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ABSTRACT 26 

Comprehensive two dimensional gas chromatography – time of flight mass spectrometry 27 

(GC×GC-TOFMS) with sample introduction using headspace solid phase microextraction 28 

(HS-SPME) was used for the botanical classification of raw spirits obtained from  C3 (corn 29 

and sorghum) and C4 (rye, wheat and potato) plants. 45 spirit samples representing these raw 30 

materials (10 spirits produced from rye, corn, wheat and potato, and 5 from sorghum) were 31 

analyzed. Volatile compounds profiles were compared by PCA, and after removal of outliers  32 

samples were subjected to the classification model. OPLS-DA model was built (R2Y=0.924 33 

Q2Y=0.895) that enabled clear separation of all tested spirits of different botanical origin. The 34 

model was validated with training and testing sets and 100% correct assignment was 35 

achieved. GC×GC proved to be a method that not only can be used as a tool for botanic origin 36 

of raw spirits, but also provides detailed information of volatile fermentation by-products, 37 

characteristic for particular spirit. 38 

 39 
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1. Introduction  50 

Food adulteration and fraudulent practices are some of the main threads to consumers, as well 51 

as  main challenges in food chemistry/analytical chemistry. Alcoholic beverages are among 52 

food products that are adulterated, along with olive oil, meat and fish products, tea and spices. 53 

Among the challenges in adulteration detection there are few important issues: geographical 54 

indication, botanical origin, manufacturing methods (Medina et al,. 2019). The problem of 55 

botanical origin is important in strong alcoholic beverages market, especially for such 56 

products as tequila (Bauer-Chrstoph et al., 2003), whisky (Parker et al., 1998) and vodka 57 

(Ciepielowski et al., 2019). Cane sugar derived spirits can be mixed/sold as agave (tequila), 58 

other grains be mixed with barley without declaring them as (Scotch whisky) ingredients, and 59 

vodka expected to be produced from cereal grains can be produced from other sources 60 

without declaring it (corn can be used as a cheaper source of saccharides instead of more 61 

expensive rye, or harder to obtain potatoes).  62 

Probably the most explored strong alcohol in terms of authenticity research is whisky. There 63 

are different approaches tested for this purpose, ranging from simple analysis of congeners 64 

(Aylott & Mac Kenzie, 2010), 2H and 18O stable isotope analysis (Meier – Augenstein et al.,  65 

2012), UV-Vis spectroscopy (Rocha Martins, et al, 2017), to such novel or sophisticated 66 

techniques as paper spray mass spectrometry (Teodoro et al., .2017) or Fourier transform ion 67 

cyclotron resonance mass spectrometry (FT-ICR MS) (Kew et al., 2017). This reflects the 68 

overall trend in enhancing the array of analytical techniques used for adulteration detection 69 

(Medina et al., 2019).  70 

Techniques used for detection of adulteration in alcoholic beverages have been summarized 71 

by Lachenmeier (2016). One of the dominant techniques in foods adulteration studies is the 72 

determination of stable isotopes ratio in a product. For this purpose usually ratio of 13C/12C, 73 

15N/14N, 18O/16O  and 2H/1H (D/H) is measured. It is usually carried out using dedicated for 74 
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this purpose mass spectrometry – IRMS (Isotope Ratio Mass Spectrometry). For many foods 75 

(origin of olive oil, wine adulteration) IRMS is regarded as a golden standard (Rossmann, 76 

2001). Similar situation is noted for botanical origin of strong alcohols (He et al., 2023). 77 

There are different approaches to the authenticity of strong alcohols using IRMS: the simplest 78 

is the BULK analysis (or EA-IRMS, elemental analysis – IRMS), where the whole sample 79 

undergoes combustion and no chromatography is used for sample ingredients separation. 80 

Alternatively CSIRA (Compound Specific Isotope Ratio Analysis) can be performed, which 81 

requires GC-C-IRMS, so chromatographic separation of peaks is done prior to combustion 82 

and IRMS and isotope ratios (δ13C (0/00)) are determined in volatile congeners, such as 83 

acetaldehyde, ethyl acetate, n-propanol, isobutanol and amyl alcohol (Parker et al., 1998). 84 

Stable isotopes measured by NMR is also used as in research of fruit brandies in terms of their 85 

