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Optimization of coal tar gas chromatography conditions
using probabilistic-deterministic design of experiment

The development of physicochemical methods for the analysis of objects of complex composition requires
the application of methods of mathematical experiment design. This article investigates the possibility of us-
ing probabilistic-deterministic design of experiment (PDDoE) for obtaining a mathematical model of the
chromatographic separation process of coal tar hydrogenation products on an Agilent 7890A device with an
Rxi-5ms column. It is shown that the relationship between the column heating rate and the carrier gas pres-
sure with the values averaged for the entire chromatogram can be established with a high accuracy. It is noted
that the accuracy of modeling the individual characteristics of the mixture components’ peaks is less, but re-
mains sufficient for many practical needs. Nonlinear multiple correlation coefficients (NMC) for the depend-
ence of the average retention time and average intensity on the considered factors are more than 0.99; they are
more than 0.98 for the average peak width. NMC for the dependence of the resolution with the relation to the
peaks of naphthalene and 2-ethylphenol is more than 0.8 at a significant level that sufficient for practice. The
quality of the mathematical model was checked by triple registration of the chromatogram at the values of the
column heating rate and carrier gas pressure that were not used in the training experiment. The measurement
results are excellent squared with those calculated using the obtained generalized equations. The PDDoE
method can be recommended as a method for mathematical design of an optimization experiment in gas
chromatography.

Keywords: gas chromatography, design of experiment, coal tar, GC-MS, PDDoE, optimization, retention
time, peak width and height.

Introduction

Gas chromatography (GC) is one of the most effective methods being used to separate complex mix-
tures of substances. The separation quality depends on a number of the experiment parameters, including
device settings [1]. Most gas chromatography devices allow one to set two parameters of the chromatograph-
ic separation process, namely the flow rate (pressure) of the carrier gas and the column heating rate. The in-
fluence of each of these two factors on the retention time of substances is qualitatively predictable based on
general laws, specifically the relative retention time decreases with increasing gas pressure and temperature.
Column efficiency is not linearly dependent on gas flow rate and temperature, and is unique to each column.
Thus, controlling the temperature and gas flow rate allows to control the chromatogram quality and the anal-
ysis rate. Considering the unigque characteristics of chromatography devices and analytes, it seems impossible
to predict the retention time of a particular component and the resolution capability of the method in the case
of a given object by using the fundamental laws. On the other hand, empirical formulas, that link instrument
settings to chromatogram characteristics, can be obtained relatively easily. These parameters have a com-
bined effect on the results; therefore, it is considered effective to use mathematical experiment design to op-
timize them [2].
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The authors of a number of works achieved a significant improvement in the characteristics of the de-
veloped methods by applying traditional methods of experiment design to the chromatography process or to
sample preparation. In [3], the authors optimize the sample preparation of biological fluids for the determina-
tion of formaldehyde using mathematical design of the experiment. In most works, conditions optimization
of a gas chromatography is carried out by the empirical selection of parameters until satisfactory results are
achieved. The low efficiency of this method compared to design of experiment has been repeatedly discussed
in various sources. Publications [4-5] show that the optimization of GC parameters can significantly improve
the components separation, and, as a consequence, reduce the limit of detection and determination limit, as
well as simplify their identification.

Analysis of the literature indicates that probabilistic-deterministic design of experiment [6], that is be-
ing used successfully in the study of chemical-technological processes [7, 8], can be also used in the devel-
opment of methods of physical and chemical analyses [9, 10]. It seems interesting to investigate the possibil-
ity of using PDDoE to optimize the conditions of a gas chromatography.

Coal tar is a valuable source of a number of organic compounds. An international group of researchers,
including professor M.I. Baikenov and his employees who conducted the research on the production of liquid
fuels from light oil and other fractions of coal tar [8, 11, 12]. These studies require systematic control of the
qualitative and quantitative composition of the reaction mixtures by gas chromatography — mass spectrome-
try (GC-MS).

The aims of the study are as follows:

1) Obtaining mathematical models linking the carrier gas pressure and the column heating rate with the
average values of the retention time, height, and width of the main peaks in the chromatogram.

2) Verification of the mathematical model in a control experiment.

3) Obtaining a mathematical model for the resolution of closely spaced peaks, for example, naphthalene
and 4-ethylphenol.

