \Yeel 
end intervak. 

Comparing the coefficients of variation within each set, only sets 5 and 11 i 
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TABLE I1 

RESULTS OF PROCEDURAL ERROR INVESTIGATION 

I.1605 I.1624 
1.1315 I.1719 
I.1156 1.11’3 
1.0516 l_OSSG 
1.0790 1_007;1 
1.0676 1.0670 
1.0674 I .063J 
1.0611 l.OG71 
I_0611 l-0660 
1.0311 1.035-l 
1 a011 1 .a331 
1 .OO57 1.001_; 
I _0106 1.011s 
l-0111 I .0105 
0_9s90 0_9S16 
0.99 I I 0.9s-s I 
0.9SS 1 0_9822 
0.95s3 0.9566 
Ovrdl mrztn 

I.199 
1 .-l5T 
I -43-I 
I.395 
1.393 
127s 
1.271 
1.369 
I.367 
I .31s 
1.191 
1.191 
1.~91 
I.303 
I .-71 
I.579 
: 276 
I.232 

. . 
I _-lhX 
1.45’ 
I.331 
1.399 
I.396 
1.x1 
1.37, 
I.359 
I _34s 
129s 
I .‘S7 
I.271 
1.301 
I.301 
1.275 
t 2s’ 
1.7s3 
1.735 

OS04 1.05 
OS70 o_s59 
OAS3 0.360 
OAl3 0.751 
0275 O.b!P 
0.546 0.701 
0 719 .** 0.36-I 
0.535 0579 
0.163 O-191 
2.91 3 -0s 
OX1 0290 
OS67 1.05 
0290 0.353 
0.476 0.343 
0.690 0.664 
I.17 1.06 
0.704 0.910 
3.0s 3.30 
0.796 0.96X 

0.615 

0.7s 
0.471 
0.537 
0.269 
o-775 
0.261 
0279 
0.4 I I 
3.07 
0.751 
0.605 
0.57s 
0.311 
0271 
0.617 
1.0s 
J-46 
os3s 

._ 

2.60 
0.957 
0.3-l’ 
0.357 
0.320 
0-7’S 
0.326 
0.6S-l 
0.673 
1.35 
OAS’ 
0.6lS 
0.177 
0.457 
O.-GS 
0.695 
2.90 
322 
1.05-l 

ns 
ns 
11s 
11s 
93 
ns 
ns 
11s 
ns 
ns 
95 
ns 
ns 
ns 
ns 
ns 
11s 
ns 
99 

99 
ns 
ns 
ns 
ns 
ns 
ns 
I-IS 

ns 
ns 
ns 
ns 
ns 
ns 
ns 
ns 
99 

9”9 

Ratio 

of pairs 

1.0019 
0.992-l 
0.9965 
I a067 
0.9956 
0.9993 
0.9966 
1 _OQss 
1 a015 
I 40-l I 
I_0010 
0.9957 
I.0011 
0.9991 
0_0956 
0.99.30 
0.9950 
0.99x? 

0.0054s 
0.00166 
0.00111 
0_00111 
0.00101 
0.00197 
o.Oo I 5s 
0.00125 
0.00’30 
0.00335 
0.003’6 
0.00569 
0.00707 
0.00 I55 
0.001.:-l 
0.0058 I 
0.00192 
0.0030s 

0.9915 0.00971 
0.9993 O.OO118 
0.9957 0.00 1 10 
1 a019 0.00116 
1.0019 0.0011’ 
1.0011 O_OX24 
0.9992 0.00 190 
0.993 1. 0.00771 
0.9S6 1 0_00135 
0.9771 0.00511 
0.9962 0.00 176 
0.9s17 0.00~39 
1.0077 0.00107 
0.99s-l 0.0011-l 
1.0027 0.00 152 
1.00’7 0.00375 
I .0052 0.00990 
1.00’1 0.00161 