D/H (ppm) ratios by NMR as well as δ13C (0/00) values. 2H-NMR D/H in methyl groups of 86 

ethanol were in a  range of 94.4 – to 100.4 ppm, D/H in methylene groups ranged from 118.9 87 

– 140.1ppm, whereas δ13C (0/00) ranged from  -23.30 to -28.80 depending on a fruit used as a 88 

raw material (Winterova, et al., 2008). In contrast δ13C (0/00) for beet sugar ranges from  -28 to  89 

-26, for cane sugar -13 to -11, grain spirit -26 to -24, potato -28 to -25, whereas for synthetic 90 

alcohol -32 to -25 (Bauer – Christoph et al., 2003).  91 

 92 

Strong alcohols, such as brandies, whisky, rum, alcoholic distillates from grain are rich in 93 

volatile fermentation by products, as well as volatile compounds originating from raw 94 

materials, technological processes and ageing. According to different literature sources there 95 

are usually hundreds of compounds detected in each of them. There were 550 compounds 96 

reported in rum, 486 in cognac, 88 – 227 in whisky (Maarse, 1994). Chinese spirit – Baijiu is 97 

characterized by distinct and unique flavors, being a result of fermentation technology, 98 

various raw materials used and distillation process (Zheng & Han, 2016). For the Baijiu the 99 
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number of detected VOC is often comparable to that of whiskies, brandies and rums, although 100 

their concentrations are several times higher (Fang et al., 2018).  101 

The profile and number of detected compounds in strong alcoholic beverages depend mainly 102 

on raw material used for production, fermentation conditions and applied distillation process, 103 

to lesser extend on yeast strains used. For agricultural distillates (raw spirits) around 40 odor 104 

notes were registered using gas chromatography – olfactometry. Some of the volatile 105 

compounds definitely can impair the sensory quality of spirits as noted for dimethyl trisulfide 106 

and geosmin in raw spirits (Plutowska & Wadencki, 2009). 107 

The number of compounds detected is strongly influenced by chromatographic technique 108 

used. Comprehensive, two dimensional chromatography (GC×GC) is the most important leap 109 

since the invention of capillary gas chromatography in terms of improvement of efficiency of 110 

chromatographic system, and over all peak capacity (Ong & Marriott, 2002, Prehibalo et al., 111 

2018). For GC×GC the most often used detector is low resolution TOF, which enables data 112 

collection at 150 and more spectra per second, which substantially improves deconvolution 113 

and in consequence identification process (Tranchida et al., 2018). GC×GC-TOFMS in the 114 

field of analysis of strong alcoholic beverages was used in the analysis of Baijiu (Song et al, 115 

2000, Zhu et al., 2007, He & Jeleń, 2021), whisky (Wiśniewska et al. 2017, Jeleń et al., 2019) 116 

in terms of their flavor, region of origin and brands differentiation.  117 

 118 

Regardless of the analytical techniques used for data collection in the adulteration research the 119 

crucial role is related to data pre-processing and processing (Pillar Callao, 2018). 120 

Unsupervised techniques, such as PCA (Principal Component Analysis), HC (Hierarchical 121 

Clustering)  are often used to visualize differences between samples. The next step - building 122 

models using supervised techniques (PLS-DA; Partial Least Squares – Discriminant Analysis, 123 

OPLS-DA; Orthogonal Partial Least Squares-Discriminant Analysis) for sample classification 124 
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and unknown samples prediction should be an integral part in showing the usefulness of 125 

particular data processing technique (Reid et al., 2006, Pierce et al., 2012, Prebihalo et al., 126 

2018). LDA (Linear Discriminant Analysis), similarly to PCA is considered a dimension 127 

reduction method. Whereas PCA selects a direction that retains maximal structure in a lower 128 

dimension among the data, LDA selects a direction that achieves maximum separation among 129 

the given classes. Partial least squares (PLS) designed originally as a tool for statistical 130 

regression is currently one of the most commonly used regression technique in analytical 131 

chemistry. As shown PLS-DA corresponds to the inverse least square approach  to LDA and 132 

produces the same results but with noise reduction and variable selection advantages of PLS 133 

(Cantarelli et al., 2015). For the analysis of GC×GC-TOFMS data the stage of data processing 134 

is crucial, especially in non-targeted analysis when chromatographic profiles are compared 135 