Experimental

A solution of a light fraction of coal tar in chloroform was used as a test mixture. An Agilent 7890A gas
chromatography device with an Agilent 5975C mass selective detector has applied. 0.01 g of the sample was
dissolved in the solvent, so the volume of the solution was 10 ml. The solution was filtered and injected into
the column using an autosampler. The analysis was carried out under the following conditions: column type
was Rxi-5ms, column length was 30 m; column diameter was 0.25 mm; column adsorbent thickness was
0.25 pm, evaporator temperature was 250 °C; thermostat temperature was 60-250°C; carrier gas was helium;
sample volume was 0.2 pl with a 1:1 sample separation. The heating rate of the thermostat and the pressure
of the carrier gas were set according to the design of a four-factor experiment with three levels of variation,
and then chromatograms were recorded. The positions of two factors in the design of experiment were left
vacant. The structure of the PDDoE design and the mathematical processing of the results of its application,
as well as calculations based on the obtained empirical equations, were carried out using the previously de-
veloped program “PDDoE” (Auth. Sert. RK No. 26 dated 01.10.2018).

As a matter of convenience, peaks with high intensity corresponding to the highest content of the sub-
stance in the mixture were selected for the study. The primary processing of the results was carried out au-
tomatically using the standard program “GC-MS Data Analysis”, containing a database of mass spectra of
nearly 1,000,000 compounds.

Considering the high reproducibility of the GC method and the unique features of the PDDoE method,
it is possible to avoid the errors of a singular measurement [9], so the optimization experiment was carried
out in one repetition. The chromatogram obtained under the conditions determined by the PDDoE method
was recorded three times to assess the performance and quality of the model.

Results and Discussion

Table 1 illustrates the design of a four-factor experiment for the optimization of the GC conditions with
three levels of factors variation, as well as some results of its application. The rate of column temperature
rise and the pressure of the carrier gas were selected as variable factors. The positions of two factors were
left vacant.
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Table 1
Design and results of the optimization experiment
No. |AT, "C/min| P, psi Vac. 1 Vac. 2 t.,min o, min 1*10™
1 1 2 1 1 84.93 0.389 300.9
2 1 5 2 2 81.71 0.334 272.7
3 1 10 3 3 77.44 0.338 190.45
4 6 2 2 3 21.51 0.0945 1390.9
5 6 5 3 1 20.71 0.0936 1236.4
6 6 10 1 2 19.83 0.0845 884.54
7 12 2 3 2 12.8 0.06 1754.5
8 12 5 1 3 12.27 0.06 17773
9 12 10 2 1 11.6 0.06 1413.6

Here, AT°C/min is column heating rate; P, psi is a carrier gas pressure; Vac. 1, Vac. 2 are values of va-
cant factors, t,,min is an average retention time, o, min is an average peak width, 1*10* is an average in-
tensity over 11 peaks.

The main goal of the optimization experiment was to achieve a balance between the resolution and the

duration of the chromatogram registration process. In Figure 1 it can be seen that changing the conditions
process significantly affects the chromatogram.

column heating rate: 1 °C/min
Pressure: 10 psi

column heating rate: 1 °C/min
Pressure: 2 psi

.-\ \‘\ -~
. . \: PR N PO column heating rate: 6 *°C/min
. W NN “J—l‘e:(}d.cgahe\_‘ "~ .Qctadecane Pressure: 2 psi
\ Naphthalene, . Os. pentadecane™s. s ve T
\ ~ ~ -~ -~
\ Naphthaléne _ 1-nieth ~ RN ~-Hepfadecari
~ P\ mradecaﬁve ~

~ -~

~~Nonadecane
~

~. p~-_EicosaneHeneicosane
4 = Docosane

-
AN

Figure 1. Influence of helium pressure and column heating rate on chromatogram quality

The figure perfectly illustrates that there is the general tendency of the process acceleration with in-
creasing pressure and, more specifically, increasing heating rate, and an increase in resolution with decreas-
ing carrier gas pressure. The data in Table 1 were processed using PDDoE to establish a gquantitative rela-
tionship between gas pressure, heating rate, and some parameters of the chromatogram. Since three levels of
factors variation create only three points for approximating the partial dependence, the list of used approxi-
mating functions was limited to linear and intrinsically linear ones. Figure 2 shows the dependence of the
average retention time on significant parameters. Analysis of the curves clearly demonstrates that the average
distance between the peaks decreases rapidly with an increase of the heating rate and slightly decreases with
an increase of the carrier consumption. The dependences on the vacant factors are expressed by straight lines
that practically coincide with the line of average values, which indicates the minimal influence of unaccount-
ed and random factors on the experiment result.
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Figure 2. Dependence of the average retention time on heating rate and helium pressure