IlS 

99 
95 
n?; 
115 
11s 

95 
95 

-95 
11s 
115 
ns 
11s 

ns 

*1x 

ns 
95 
11s 

ns 
IIS 
99 
ns 
11s 
ns 
ns 
95 
99 
99 
95 
99 
99 
ns 
ns 
ns 
11s 

11s 

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 beins wiped_ In this event one would also expect 
signiticantly worse precisions for variant sets 1 and 2, but here unfortunately much of 
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the signilicance is lost owing to the much larger variances arising from the day-to-day 
volatilization losses_ Howetver, the slow depression of the plunger in set 1 1 clearly has 
an adverse effect and so should be avoided_ 

The overall mean set variance for standards is signiticantly 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 ditt‘erences, ho\vevcr, 
between the variances of the standard procedure and those of the variants implies 
that the actual procedure adopted as 3 standard is not critical. provided that it com- 
plies with sound chromatographic practice_ 

For peak height ratios only sets 1 and 17 gave a signiticantly lower precision 
using the variant procedure, and since neither of these sets gave signiticant ellkcts 
for the arca ratios, the lower precisions experienced in the variant mode must be 
attributed to injection function effects. Thus, not wipin g the needle when the sample 
is taken from the open bottle or not raising the plunger beyond the full posith when 
tilliry the syringe will leave sample at the ver, w tip of the needle_ This seems to cxusc 

- some significant peak sprcadin g that affects the toiuene peak more critically than the 
c-k=dekalin peak_ 

The results for the variant to standard ratios q.verc calculated to eliminate the 
time effect caused by preferential losses of toluenc tend changes in response. When 
these mean ratios are statistically dit’ferent from unit;, v:c can asstmle the existence 
of bias errors. the nature of which depends on whcthcr the elt‘ccts \vere high or low 

TABLE III 

SUMhlARY OF SIGNIFICANT EFFECTS IN VrZI1IANT:ST_~NDARI) PEAK AREA AND 
HEIGHTS RATIOS 

Lo\\- 

High 

No sig. 
&l-CCt 

No sig. 
effect 

3 

s. 9 

10. II. 17 

13 

_ tol11enc 
lxisnt r3uo dekn,in 

In) Pr&rtmtisI loss of toluene in variant probably 
taking place by frxtionation frcjm sxringc b&ore 
injection_ 

(b) Prcfcrentiai loss ofdekalin in standard probably 
due to frxtionation after injcz-tion in which :I 
higher concentration ofdckdin is left behind. 

(c) As in (a) or(b) together \\-ith additional injection 
function effect due to zone sprmding. 

td) Preferential loss of d&&n in the variant due to 
frxtionation after injection. Icxing rc~idual 
dckalin, with ndditionrtl injwtion function r&xx_ 

(e) Injection function etkct \vith vnriant but probrtbly 
no bias error due to frxtionation. 

(f) injection function ctfixt with standard but probahiy 
no bias error due to fractionation. 

_ Ratio == 

standard ratio 
toluene 

dekalin 
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and whether they were obtained for areas, heights or both- Table I1 I gives a summary 
of the significant results and their probable espianations_ 

Regarding the area results, it is apparent that the number of insignificant dif- 
ferences by far exceeds the number of significant diffkrences. 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 ihe height results the 
preponderance of low values indicates that the variant procedure is giving greater 
spread of rhe toluene peak than the standard procedure and this is because of an in- 
jection function clt;-ct. Only set I3 gives a high result and it is interesting to compare 
the height ratio results for sers 13 and 14. There is apparently a decreasing effect with 
increasing residence time, which suggests that the standard procedure is having a 
sli$tly adverse elkct on the toluene spread and a shorter reiidence time would be 
preferable_ This would also reduce the possibility of fractionation elkcts that cou!d 
&e signitictmt bias errors with lower vaporizer temperatures. 

