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TEPMHUYECKOE PA3JIOKEHHUE ) KUJKOCTHU AJ1 JIEKTPOHHBIX CUT'APET 110 JAHHBIM
HUK-CIIEKTPOCKOIINHA

B ycnosuax, cozoarouguxca npu ucnonb3o8anuu 31eKmpoHHbIX CU2apent, XumuiuecKue co-
eounenusn, cooepycamueca ¢ nux (huxomun (0-2 macc. %), nponunenziukons, 2iuyepun, ou-
CIMUNIUPOGAHHAA 8004 U PA3IUYHbBLE APOMAMUZAMOPYL), MOZYI PA3NAZAMBCA, U HPOOYKHIbL Pa3-
J10)CEHUsL CROCOOHDL 83AUMO0elicCmE06ams Opy2z ¢ opyzom. Takum obpazom, mozym evldenamuvcs
epeonsle eeuyecmea u Kanyepozenvl. Bcmpeuaromesa sxkcnepumenmot, 8 Komopuwix 0vl10 ooHapy-
JceHo o0pazosanue HUMPO3AMUHO8, CHEUUPUUHBIX 0711 madaKa, Ouauemuinponuonuld, aye-
MUINPONRUOHUNA, MOTYOIA, IMUTOEH301a, 0-, M-, B-KCUN0]1a, (hopmanboecuoa, ayemanvoezuod,
ayemona, aKkponeuna, 2IUOKCana.

Hacmosawaa paboma onucsiéaem ucciedoeanue cocmasd napos HA0 HcuOKOCHMblo 0
INEeKMPOHHBIX cuzapem 6e3 apomamuzamopos memooom UK-cnekmpockonuu. Humepean mem-
nepamyp cocmasnsan om 20 00 400 T, ucnonvzoeancsa mox eo30yxa u mok apzona. bvino ycma-
HOG/IEHO, YMO HCUOKOCHMb 0J13 IIEKMPOHHBIX CU2apem 6bloensnen NPeuMyu|eCiméeHno 00AHOI
nap, OuOKcuo y2nepooa, nponuineH2nuKko b u iuyepun. B ammocghepe apzona npu memnepamype
~350 T ob11 maxoice oonapyscen akponeun. Huxaxux opyzux Xumuueckux coeOuHenuil He oolio
o6napysceno nu 6 ncuokoi gpaze memodamu *H, °C IMP-cnekmpockonuu nocne nazpesanus 00
150 C, nu ¢ napax npu memnepamype nuxnce 250 C.

KuroueBble cji0Ba: JKUIKOCTH AJs ANEKTpoHHBIX curapet, MK-cnexkrpockonus, AMP-cnexkTpockomnus,
TEPMHUYECKOE PA3JI0KECHUE, HUKOTUH
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THERMAL DECOMPOSITION OF ELECTRONIC CIGARETTE LIQUI  D. IR STUDY

Under the conditions which are characteristic fotegtron cigarette usage chemicals con-
taining in cigarettes (nicotine (0-2% weight usug)l propylene glycol, glycerol, distilled water and
different flavors) are capable to thermal decompugiand the products of decomposition could
react with each other. Thus, harmful compounds acarcinogens may evolve. Literature describes
a number of experiments detecting the formation tobacco-specific nitrosamines, diacetyl and
acetyl propionyl, toluene, ethyl benzene, o-, mxypene, formaldehyde, acetaldehyde, acetone,
propenal, glyoxal.

The present contribution describes our efforts tiudy the composition of vapors over the
liquids for electronic cigarettes containing no fl@rs by means of IR-spectroscopy. The tempera-
ture range was 20 to 40@C, and flow of air and argon was used. The electimgigarette liquid
was found to emit aqueous vapor, carbon dioxidegmylene glycol and glycerol mostly. Propenal
was also detected in vapors in argon atmospherteatperature of ~350C. No other compounds
were found in neither liquid phase b\H, *C NMR spectroscopy after heating to 1%0 or vapors
at temperature lower than 25@C.

Key words: electronic cigarette liquid, IR spectroscopy, NMiestroscopy, thermal decomposition, nicotine

INTRODUCTION among the actual problems of modern healthcare.