(Stilo et al., 2021). Various approaches are used for selection of the most important features 136 

differentiating compounds and building models for classification and prediction of samples 137 

(Prebihalo et al., 2018, Pierce et al., 2006, Song et al, 2000).  138 

It is assumed that for a raw spirit of a defined botanical origin there should be a distinctive and 139 

unique fingerprint of volatile compounds indicating its origin. The goal of this research was to 140 

compare profiles of different raw spirits of various botanical origin using untargeted profiling 141 

of volatiles by GC×GC-TOFMS, to verify the hypothesis that such fingerprint is unique for 142 

particular botanical origin and depends mainly on raw material used for spirit production. 143 

Samples were obtained from various small distilleries, so underwent different 144 

fermentation/distillation processes and were verified in respect of their origin by IRMS.   145 

 146 

2. Materials and methods 147 

2.1. Spirit samples 148 
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Raw spirit samples (40), which were produced in different distilleries in Wielkopolska Region 149 

(Poland) in 2021 were analyzed. The raw spirits were of different botanical origin (corn, potato, 150 

rye and wheat, 10 each) and all were produced in a similar simple distillation units providing 151 

90-92% ethanol purity. They originated from various batches produced within 12 months. Raw 152 

spirits obtained from small distilleries are then delivered to high capacity rectification units 153 

where neutral (96.4% v/v ethanol) spirit is repeatably distilled (redistilled) for subsequent 154 

production of vodka. Additionally, 5 Baijiu labelled single botanical origin (sorghum) were 155 

used in the study and compared to described above raw spirits. The simple distillation process 156 

used in Baijiu production provides 40-60% strong spirit with a rich profile of volatile 157 

fermentation by products similar to that of raw spirit.  158 

2.2. Sample preparation and GC×GC-TOFMS analyses 159 

Spirit samples were diluted to a final concentration of 10% (v/v) with bi-distilled water and 2ml 160 

of diluted spirit was placed in a 20ml headspace vial. Dilution of spirit improves partition 161 

coefficients of volatiles and minimizes influence of ethanol on the adsorption of volatile 162 

compounds on a surface of the fiber. Sample preparation and extraction conditions using HS-163 

SPME for GC×GC-TOFMS was described in our previous work (He & Jeleń, 2021). Briefly, 164 

extraction temperature was 50 oC (also 40 oC and 60 oC were tested), and extraction time was 165 

chosen at 30 min (range 10-40 min. tested) with a 5min. preheating prior to fiber insertion. 166 

SPME fiber (2cm, 50/30 µm coated with divinylbenzene/ Carboxen/ polydimethylsiloxane 167 

(DVB/CAR/PDMS) from Supelco® was used in this study. Compounds were desorbed in a 168 

splitless mode at 270 oC (purge valve opened after 45 sec.). All samples were run in four 169 

replicates. 170 

Pegasus 4D GC×GC-TOFMS instrument (LECO, St. Joseph, MI) with cryogenic modulator 171 

was used in this study, equipped with a nonpolar × polar column combination, consisting of 172 

SLB-5 (30 m × 0.25 mm × 0.5 μm) and Supelcowax-10 (1.2 m × 0.18 mm × 0.2 μm, both 173 
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Supelco, Bellefonte, PA) columns. Initial temperature was 40 °C (1 min.), followed by an 174 

increase at 6 °C/min to 200 °C, then ramped at 25 °C/min to 235 °C and held for 5 min. The 175 

secondary oven was operated 25 °C higher than the first oven. Helium was used as a carrier gas 176 

(0.8 mL/min). The transfer line was at 230 °C, ion source temp. was 220°C and the detector 177 

voltage was 1700 V. EI spectra were collected in a mass range of m/z 33-383 at 150 spectra/s. 178 

2.3. GC×GC-TOFMS data processing 179 

The chromatograms were processed using LECO ChromaTOF 4.50.8.0 software and the NIST 180 

2.0 library was used for tentative compounds identification. The signal-to-noise (S/N) = 10 was 181 

used for the subpeak summing settings. For the analyte match criteria the following parameters 182 

were used: minimum similarity spectral match = 700, mass threshold = 10. Compounds that 183 

were present in less than 50% of samples were eliminated (Song, et al., 2020), zero values were 184 

replaced by half minimum (Xia et al., 2009), then all the compounds were normalized as area 185 

percentage within each sample. The pre-processed dataset was introduced into SIMCA 186 