INSTRUXIENT.&L ERROR 

Factorial esperiments were designed to test which of the instrumental injection 
variables cwsc sgtematic changes in relative peak areas and heights. The esperi- 
ments \vere intended to test the efkcts of vaporizer temperature, mode of injection. 
chemical type and boiling range on the representativity of the chromtltographed 
?;ample_ tls measured by chtuqes in relative peak areas_ and the injection function 
error. as measured by changes in relative peak heights. Four boiling ranges were 
selected. etch containing components of difkrin, ‘r chemical tapes. Derails of the mix- _ 
turt’s are given in Table IV. 

The chromato~rapl~i~ runs were carried out in sets, each set consistinS of 
short-term duplicates rwl by the srandard injection procedure_ Three replicates were 
performed under each combination of conditions. but on dillkrent dass and using 
L\VO dilkrcnt syringes so rhat errors from these sources were included-in the repli- 
cation error. Experimental details arL _ given in Table V. Each figure refers to :I com- 
plete set and desiyates the order of performing the set. 

Analyses of \nriancc \vere performed on the results and the effects were tested 
for significance using rhe “F” test. --Within” effects were rested b; comparison of 
csrimared prccisions \virh each other and “berween” effects were rested by comparison 
with the cslimaled me;tn replicate variance for the particular compound concerned. 
The results are summarized in Tables VI-1-X. which give the estimated percentage rel- 
ative standard dcviaLions for each eltict and the signilictmce of the values obtained. 

CONCLUSlOKS TO EXPERIMENTS ON IESTRUMENT.4L EFFECTS 

.-lrrrr rcrriw. With the lo\v-boilins mixture the mean coetticient of variation for 
area ratio replicates is least for toluene and greatest for i-propanol. lhe.sc f\vo values 
differing by a factor of about fen. The methanol value is also high. suggesting th:li the 
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TABLE IV 

DETAILS OF MIXTURES USED IN EXPERIMENTS ON INSTRUMENTAL ERROR 

r = Reference compound- 
____.._. . . ._._.. _ _ -. ._ 

Sample type _ Contpom~nt B-p. Relatiw 

(collInIII (“C) retention 
remperatrrre) (reference = 1.00) 

Loxv boiling 
(100’) 

Medium boiiing 
(loi)‘) 

High boiling 
(160”) 

Wide range 
(160’) 

Diethyl ether 35 0.3 1 
Cyclohesane Sl O-43 
Methanol 64.5 0.69 
Benzene (r) 81 1.00 
I-Propanol 97 1.30 
Toluene 111 1.61 

I-Propane! 97 0.53 
rz-But?1 acetate 126 0.69 
Ethylbenzene fr) 136 1.00 
o-Xylene 144 1.36 
cir-Dekrilin 195 l.Sl 

Ethylbenzene (r) 136 1.00 
Tetradecane 252 2.11 
Indene 183 3.70 
Hesadecane x7.5 1.63 

Diethy ether 
Cyclohesane 
Toluene 
Ethylbenzene 
cix-Dekalin (r) 
Tetradecane 
Indene 
Hexadecane 

35 0.Z 
s1 0.27 

111 0.50 
136 0.64 
195 1.00 
75, 1 3’ _ - 
lS3 ‘) 77 _._ 
187.5 2.80 

TABLE V 

EFFECT OF INSTRUMENT VARIABLES ON INJECTION - EXPERIMENTAL DETAILS 

Low boiling 

Medium boiling 

High boiling 

Wide range 

Vaporizer temparatwe ( “C) 

100 Ii0 200 

9 1 
9A ;A 1A 
1B 5B 9B 

10 6 7 
IOA 6A 

ZB 6B 12 

12 8 4 
12A 8A 4A 
4B SB I7B 

11 7 3 
1IA 7A 3A 
3B 7B 1lB 

Hash vaporization 

Vaporizer renrpararrrre ( ‘C) 

100 Ii0 30 

-17 21 15 
17A 11A ;?5A 
138 Z5B 219 

18 2’ ‘6 
18A 1ZA 16A 
148 768 ‘2B 

20 24 ‘8 
‘OA 24A 28.4 
16B ZSB 24B 

19 23 27 

19A ‘3A 27A 
15B 17B 23B 

30 

13 
l3A 
179 

1-l 
l-&A 
ISB 

16 
16.4 
ZOB 

15 
15A 
19B 
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TABLE VI 

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

Reference peak = benzene (peak 3)_ 
-. 