Tobacco smoking is one of the most significant Slnc_e the mpment Of their invention in .2004’
preventable causes of mortality in the world [1, 2F€Ctronic cigarette is advertised as the safengltive
Each year, smoking leads about 5 million people Q.r conventional cigarettes. However,.to the dais i
their end [3]. The hazards of smoking are relatetjill unknown does whether electronic cigarette ex-
mostly to manifold increased risks of cancer degwelo clude completely all the risks intrinsic to thediteonal
ment of different king including lung [4], kidneg]] Smoking [12_—15]. T_he I_|qU|ds for ele_ctronlc cigdest
larynx [6], bladder [7], stomach cancer [8] and som(ECIG) consist of nicotine (0-2% weight usuallyjop
others. Smoking also provides cardiovascular deseagylene glycol, glycerol, distilled water and, optédly,

[9, 10]. One should keep in mind that the carcimege flavors. In the aerosol composition produced by&Cl
sis could be caused by not only tobacco combustitite researcher found nicotine (both free base amd p
products but also nicotine itself [11]. Smoking ar tonated species) [16], tobacco-specific nitrosamine
reduction and the perspective smoking cessation dne the case if they are in ECIG liquid initiall{} 7],
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diacetyl and acetyl propionyl (by the indirect nah pred. [24]),6(Cs) = 33.248 (35.06 pred. [24B(Cs) =
presumably) [18], toluene, ethyl benzeae,m-, pxy- 21.288 (22.64 pred. [24]$(Cs) = 55.902 (57.1 pred.
lene [19], formaldehyde, acetaldehyde, acetong4]), 6(CHs) = 39.148 (40.46 pred. [24]).

propenal [20, 21], glyoxal [22]. The data on vapors
composition above ECIG liquids are not so large and
detailed, and the call of F. Henkler and A. Luchot#
extensive tests for e-cigarettes» outgoing from-“Na
ture” pages [23] is fully justified.

The main aim of the present work is determin-
ing the products of ECIG liquid thermal decomposi-
tion. In order to reach this goal, the IR specstady
of vapors forming above commercially available ECIG
liquid at its heating was performed. The compositio 1

of purchased ECIG liquid was confirmed employing The intensive peaks in the spectral range of 60-

*H and™C NMR spectroscopy. 75 ppm should be assigned to the nuclei of carkel s
EXPERIMENTAL eton of polyhydric alcohols. It is possible to alvee
for glycerol the3(CH) = 71.718 (75.7 pred. [24], 73.1

The ECIG liquid was used without preliminary,
. " . [26]) andd(CH>) = 62.279 (66.9 pred. [24], 63.5 [26])
preparations. Its composition claimed by manUfmursignals. Two close lines 6{CH) = 67.305 (72.7 pred.

was follows: 55% weight of propylene glycol, 35% e
. . - 24], 68.2 [27]) and(CH,) = 66.504 (71.6 pred. [24],
weight of glycerol, 10% weight of distilled W<':1ter.o[67_13 27]) [as a/ell as(_sinzgjle peak in (higheffre [ ]

Stated concentration of nicotine was 1.8 mg/ml. The
liquid contained no flavors 9 rarl]nge 0%(CHs) ? 18.13|2 (23 Freo:. [24], 18.6 [27]) are
j - teristic of propylene glycol.
H and®*C NMR spectra of ECIG liquid were charac .

. In the low frequencies range of proton mag-
recorded on Avance IIl Bruker 500 spectrometer with . . ;
operating frequencies on proton of FS)OO 17 MHz a H tic resonance spectrum, the signals assigndukto t
13C of 125.77 MHz at 298.2 K temperature. The 5 miy 0N fragment of nicotine(Hy) = 7.973 (8.528
1H/31P/D-BBz-GRD Triple Resonance Broad Ban rggi [(274 ]?)>285§H|;2 e:j 7['32]3;5((;;3)77:7 7p geéjé [(244]1&7’(5 5|c))r; d
T e b mac <[z couid b fond.neresingy. the peaks g

. ~Hs atoms are located so close to each other thadihe
as external standard. Experimental error of Chdm'cﬁnglet overlap with lower frequencies half of #bu-
shift measurements did not exceed 0.001 ppm, the

* Bffet. The signals of pyrrolydinyl group of nicotinee

curacy of temperature maintaining was 0.1 K usm@oorl g :
. . . ) . y distinguishable due to the probable overilagp
BVT-3000 thermostating unit. NMR signals |dent|ﬁ|caWith polyhydric alcohols protons in the range o8-2.

tion was done employing predicted spectra [24]tard 3.4 ppm, except for —Grgroup 6 = 1.619, pred. 2.391

literature data [25-27]. [24]). The intensive singlet at ~4.6 ppm shouldde

Vibrational spectra within the range of 4004grreq 1o nitromethane of external standard. Water
4000 cm' were registered using FT-IR spectrophotonk o, ECIG liquid gives broadened peak with maxi-
eter of Tensor 27 (Bruker Optics, Germany). The+es,,m at 4.7 ppm.

lution of apparatus was 5 cimthe error of wave- There are no other signals in #é 3C NMR
number measurement did not exceed t.cm spectra. It means that the content of impuritiekeis
RESULTS AND DISCUSSION yond the detection limits of the analysis method.