Generalized equation (1) describes the dependence of the average retention time on the considered fac-
tors:

1
0.03421+0.0004116x P

The dependences of the average width of the peaks in the chromatogram on the considered parameters

(Fig. 3) also turned out to be decreasing. The heating rate plays a dominant role, as in the case of the average
retention time.

t, =81.26x AT 7% x

/27.3804, R =0.9917, tg = 146.9447. (1)

Figure 3. Dependence of the average width of the peak on heating rate and helium pressure

Generalized equation (2) describes the dependence of the average retention time on the considered fac-
tors:

=0.3478x AT 72 x (0.117 + &555) /0.1234, R = 0.9857, tz = 85.0297. 2

The partial dependences of the average peak height on the conditions of chromatographic separation,
presented in Fig. 4, allow us to conclude that the relationship between the width and height of the peaks is
ambiguous. The average height logically increases with an increase of the heating rate, but decreases with an
increase of the carrier gas pressure, more than the average width.
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Figure 4. Dependence of the average height of the peak on heating rate and helium pressure

Generalized equation (3) describes the dependence of the average retention time on the considered fac-
tors:

1 x107™* = 264.9 007%AT , A0 925 e 0% , P02 1 778 2956, R = 0.9928, tr= 169.4889.  (3)
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For multicomponent systems, as a rule, it is not possible to select the conditions for a chromatogram
registration that are equally suitable for a clear separation of all components. At the same time, the obtained
mathematical model (equations 1-3) is applicable for an optimization of the general qualitative and semi-
quantitative analysis.

Based on the recorded chromatograms, a model can be built for any other measurement result (for ex-
ample, for the resolution with a relation to certain signals) without repeated measurements. This point is the
undoubted advantage of the PDDoE in comparison to other methods of mathematical experiment design.

For mathematical models of the resolution with a relation to a particular pair of peaks, a slight decrease
in accuracy is observed, which is most likely associated with the variance in determining the width of the
peaks. For example, the dependence of the resolution (Rs) of the peaks of naphthalene and 4-ethylphenol on
the considered parameters is described with the help of the equation (4):

Rs =(0.083+0.2346/ P) x (0.1364 +0.08223/ AT) / 0.1577 , R = 0.8003, tz = 5.4526. 4)

The experimental value of the resolution for these peaks was obtained according to the generally ac-

cepted formula R =

, in which d is a distance between the tops of the peaks, o is a width of the
col + 0)2

peak.

Figure 5 allows to see that individual experimental points are located at a relatively large distance from
the approximated surface.
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Figure 5. Dependence of the resolution (Rs) of the peaks of naphthalene and 4-ethylphenol
on heating rate and helium pressure

The calculation of the maximum achievable value of the resolution of the indicated peaks leads to a
value of 0.3575 at P = 2 psi AT = 1 °C/min.

Experimental verification of the obtained dependencies was carried out by triple registration of the
chromatogram at a pressure of 3 psi and a heating rate of 2 °C/min. Considering the Student's coefficient for
three measurements and a probability of 0.95, equal to 4.3, the results are represented in Table 2.

Table 2
Results of the experimental verification of the model

Y Ycalc Yexper

L 49.5026 49.55+1.89
® 0.2145 0.2164+0.0085
I 549.75 549.01+19.11
Rs 0.2082 0.2185+0.0833

The result of the control experiment shows that the mathematical model is adequate and the assessment
of its accuracy is correct. The accuracy of the generalized equations generally correlates with the reproduci-
bility of the quantities.