Diethy ether 

CycIohexane 

Overall mean 
lI.o.t-_- 

Dieth_vI ether 

Tolurnc 

Overall mean 
d.0.f_- 

F [!zzh) _~ 1.06. (ns) F ( ;: ; ) == 4. (90) 

I-46 120 I.75 0.6s 0.65 0.11 1.23 

F ( 
‘flash 

OC 
) ~7.. I.-W_ (ns) F ( ;;: : ) -.- I 1. (99) 

235 2.11 3.45 I.3S 1.15 0.93 0.7s 

F(‘t;“) -= 1.61. tns) F( ;z: : ) 2: 122_(ns) 

3.79 2.93 1.1’) I_73 1.2s 0-s’) 0.32 

F 1.53. (IX) F 

0.39 0.16 0.11 0-1 I 0.21 0.16 0.09 

F (&) -7. 3X. (90) F ( E: _; ) --m- 2.1. (11s) 
(YW 

2.35 1.9s 323 3.06 2.15 I .Y7 32s 3.-H. 

1.70 1.S’ 3d-I I.36 IS-I 3.17 2.77 1.53 

-I.71 3-56 5.w ‘S-l I.44 1 -0s I.27 I.97 
-. 

F = ‘-66, (90) F ( ;;: ; ) = 6.9. (95) = 

O-45 0.55 3_3S o-3 1 0.69 o-95 0.92 - 2.7% 

F (\“:p) = 3s. (99.9) F ( Fe; ; ) = 9_ (99-9) 
(99) . 

* Degrees of freedom. 

‘-9-l 1.S6 3.54 2.36 3-0s 2.1-t 321 4.73, 
70 40 55 30 30 30 10 IS 

3.73. 
199) 

3-85 . 
(YY) 

7.30. 
(95) 

9_7Y, 
(93) 

0.53 

. 

S.S1 
(90) ’ 

1.10. 
(95) 

I ‘A). 
(99) 

0.17 

-. 
- 

1.17 

0.65 

1.50 

I.99 

0.51 

I-17 
5 

s;.w 

1.05 

6.20, 
(95) 

?_-I9 

320. 
(99) 

-I.20 
5 _ 
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TABLE VII 
. 

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

-a-b- _.-3 1.63 I.3S 1.61 0.71 I.47 1.31 

F (“::1”) -= Z-19, (11s) F (, E; ; ) = 1.17. (ns) 

0.59 0.30 3.S’ 1.10 0.17 0.32 03-t 

F (“I?) =: 7&(99.9) F (. z : ) = 11_4,(99.9) 

1.27 0.97 t-t.14 I 1 .O O.SS 037 I.01 

F ( “;p) ::z 69.5. (99-9) I= (, “,‘,: ; ) =: 167. (99.9) 

3.01 1.71 5.70 5.110 0.63 I .hl 0.71 

2.90 1.9s 9.87 S.X 1.09 I -66 1.3’ 
56 32 44 2-l 2-l 2-l S 

s1v.s 

13.1, 
(95) 

0.76 

i\lollc.s 

3.19 

2.1-t 

I_03 

4.27. 
(99) 

xl6 

-I 

16. I-i, 
(95) 

2_9S 

0.4 I 

921. 