. : We should note that the ECIG liquid heated to
1 -
The*C NMR spectrum obtained for ECIG lig 150°C and then cooled to the room temperature gave

uid fits well enough the literature data for nicetidis- the saméH and®3C NMR spectra as one before bein
solved in DO at pD approximately corresponding thef?eated P ’

isoelectric point [25]. The observed deviations o When the ECIG liquid is heated in the medium

ig‘;nl“;gl iggg(%%: 1(4317312%3(;58%8 [212]%5203)25: of inert gas, it is possible to distinguish 3 terapere
5 C' “ 12(3 859 [12]5)%( 3)5_ c - 147( 67(‘; 1[51])2’ intervals, where the gaseous products of pyrolysis
(Cs) = ' (125.9 [25]}(Ce) = : (151. evolve intensively. In the first temperature ranfyd0-

[25]) are related to the differences of solventpame o . ; :
: L . 139 °C with maximum at 102C, water is evaporated
ties. We were able to distinguish and assign thieora mostly (Fig. 1). Besides water, the significant antaf

signals of pyrrolidinyl groupd(Cz) = 65.377 (69.2 .o ioxide could be observed in spectrum alsasel
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little quantities of propylene glycol or glycerdrhe 6
presence of propylene glycol is more likely consiug 0.95 I 1 i
its boiling point lower by ~100C than that of glycerol. = |
0.2F
A 2
0.15 | 0.15
0.1
0.1 0.05
0 1 1 1
0.05 4000 3000 .1 2000 1000

Fig. 3. IR spectrum of gaseous products of ECIGidiguyrolysis
in argon atmosphere at 348 °C: 1 — experimentalwater [28],
3 — carbon dioxide [28], 4 — propylene glycol [2B}- glycerol
[28], 6 — propenal [28]
Puc. 3. UK cnexrp ra3000pa3HbIX IPOJYKTOB TEPMUIECKOTO Pas-
JIOKEHHMS JKUKOCTH VIS AIEKTPOHHBIX CHrapeT B atMocdepe ap-
rona npu 348 °C: 1 -skcnepuMeHTasbHas Kpusasi, 2 —Boja [28],
3 — muokcu yriepona [28], 4 —nponuneHriukois [28], 5 —riu-
uepus [28], 6 —nponeHans [28]

v, cnmt

Fig. 1. IR spectrum of gaseous products of ECIGidigpyrolysis in
argon atmosphere at 102 °C: 1 — experimental, atenf28], 3 —
carbon dioxide [28], 4 — propylene glycol [28], §lycerol [28]
Puc. 1. VK crnekrp ra3000pa3HbEIX HIPOIYKTOB TEPMUUECKOTO pas-
JIOKCHUS X KUJAKOCTHU IJI DJICKTPOHHBIX CUTAapeT B aTMocti)epe ap-

rona npu 102 °C: 1 -skcnepumenTanbHas kpuas, 2 —soga [28], Besides, the ECIG liquid probably emits some
3 —anoxenn yrnepoza 28], 4 —nponmnenrmmxons [28], 5 —rm-  diacetyl or acetyl propionyl possessing peaks at
nepu [28] ~1360 cmt and ~1100 crh Note that we were unable

- to detect the nicotine in IR spectra of gaseoudyxts
Within temperature range of 140-3%0), water of ECIG liquid pyrolysis.

goesdnot.devapcgatel ar?ygq'orelwhrilel the emisT:ipnrgf ca The heating of ECIG liquid in the air atmos-
on dioxide and polyhydric alcohols grows (Fig. 2). phere seems to reflect the processes occurring i E
in way that is more realistic. The pyrolysis prouc

01l 2 evolving proceeds in two stages. In the temperature
- range of 45-278C with maximum at 218C, the liquid
0.081 emits mostly the aqueous vapor and carbon dioxide
i 1 (Fig. 4).
0.06-
I , A
0.04 3 0.3} 1
i i 0.25
0.021 i hn
F /’\ \ 0.2
0 A \r . - Iy \ . v Y A
s . . . . . . 0.15
4000 3000 v. e 2000 1000 01
Fig. 2. IR spectrum of gaseous products of ECIGdiguyrolysis
in argon atmosphere at 178 °C: 1 — experimentalc@rbon diox- 0.05

ide [28], 3 - propylene glycol [28], 4 — glycer@d]
Puc. 2. VK crnekrp ra3000pa3HbEIX HIPOIYKTOB TEPMUIECKOTO pas-