Conclusions

Summarizing all of the results, we can conclude that probabilistic-deterministic design of experiment
can be successfully used to optimize the conditions for gas chromatography of complex mixtures. When us-
ing the method, it should be considered that the averaged parameters of the chromatogram are explained by
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generalized equations with an accuracy higher than 0.98, while for individual characteristics (the height of
one peak, the resolution of 2 peaks, the retention time of the component, etc.), the accuracy of the models
turns out to be noticeably lower due to the worse experimental reproducibility of these values. In general,
PDDoE can be recommended for carrying out an optimization of the experiment in gas chromatography.
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B.H. ®omun, A.A. Aitna6aes, /I.A. Kaiikenos, JI.T. CaapipOexos,
C.K. Anna6eprenosa, M.A. Typogen, H.K. Kenecoex

IKCIEPUMEHTTIH BIKTUMAJ/IbI IeTEPMUHHUCTIK KOCNAPJIAYbIH KOJAaHYMEH KOMip
IIANHBIPBIHBIH ra3 XpoMaTorpaguschl KaFIalIapblH OHTAWIAHABIPY

Kypambr kypaeni oObekrtinepni TanmaynslH (U3UKA-XUMHUSUIBIK OMICTEPIH d3ipiiey VIIIH IKCIIEPUMEHTTI
MaTeMaTHKAIIBIK JKOCHapiiay 9iCTepiH KoJmaHybl Tajman ereai. Makamaga RXi-5ms Garanbr 6ap Agilent
7890A acmabbIHza TacKeMip MIAHBIPHIH THAPOTEHN3ANNsIIAY OHIMAEPIiH XpoMaTorpadusuIbIK 0eiy yaepiciHig
MaTeMaTHKaJIBIK MOJCNTIH aJly YIIiH 3KCHEPHMEHTTIH BIKTHMAJ/IbI-IeTePMHHUCTIK xocmapnayasl (DbIXK)
KOJIJJaHy MYMKIHJIr1 3epTTenreH. baraHHBIH KbI3IBIPY JKbULAAMABIFBI MEH TAaChIMAIAAYIIBI I'a3 KbICHIMBIHBIH
OapyBIK XpoMmarorpamMma YVIIiH opTama MOHIEpPIMEH OailJIaHBICBIH JKOFAaphl IOJAIKIIEH OpHATYyFa
OomaTeIHABIFEl KepceTinreH. KocmaHbIH Kypamzac OeiKTEpiHiH INBIHAAPBIHBIH JKEKe CHIaTTaMalapblH
MOJENBbACYIIH AQJIIT a3, OipaK KeNTereH MPaKTUKANBIK KaXETTUTIKTep YIIiH KETKUTIKTI OONBIN TaObUIaAbL.
Oprtama ycray yaksITBl MEH OpTalla KapKbIHJBUIBIKTHIH KapacThIPBUIATHIH (haKTopiiapra TOyeIuIiri YIIiH
CBI3BIKTHIK emec Kere koppersinus koddunuentrepi (CKKK) 0,99-nan acThl, MIBIHHBIH OpTaIla €Hi YIIiH
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oxn 0,98-1i kypansl. Hadramua Men 2-3TrindeHoI mblHAapbIHA KAaThICThI aiiblpy KaOIeTiHIH Tayenaiiri yiin
CKKK mnpaktuka yuriH MaHBI3IBUIBIK JACHredi JKeTKUTKTI karmaiibinga 0.8-meH acTbl. MaTemaTHKajbIK
MOJENBIIH Camachl OKBITY SKCICPUMEHTIHIE KONIAHBUIMAFaH OaFaHHBIH KBI3ABIPY JKBULIAMIBIFEI MEH
TAaChIMAIAYILIbl Ta3IbIH KBICBIMBI MOHAEPIHIEC XPOMATOTpaMMaHBI YII PEeT TipKey JKOIBIMEH TEKCEpili.
AJIbIHFaH JKaJITIbUIAHFaH TCHCYJICPMEH CCENTENreH HOTIKEIEp OIIIeY HOTHKEIEPIMEH JKaKehl yitneceni. I'a3
xpoMaTorpadHsAChIHAA OHTaIlIaHBIPBUIFAH SKCIIEPUMEHTTI MaTEMATHKAJIBIK JKOCTapiay IblH dMiCi peTiHie
ObIJIX sxiciH yceiHyFa O0ONabL

Kinm ce30ep: ra3 xpomatorpaduscsl, IKCIIEPUMEHTTI jkocHapiay, kemip maitbipsl, MC-I'X, skcriepuMeHTTi
BIKTUMAJIABI-IETEPMIHUCTIK KOCTIapIay, OHTAIaHIBIPY, albIPy YaKbITHI, IIBIHHBIH OHIKTIri MEH eHi.