(99) 

7.19 
-l 

iC~?IicZt~iOC error increases v.ith increasin g Jili-erence in chenkal type front the rel-N- 

cnct cmnpound. The value t-or diethy ether is surprisingly lowy which suggests that 

evaporation losses are ne$igible for this compound_ For the medium-boiling niisrure 

also the value WLS significantiy higher Ibr I-propanol than for succeeding compounds. 

the lowzst value being obtained for o-xylem, which is the most chenkally similar of 
the ccmponents to the benzeize standard_ The high-boiling mixture gave very poor 
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TABLE Viii 
SUMMARY OF RESULTS OF ANALYSIS OF VARIANCE FOR HIGH-BOILING MISTURE 

Reference peak = ethyl benzene (ptxslk 1). 

lndcne 

10.-w, 

(9)5) 

61 .s_ 
!‘J’J) 

ffckfrr r-rrrio.\s_ For the hv-, medium- and high-hoi!ing misturcs, the cwllicicnts 
of‘ ~arititicm lbr height ratio replicates are not sig;?ilicantly dilt‘erait liom Lhc xr‘a 

values except in a kw casts. This su gg-ests that peak I:cigl;t nit‘;isurenit’n1s are for he 
1110s~ part 2s precise as the inWgrakx- nitxtsurt’nit’tit?; under consIunt cotiditions. i-;O\\.- 
ever, peak height ratios nxiy be it3S reliable fxcause of the possibilitv 01‘ ilijcction 
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TABLE IX 

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

Reference peak = r&dekalin (peak 5). 

Diethh-1 et&r 

Toluene 

Ethylbenzene 
Ws-dckalin) 

Teetradecane 

Indent 

He.%ldeGtIle 

Mean 
d_,_f_ 

Diethy ether 

Cylohesanr 

Toluene 

Ethylbenzene 

F (,“,zh,) .= 5.0. (9’1) F ( F: : ) :: 1. (ns) 
C 

1 A0 l-15 1.3s 1.15 0.47 1.14 1.13 0.79 

0.69 0.77 0.79 0.51 0.5-l 0.99 0.39 ox 

= 1.1, (1%) F ( s”:: ; ) 325. (90) 

’ -3 _._ 7.19 ’ -% -._ 7.19 2.65 1.10 293 1.24 

F ( *I:“) = 1.07. (ns) F ( ;f: f ) -=- 3.75. (90) 

17-l 0.90 1-41 1.10 O-95 0.9s 4-36. 3.04. 

6.5,. (95)(99) (‘)O) 

3-3-r 2.65 1.51 1.5-l 321 

F (“““) = 1.90, (90) 
OC 

F ( ‘et 3 Set , ) :L. 6.16. (93) 

1.0-I 1.50 7.17 1.5s l-46 I -64 1.71 I.59 
9s 71 77 41 17 17 14 21 

Hc+ht rcfr Los 
13.62 71.0 9.73 9.x ‘3-9 l-l.4 3s.s. 3-37 

F (,“,‘,) -= 6.67, (99) F ( ;z; ; ) -: 7.91. (95) 
(991 

7.49 16.3 3.15 7.33 I’ _._ ’ 16.7 19.4 6.4s 

F 
oc 

! ) flash, 
= 11-4. (99) F ( “,:: ; ) =zz 6.17. (95)(99-9) 

7.1s 16-4 7.73 7.67 11.9 7.5 101.3, 13.0. 

F( Oc)= 
.ff=h. 

6.01, (99) l= (, “s’,: ; ) = 5.73. (95)(99-9) (99-9) 

3.6s 12.1 6.06 5.83 9.33 13-l ___ ” 1 . 11.0. 

F (?&j = 4.34, (95) F [- sse,; ; ) = 3.4~~ (95)(99-9) (95) 

s.30. 

(95) 

0.74 

3.01. 

(95) 

o.so 

1.55. 
(95) 

3.6s. 
(95) 

5.11 

IS.1 

II-7 

4.60, 

(95) 

5.1s 

I.19 

1.90 

1.61. 
195) 

4.93. 
(95) 

5.75 

%_S’ L. _ 
(95) 

3.’ 1 
7 

157. 
(99.9) 

2-l-7 

13-O. 
(99.9) 

11.0. 