17.0(Umetrics, Umeå, Sweden) software, logarithmically transformed and then centring and 187 

unit variance scaling was performed prior to the principical components analysis (PCA). The 188 

extreme samples or replicates observed by Hotelling's T2 Range and DModx in PCA for overall 189 

the samples or PCA within each botanical class were further excluded. The dataset without 190 

outliers was subsequently analyzed by orthogonal partial least square discriminant analysis 191 

(OPLS-DA) to classify the samples according to their botanical origin. External validation was 192 

established and comprised of training and testing sets, 80% and 20% of the dataset, respectively. 193 

A heatmap was applied to visualize selected variables by using the online platform 194 

MetaboAnalyst 5.0.  195 

2.4. Isotope Ratio Mass Spectrometry 196 

All the samples from the experiment were previously analyzed by Isotope Ratio Mass 197 

Spectrometry (IRMS, 13C/12C), so their botanical origin was confirmed by a well established 198 
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state-of-art method. All analyzed samples were previously subjected to another method 199 

evaluated for usefulness in botanical origin testing: HS-SPME-MS, where volatiles are 200 

extracted from headspace by SPME, then introduced directly to mass spectrometer (He et al., 201 

2023). IRMS method and data has been provided in detail in this manuscript.  202 

 203 

3. Result and discussion 204 

3.1. Profiles of volatile compounds in raw spirits of different botanical origin 205 

Profiles of volatile compounds as detected by HS-SPME GC×GC-TOFMS of various raw 206 

spirits can be seen on Figure 1. They represent five raw materials and the differences in profiles 207 

are pronounced. However, to get a more detailed insight into the profiles supplementary figures 208 

S1 to S5 should be examined. For all of them the same peak intensity scale was used. What can 209 

be seen when particular raw materials are compared is the high variation of volatiles profiles 210 

within particular material. For rye samples 190 and 370 there is much less volatiles and lower 211 

intensities of them are registered (Figure S1). The differences originate basically from 212 

variations in fermentation technologies used and differences in distillation apparatuses used in 213 

small distilleries. High diversity in volatile compounds profiles was noted also for potato raw 214 

spirits, where especially samples 96 and 180 exhibited extremely reach profile of volatiles 215 

(Figure S2). Variations can be observed in wheat raw spirits (Figure S3) and also within corn 216 

raw spirit samples (Figure S4), where some of the samples (4, 2) had more compounds than 217 

remaining ones. Due to difficulties in obtaining single raw material Baijiu samples only 5 of 218 

them were tested. The samples were included in comparison based on the manufacturer’s 219 

declaration, as well as IRMS measurements done. Bc1 and Ac1 samples were classified by 220 

producers as Light flavor type, whereas remaining three samples were classified as Strong 221 

flavor type (Figure S5). These differences are evident, when GC×GC profiles are compared. 222 

Strong type Baijiu are extremely rich in volatiles, especially esters. As mentioned  (Fang et al., 223 
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2018) although the number of compounds is comparable to other strong alcohols, their levels 224 

can be substantially higher.  225 

As can be seen from profiles of volatiles GC×GC-TOFMS chromatograms can be a valuable 226 

source for detailed exploration of compounds including these of potential impact on sensory 227 

quality of distillates. Figure 2 shows the complexity of potato volatiles and also the need for the 228 

use of GC×GC to get a detailed insight into compounds formed in the fermentation process. It 229 

shows the potential coelution problems which would appear in single dimensional 230 

chromatography, it also demonstrates the potential of GC×GC for detection of aroma active 231 

compounds, which goes beyond the scope of this manuscript.  232 

Raw spirits are rich in volatile fermentation by-products, which are affected by 233 

fermentation conditions, yeast variety, as well as properties of a raw material used for 234 

fermentation. Rich profile of volatiles in unrectified spirits contribute to a specific and unique 235 

aroma of strong alcoholic beverages, such as whisky (barley), bourbon (corn/barley), brandy 236 

(grapes), fruit spirits (pear, plum, apple etc.). Its influence on the aroma of vodka is minimized 237 

as spirit for its production undergo rectification process. Chinese spirit (Baijiu) is usually 238 

produced from a mixture of raw materials, but sometimes one, such as sorghum is used. As a 239 

result raw material has a substantial influence on strong spirit aroma, probably much more 240 

pronounced then the influence of particular yeast strain for a given product.  241 