B.H. ®omun, A.A. Aitna6aes, JI.A. Kaiikenos, JI.T. Caapip6exos,
C.K. Anna6eprenosa, M.A. Typogen, H.K. Kenecoex

Onrumu3anus ycJoBHi ra3oBoil XxpoMaTorpaguu KAMEHHOYI0JIbHOI CMOJIbI
¢ IPUMEHEHHEM BEePOATHOCTHO-ACTEPMUHUPOBAHHOIO IVIAHUPOBAHMS IKCIIEPUMEHTA

PazpaboTka GpU3UKO-XMMHUYECKUX METOJIOB aHAJIU3a OOBEKTOB CIIOKHOTO COCTaBa TpeOyeT MPUMEHEHUS Me-
TOJIOB MAaTEMaTHUECKOTO IUIAHUPOBAHUS SKCIEpUMEHTa. B cTaThe mccienoBaHa BO3MOXKHOCTh HCIIOIb30Ba-
HHS BEPOSTHOCTHO-JETEPMUHHPOBAHHOTO INTAaHUPOBAaHMA SKcrepumenTa (BJIIID) mnst momydeHus marema-
THYECKOH MOJENH Mpoliecca XpoMaTorpadieckoro pa3aeieHust IPOAYKTOB THAPHPOBAHUS KaMEHHOYTOJIb-
HOIt cMoJtel Ha ipubope Agilent 7890A ¢ xononkoit Rxi-5Sms. [lokazaHo, 4To B3aMMOCBS3b CKOPOCTH Harpe-
BaHMs KOJIOHKU U JABICHUS ra3a-HOCUTEI C BEIMYUHAMH, YCPEIHEHHBIMH U1 BCEll XpOMAaTOrpaMMBbl, MO-
KeT OBITh YCTAHOBJIEHA C BHICOKOH TOYHOCTBIO. OTMEUEHO, YTO TOYHOCTh MOACIUPOBAHHS HHANBHY ATBHBIX
XapaKTePHCTUK MKOB KOMIIOHEHTOB CMECH MEHbIIIE, OJHAKO OCTAETCsI JOCTATOUHOM /I MHOTUX IpaKTH4e-
ckux Hy*a. Koadounrentsr HenuueiHoi MHOXecTBeHHON Koppersiunu (KHMK) mns 3aBucumoctu cpenne-
IO BPEMEHH YACP)KHBAHUS U CPEIHEIl MHTEHCUBHOCTH OT paccMaTpuBaeMbIX (akTopoB mpesbickin 0,99, nis
cpenHell mmpuHBI THKa coctaBmau Oonee 0,98. KHMK mnst 3aBucuMocTH paspemaromeil cmocoOHOCTH 10
OTHOIICHUIO K IHKaM HadranmHa u 2-3trndenona npessicuan 0,8 mpu JOCTATOYHOM ISl IPAKTHUKH YPOBHE
3HayuMocTd. KadecTBO MaTeMaTndeckoil MOJEIU NPOBEPEHO TPEXKPATHOW perucTpanueidl XxpoMaTorpaMmbl
NP 3HAYEHUSIX CKOPOCTH HAarpeBaHMs KOJIOHKH W JIABJICHUS ra3a-HOCHTENs, HE HCIONB30BaBIINXCS B 00y-
YarolleM dKCIepUMeHTe. Pe3ysbTaTel U3MEPEHUH OTIIMYHO COIJIACYIOTCS ¢ BBIYMCICHHBIMU 10 IOTYyYEHHBIM
00001€HHBIM ypaBHeHHssM. Metox BIIID MoxeTr ObITh PEKOMEHIOBaH B MAaTEMAaTHYECKOM IUIAaHUPOBAHUH
ONITHMH3AI[IOHHOTO SKCTIEPIMEHTA B Ta30BOH Xpomarorpadum.

Kniouesvie cnoea: TazoBas xpomatorpadus, IUIAaHUPOBAHHE SKCIEPUMEHTa, KaMEHHOYTOJbHAas CMOJa,
I'X-MC, BAIID, ontumu3anus, BpeMs yIepKUBaHNs, BBICOTA H IIUPHHA ITHKA.
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