(99) 



TCt~idec;lllC s.00 27-3 ix3 25_9 26.5 25.8 50.3, 44.2. 4.SO 

F!,“,‘,) = 
1.13. (ns) F ( z;: ; ) = 1.06. d99-9) (99-9) 

.’ 

lndene 7.35 14.3 10-I 7.13 11.3 16-4 x.1. 9.47 6.52 

F (,izh) = 2.12. (ns) F (, zz: : ) = 5.59. t951(99) 

F (!zh) == l_SS.(ns) F( g:; ) - ,_hS.(n~)(~9~9) (99.9) 

Meal1 7.1’ 19.5 1l.S 11.1 IS.0 IS.7 45.7 IS.6 - 
d.o.!-_ 9s 71 77 4’ 41 42 14 21 - 

function etkcts. For instance. diethyl ether, the first eluted component of both the 
low- and u idc-boiling-range mixtures, and hcxtdecane in the high-boiling mixture gave 
poor replicate height ratios. !a,2 ~r~~restin~ the esistence of adverse injection ftmction 
eKects_ The wide-boiling-range mixture _ wve much poorer replication for heights 
than l-or arcas for all thr components, indicating that injection timction et‘fects are 
more critical than for the other mixtures. 

=fnw mriox For the low- and medium-boiling mistures the precision in the 
on-column mode is better than the precision in the flash vaporization mode. the 
diiikence being significant, or very significant, in a number of cases. With the high- 
boiling mixture both tetradecane and hesadecane give better precisions for on- 
column injections than for tlash vaporization but indene gave ;t sigxilicantlv inferior _ 
precision in the on-column mode. This is probably due to a slight polymerization of 
indens. With the xvide-boilingrange misture only dieti+ ether, indene and hesa- 
decane gave significantlv better precisions for on-column injection than for flash 
vaporization. 

IfeQ;/~r rmios. The precision ot‘ on-column injection using height ratios is 
signiticant!v better than the precision of flzlsh vaporization in all cases except for the 
high-boil& misture where the reverse situation applies. The latter anomaly is cs- 
piained by the relatively low vaporizer temperatures compared with the boiling points 
of the components. an e.saniple of poor Cllromato~rilphic practice_ 

_-b-w rmios. The precision of set 1 is signiticantly worse than the precisions 01~ 
sets Z and 3 for most compounds, except for the wide-boilingrange misture_ It seems 
unlikely that this difference in precision is due to the particular type of syringe used 
because the s;tme type v.zs also used for half of the injections of set 2. The most likely 
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eqkuxttion is that the syringe used for the injections of set 1 was badly worn in 
comparison with the other syringes thus giving rise to a poorer precision for the set_ 
This syringe was, in fact, changed for the wide-boiling-range mistime, which probably 
explains why set 3 tends to give a poorer precision than sets 1 and 2 in this case. 

ffeight mtios_ The effects obtained t-or the within set height ratios are much 
greater than the arta ratio effects for the low-boiling n-tisrure. This is almost entirely 
due to poor injection functions arisin g from an occasional poor injection by the oper- 
ator_ For the medium-boiling misture, however, the results are similar to those for 
the arert ratios, set 1 again being poorer than sets _ 3 and 3. With the high- and wide- 
boilinprmqe mixtures, there are considerable injection function effects, parricularly 
fur the latter where all the values are much worse than for areas. 

_-II-~ I-oiI‘oJ._ In general, the level of the vaporizer temperature had no signif- 
icttnt efkt on the relative peak areas, which strongly su ggests that the sample entering 
the coltiinn was representative of the ori=- wial sample, within the precision of the pro- 
cedure_ Gnly indene gzt\-e a signiticxnt ett‘ect, as-tlin probably due to polymcriztl~ion. 

Heighi rcrrios-. In contrast to the lack of signiticant effects for area ratios, the 
height ratios gave a number of signiticant ell‘ects. These arose in the use of flash 
vaporization with the low- and medium-boiling mistures and in both modes with the 
high- and wide-boiling-ranse mistures_ These elkrs \vere almost enrircl_v due to 
variable peak spreadin, a induced by injection function efkts_ For the wide-boiling- 
range niisture in particular, the effect was \-erv sigiiticant for nearly all components. 