Profiles of rye, corn and potato spirits volatiles analyzed by one dimensional chromatography 242 

were investigated earlier (Ziółkowska & Jeleń, 2012) using CPWax 57B column and FID 243 

detection, a standard one for spirits analysis and profiles of 21 compounds (acetaldehyde, 244 

methanol, esters and fusel alcohols) were compared. Two methods for sample introduction were 245 

used – direct injection and HS-SPME. Whereas potato spirits could be easily distinguished by 246 

LDA from the unresolved rye and potato spirits using direct injection, separation of all groups 247 

of samples was much better when SPME was used for sample introduction. Direct injection of 248 
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strong spirits is usually performed to quantify volatile congeners and usually up to 30 249 

compounds are routinely assessed. In case of dual column GC configuration the number of 250 

compounds reliably quantified (retention data on two columns) can be higher and reach 62, as 251 

demonstrated in case of Baijiu (He et al., 2020). However usefulness of data from quantitative 252 

analysis for sample classification and prediction is limited compared to nontarget analysis (He 253 

et al., 2020). Sample introduction method affects profile of volatiles. Taking into consideration 254 

the robustness of a method, simplicity, ease of automation HS-SPME sampling appears to be 255 

the most universal and often used technique in the analysis of volatile fermentation by-products 256 

(He et al., 2021, He & Jeleń, 2021).  257 

 258 

3.2. Spirits botanical origin classification based on GC×GC-TOFMS data 259 

166 observations (samples with replicates) remained after checking the chromatograms within 260 

replicates were introduced into PCA analysis to view the trend of the dataset as well as detect 261 

outliers. One group of the characteristic outliers belonged to Strong aroma type of Baijiu 262 

(total number of 10 observations) was displayed in Figure 3. When one refers to the 263 

supplementary Figure S5 the differences between light and strong aroma types of Baijiu 264 

become evident. The complex manufacturing process of  strong aroma type of Baijiu greatly 265 

facilitated the richness of volatile compounds and differ it from the rest of sorghum raw spirits 266 

(Baijiu) which belonged to the light  aroma type, known for the relatively simple production  267 

process (Zheng & Han, 2016). Therefore, due to the radical differences in profile the strong 268 

Baijiu samples were classified as outliers. Also, as presented in Figure S6, using within each 269 

botanical class PCA, two of rye samples with replicates 4 and 1, and one potato sample with 4 270 

replicate were regarded as outliers. The rye sample 190 was eliminated, as the sample 271 

underwent a distillation process that significantly purified it compared to the other samples, 272 

classifying it as rectified rather than raw spirit. The potato sample 201contained very high 273 
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abundance of ꞵ-Pinene, thiophene, 2-(3-methylbutyl)- and benzene,1-methyl-4-(1-274 

methylethyl)- compared with the other potato raw spirits. 275 

To achieve a better model interpretation, OPLS-DA was adopted to classify the botanical 276 

origin of raw spirits. 147 observations remained after removing the outliers were further split 277 

in to two groups to perform external validation, ~80% of them worked as training set and 278 

~20% as testing set (Table 1.). In addition, the 7-fold cross-validation was introduced into the 279 

training set as an internal validation and revealed R2Y=0.924, Q2Y=0.895, which indicates 280 

that over 90% variation of the botanical class membership can be explained, and the model 281 

has a good prediction ability (Figure 4.). All the clusters of tested spirits were well separated 282 

along three axes t[1] – t[3]. The testing set was adopted to access model performance further. 283 

As presented in Table 1., all the raw spirits were correctly assigned to the corresponding 284 

botanical origins from the testing set, the observations from training set achieved 100% 285 

correct assignment as well. 286 

To find the discriminators (compounds) account for classifying the botanical groups of raw 287 

spirits, the variables were selected based on the VIP (Variable Influence on Projection)-288 

predictive value that exceed 1. The secondary OPLS-DA model was established based on the 289 