JIOKCHUS JKUJIAKOCTHU IJI DJICKTPOHHBIX CUTAapeT B aTMocti)epe ap- 4000 . 3(")00 . 2000 1000
rona ipu 178 °C: 1 -skcriepuMeHTaNIbHAS KpHUBasi, 2 —IUOKCH] v, et
yraepoza [28], 3 —nponunenrimkons [28], 4 —rmnepun [28] Fig. 4. IR spectrum of gaseous products of ECIGidiguyrolysis
in air atmosphere at 216 °C: 1 — experimental, Zaten28],
Finally, at the temperature higher than 3a0 3 — carbon dioxide [28]

the transmittance lines of glycerol decompositiofh"S: - MK crekTp ras000pasHEIX POAYKTOB TEPMHUECKOTO pas-
. JIOKCHUA XUIAKOCTU JIsL 3J'IeKTp0HHLIX CPIFapeT HaA BO3,[[yXe HpI/I
products, propenal and water, appear in IR speadfumyyg oc: 1 -SKCTIepUMEHTaNIbHAs KpuBast, 2 —oza [28], 3 —xmok-

ECIG liquid vapors (Fig. 3). cuy yrnepona [28]

10 W3B. By30B. Xumust u xuM. TexHojorus. 2017.T. 60.Bsir. 2
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Perhaps, the organic compounds (if thegnd air. Under experimental condition, agueous Kapo
evolve) are oxidized by air oxygen producing watguropylene glycol, glycerol and carbon dioxide weee

and CQ.

tected. No other compounds were found in neitlaer li

Rising the temperature to the values highearid phase byH, 1*C NMR spectroscopy after heating
than 278C, we observed the polyhydric alcohol peakg 150°C nor vapors at temperature lower than 250

in the IR spectra of ECIG liquid vapors (Fig. 5).

The probability of acute poisoning of human beibgs

toxic products of ECIG liquid pyrolysis could be-ap

A
0.4r
0.3
0.2

0.1

0.“

Il L
4000 3000 1 2000 1000
v, cm

Fig. 5. IR spectrum of gaseous products of ECI@idigpyrolysis
in air atmosphere at 301 °C: 1 — experimentalwaater [28], 3 —
carbon dioxide [28], 4 — propylene glycol [28], Hkycerol [28]
Puc. 5. UK crexTp razoo0pa3HbIX MPOAYKTOB TEPMHUYECKOTO pa3-
JIO>KEHUS KUIKOCTH JUIS SJICKTPOHHBIX CUTApeT Ha BO3AyXe MpH
301 °C: 1 -skcniepuMeHTanbHast kpuBasi, 2 —Boja [28], 3 —muok-
cun yriaepoaa [28], 4 —npomuieHrukods [28], 5 —rnunepuH [28]

Taking into account the fact that the tempera-
ture of electronic cigarette heating unit doesaxaeed
250°C [29], the data obtained at lower temperatures
only are of some practical interest. In the IR sfzecf
ECIG liquid at t < 250C one could observe water, car-
bon dioxide, propylene glycol, glycerol and nothing
more. Any other impurities were emitted in amounts
less than detection limits of method. The probgbilf
acute poisoning of human beings by toxic produtts o
ECIG liquid pyrolysis could be apparently neglected

It is worth noting that there is a number of ar-
ticles describing the thermal decomposition of taloa
[e. g. 30-32]. The authors used the experimentadico
tions and methods similar with ones we have used fo
studying the electronic cigarette liquid. In thegucts
of tobacco combustion, they have found the large
amounts of carbonyl compounds of different strugtur
[30-32], acetaldehyde [31], carbon monoxide [30;32]
mixture of phenolic compounds [30, 32], formic acid
[30], ammonia [32], hydrogen cyanide [30] and pro-
panal [30]. These toxic components were not dalecte
in the presented study.

CONCLUSIONS

The vapors above heated liquid for electronic
cigarettes were studied by IR spectroscopy inthera

10.

11.

12.

14.

15.
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parently neglected.

In the same time, the danger of the toxic com-

pounds evolving of concentrations lower than experi
mental method detection limits still exists.
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