Sets 
_-lrer~ ruriox There are numerous signiticant ditti-renccs bctlveen sets cscept 

where the compounds concerned are cheniically simiktr to the rekrcnce compound. 
These diKerences m-e clearly explained by ions-term changes in the relative response 
of the equipment, probably in the detector_ When the measured compound is similar 
to the reference compound (toluene in the low-boilin, 0 misture and o-sylene in the 
medium-boiling mixture). the response changes \vould tend to be compensatory. 

With the wide-boilins-range mixture there is evidence of changes due to evaporation 
losses, but here again the compound mosC chcnkally similar to the cis-dekalin ref- 
erence_ ix: cycloliesanc, gives the least eitkt. 

H&lrr rmios. With the lov:-. medium- and high-boiling mistures the set height 
variances are siinilar to th- - L area variances and so they probably arise from the srune 
sources. With the wide-boilins-r:mge misturc, dierhyl ether, cyclohcsnne and ethyl- 
benzene give nu.1~1~ higher values than for areas and so clearly there is an additionttl 
injection function eKect_ 

&a rrttiox. Apart from one or two exceptions, there is no significant dif- 
ferenk bct\vcen on-column and tlash vaporization injection with regard to peak area 
ratios_ Thus, apin, it seems highly improbable that there are any signilicant bias 
errors in the injection procedure_ With rhe medium-boilins-mixture ck-dekalin gave 
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a significant etlkct becxuse of a particrhriy poor injection that resulted in severe 
fractionation from the needle. For the wide-boiling-range mixture there were signir- 
icant ditrerences for etfq4benzene, tetradecane and hesadecane, which indicated tile 
existence of bias errors in these cases. GE inspection it is clear that these errors arise 
from fractionation elkcts in the flash vaporization mode as described earlier. 

H~+g/rt rtrrio.s_ There are significzlnt or highly significant cli‘ects For methanol 
and toluene in tile low-boiling misture, I-prolxtnof and t-is-dekafin in the medium- 
boiling mixture, and for ail components except indcne in the wide-boiling-range 
mixture. All these dilt‘erences are primarily due to greater peak spreading wfwn 
using the on-column mode than when usin, ‘r ftisii vaporization. 

CiENERAL CONCLUSIONS 

Tile statistical esperiments described in this paper indicate that bias or random 
errors can arise tiom the sarnpfe injection process botfl as a result of operator tech- 
nique and instrumental conditions_ Tile results su=, l’=est tht bias errors are not likeI! 
to be signilicant il‘a sound code ol~cltrot~~ato~rapl~ic practice is li>lfo\ved, but random 
errors, \vhich all&t the precision of peak area ratios, depend critically on botfl tcch- 
nicfue and injection conditions. Cleari, 1’ the opcrtttork injection technique sflould be 
cxek‘ulfy standardized preti-rrtbly on tile lines described_ and the vaporizer temper- 
ature shottfri be sullicientl~ high to a\oid slo\v vaporizrttion or an alverse injaztion 
function. 

In general, tix low- and medium-boiiin, l * mistures, on-colunin injection gave 
better precision and t>\\eer bias errors fYx- both peak height and arc:1 nw:lsurt’nlents 

than flash vaporization. The latter, fm\\ever. tcridcd to si\-c a better injection function 
and hence ii better precision for peak heights f01 components covering a wide boifin~ 
range_ An csrtmination of the n~an \tlfues indictltes tfxtt the best compromise \vould 
he to ~1st‘ on-column injection with aJditiona1 ficat supplied hy a vaporizer_ 

Concerning the cfwicc ot‘ rctkrctxc con~pounci to be used 3s an internal Stan- 
dard, niasiniuni precision \\a5 obtained f;w components similw in cfwmic:tf type :tnd 
Autcd closest to the standard. 