86 compounds which have VIP-predictive value >1 in the original OPLS-DA model to select 290 

more powerful discriminators as well shrink the compounds number. Then reliability of the 291 

secondary model was accessed by 7-fold cross-validation and R2Y = 0.913, Q2Y = 0.885 were 292 

obtained, indicating also a good predictive power. The highest VIP values were obtained for 293 

propanoic acid, 2-methyl, ethyl ester, 2-methyl tiophene, butanoic acid, 3-methyl, ethyl ester, 294 

n-hexanol, and 2-butenoic acid ethyl ester to name the most dominant ones. Among the VIP > 295 

1 compounds there were 10 esters, 3 aldehydes (furfural, pentanal and octanal), and also some 296 

benzene derivatives. Four alcohols, though surprisingly not the most abundant fusel alcohols, 297 
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they were characterized with VIP values < 1 (Figure 5.). Also the most abundant esters, like 298 

ethyl heptanoate, ethyl decanoate, ethyl octanoate, ethyl pentanoate had VIP < 1.  299 

Then the permutation tests were applied to test if the secondary OPLS-DA model was 300 

overfitted. Two hundred permutations were generated from randomly reordered class 301 

membership variables and quantitative parameters R2Y- and Q2Y- intercept were obtained by 302 

constructing regression lines. As presented in Figure S6., the model has valid predictive 303 

power as all R2Y-intercept < 0.3 and Q2Y-intercept < 0.05. 304 

 305 

To visualize the relationship between the raw spirits samples and the 38 selected compounds, 306 

a heatmap and hierarchical cluster analysis (HCA) was adopted for the correlation, as 307 

presented in Figure 6. It is clearly separated into two main clusters, the first cluster included 308 

raw spirits make from sorghum and corn which belonged C4 plants; and the second cluster 309 

contained the raw spirits produced from potato, rye and wheat which represented C3 plants. 310 

Within C3 plants rye is more similar to wheat, potato spirit differs from them, however stays 311 

in the same cluster. In corn spirits compounds 1 – 18 were pronounced (Table S1) with 312 

dominating dodecane, tetradecane and 2-butyl furane. Low 1-hexanol and furfural were noted 313 

in corn spirit in comparison to other samples. Sorghum spirits (of light type, as the strong 314 

were discarded as outliers) formed the same cluster (C4 plants) with dominating esters 315 

butanoic acid 2-methyl ethyl ester and butanoic acid 3-methyl ethyl ester, propanoic acid 2-316 

methyl ethyl ester and 2-butenoic acid ethyl ester. Also relatively low level of furfural was 317 

noted for sorghum spirit. For potato spirits the most abundant were compounds 19 – 25, 318 

which differed it from rye and wheat samples. Interestingly, both rye and wheat spirits 319 

showed high abundances of compounds 26 – 38 with very high abundances for benzene and 320 

naphthalene derivatives. Both these spirits, contrary to remaining ones showed also high 321 
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abundances of tiophenes, very low in remaining samples. The heatmap, confirms clustering 322 

sample into C3 and C4 groups.  323 

All analyzed samples were previously tested by IRMS, with significant differences between 324 

C3 plants (potato, rye and wheat) and C4 plants (corn and sorghum). The 13C/12C ratio for C3 325 

plants derived ethanol ranged from – 28.22 to -24.94 ‰, whereas for ethanol from C4 plants 326 

the values were  -18.13 to -11.9 ‰ (He et al., 2023). What can be noticed from IRMS data are 327 

small differences within C3 plants, which may make the identification of botanical origin of 328 

spirits produced from rye, wheat and potato dubious. In this respect GC×GC-TOFMS 329 

confirms its capabilities in clear differentiation of investigated samples providing clear 330 

separation of them in OPLS-DA, and model constructed is characterized by very good 331 

classification and prediction parameters.  332 

 There was an alternative method tested, where HS-SPME was used without 333 

chromatography to introduce samples directly into mass spectrometer. First trials were done 334 

for differentiation of potato raw spirits from rye and corn (Jeleń, et al., 2010). The same set of 335 

samples analyzed in this paper were subjected to this approach (HS-SPME-MS) as well (He et 336 

al., 2023). Results obtained by this method were very similar to ones presented herein. The 337 

advantage of HS-SPME-MS is that there is no chromatographic separation of peaks, so all the 338 

fraction of volatiles appear as a single peak (as analytical column is replaced with uncoated 339 

restriction capillary). In a consequence quadrupole mass spectrometer registers a “fingerprint” 340 

being a series of ion intensities for a given m/z ratios in a range of 33-283 Da. This makes the 341 

data processing also easier in terms of peak alignment, peak summing etc. The main 342 

drawback is the lack of detailed information on characteristic compounds for a given raw 343 

material. 344 

 345 

 346 



15 
 

4. Conclusions  347 

GC×GC-TOFMS was proven in this research to be useful for testing botanical origin of 348 

spirits. With all the advantages of the technique, related mainly to the high peak capacity and 349 

possibility to focus on the analysis of particular compounds, it requires sophisticated 350 

equipment to run the analyses, and analyses are time consuming, both in terms of 351 

chromatographic runs and subsequent data processing.  352 

As discussed in previous section similar classification/discrimination results can be obtained 353 

by other, faster methods (HS-SPME-MS), where mass spectrometer response for a mixture of 354 

volatiles can be treated as a specific “sensor’s” response. In a consequences the data are 355 

limited in drawing conclusion on particular volatile compounds present in headspace of 356 

investigated raw spirits.   357 

As demonstrated the use of comprehensive two dimensional chromatography with time of 358 

flight mass spectrometry allows for not only a discrimination, classification and prediction of 359 

spirits of different botanical origin, but also collect details on their chemical nature and 360 

composition, unable to obtain using any other GC/MS technique. It allows for a detailed 361 

insight into collected data, for the exploration of compounds responsible for spirits 362 

differentiation GC×GC-TOFMS is extremely useful and indispensable.  363 

 364 

 365 

 366 

 367 

 368 

 369 

 370 

 371 

 372 
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 523 

Figure captions 524 

Figure 1. GC×GC-TOF chromatograms of raw spirit samples of various botanical origin 525 

investigated. For differences within particular spirit see supplementary material.  526 

Figure 2. GC×GC-TOF chromatogram enlarged of potato raw spirit showing the complexity 527 

of the sample and some potent aroma active pyrazines detected; OT – odor thresholds for 528 

these compounds were provided using literature references  529 

Figure 3. Outliers detection for subsequent data processing using PCA. Some of raw sorghum 530 

spirit (Baijiu) from Strong aroma type cannot fit in with the rest in the PCA overall model. 531 

Figure 4. Spirits botanical origin classification using OPLS-DA, the total explained botanical 532 

membership variation: R2Y=0.924, the model predictive power: Q2Y=0.895; predictive 533 

component 1, R2Y = 0.247; predictive component 2, R2Y = 0.241; predictive component 3, 534 

R2Y = 0.236; predictive component 4, R2Y = 0.189 (Not shown in the figure) 535 

Figure 5. Selected compounds tentatively identified using GC×GC-TOFMS with VIP-536 

predictive values  > 1 marked red. 537 

Figure 6. Heatmap based on variables with VIP-predictive > 1, normalized data were log10-538 

transformed and autoscaled features, as presented on the scale bar for colors. The parameters 539 

used for hierarchical cluster analysis were Euclidean distance and Ward clustering algorithm. 540 

Displayed only Spirit botanical class averages. Numbers representing compound names and 541 

the full name list can be found in Supplementary Table S1. 542 
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Table 1. Misclassification table for botanical origins classification model based on GC×GC-616 

TOFMS 617 

GC×GC-

TOFMS 

classification 

Training 

set 

members 

Correct 

[%] 

Sorghum Corn Potato Rye Wheat No 

class 

Sorghum 6 100 6 0 0 0 0 0 

Corn 30 100 0 30 0 0 0 0 

Potato 27 100 0 0 27 0 0 0 

Rye 27 100 0 0 0 27 0 0 

Wheat 27 100 0 0 0 0 27 0 

No class 0  0 0 0 0 0 0 

Total 117 100 6 30 27 27 27 0 

 

Testing set Testing 

set 

members 

Correct 

[%] 

Sorghum Corn Potato Rye Wheat No 

class 

Sorghum 1 100 1 0 0 0 0 0 

Corn 8 100 0 8 0 0 0 0 

Potato 7 100 0 0 7 0 0 0 

Rye 7 100 0 0 0 7 0 0 

Wheat 7 100 0 0 0 0 7 0 

No class 0  0 0 0 0 0 0 

Total 30 100 0 8 7 7 7 0 

 618 

 619 



  

Supplementary Material

Click here to access/download
Supplementary Material

supplementary_files_R1.docx


