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Abstract  
 
Tea is one of the most consumed beverages worldwide with potential benefits            
derived mainly from antioxidant properties. During fermentation and        
preservation, tea leaves undergo oxidation and hydrolysis leading to         
formation and degradation of various tea constituents and affecting the          
antioxidant capacity. This study developed an analytical approach to compare          
chemical fingerprints of various types of tea and the oxidation/reduction          
products by using electrolysis combined with thin layer chromatography         
(TLC). Electrolysis approach was performed on TLC plates followed by the           
TLC separation using the selected mobile phase system of toluene, ethyl           
acetate and formic acid (2:9:1). Effects of electrolysis voltage and time were            
investigated in details with the suitable conditions of 1V and ≥1 min. The             
TLC fingerprints after the electrolysis revealed the increasing amount of less           
polar nonvolatile components which improved the tea fingerprints compared         
with the sample without electrolysis. The approach may also reveal greater           
antioxidant properties of Earl Grey tea than Oolong Tea as indicated by the             
longer oxidation time required to change the Earl Grey tea fingerprint. The            
additional TLC spots were also selectively cut and desorbed at 80°C and the             
volatile compounds in the headspace were sampled with solid phase          
microextraction (SPME) and analyzed with GC-MS. This could detect several          
peaks albeit with their small areas which could not be identifiable.           
Electrolysis of the tea solution was then performed by using stainless steel            
spring coils as the electrodes at 9V for 5 min. The SPME GC-MS analysis              
revealed degradation of several volatiles with the increasing amounts of          
benzaldehyde (in both teas), 1,2 dihydro-linalool (in Earl Grey Tea) and           
alkanes (in Oolong Tea) after the electrolysis. With further development, the           
developed on-TLC plate electrolysis technique will allow assessment of tea          
quality in terms of antioxidants on one hand and quality control for improved             
processing, manufacturing, storage, and preparation in order to maximize the          
nutritional value on the other. 
 
Keywords: Tea, Camellia Sinensis, GC-MS, Electrolysis, Electrocoagulation 
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CKDSWHU 1 
IQWURGXFWLRQ 

 
1.1 IQWURGXFWLRQ WR WKH UHVHDUFK SUREOHP DQG VLJQLILFDQFH 
 

Tea, Rne Rf Whe mRVW SRSXlaU beYeUageV, iV cRnVXmed b\ WZR WhiUdV Rf Whe              
ZRUld¶V SRSXlaWiRn [1]. IW iV RbWained fURm leaYeV fURm SlanWV named ³CDPHOOLD            
6LQHQVLV ´ [1]. The UeaVRn fRU iWV SRSXlaUiW\ iV aWWUibXWed WR iWV XniTXe VenVRU\             
SURSeUWieV bXW UecenWl\, Whe VcienWific cRmmXniW\ haV diVcRYeUed Whe SRWenWial          
WheUaSeXWic benefiWV Rf WhiV beYeUage [1,2]. In Whe SaVW VeYeUal \eaUV, WheUe haV been a               
gURZing inWeUeVW in idenWif\ing Whe ShaUmacRlRgical and Sh\ViRlRgical effecWV Rf          
YaUiRXV W\SeV Rf Wea [2]. SWXdieV haYe diVcRYeUed iWV SRWenWial benefiWV againVW            
caUdiRYaVcXlaU diVeaVeV and canceU aV Zell aV anWih\SeUWenViYe, anWiaWeUiRVcleURWic,         
and hiSRchlRUeVWeURladmic SURSeUWieV mRVWl\ fURm acWiYiWieV Rf anWiR[idanW flaYRnRidV         
SUeVenW [3-5]. 
 

TeaV aUe claVVified inWR WhUee main caWegRUieV; fXll\ feUmenWed, nRn-feUmenWed,          
and SaUWiall\ feUmenWed [2]. Black Wea, SURdXced b\ feUmenWaWiRn Rf VlighWl\ ZiWheUed            
leaYeV befRUe being eiWheU VmRked fiUed, flame fiUed, RU VWeamed, iV R[idi]ed [1,3]. In              
cRnWUaVW, gUeen Wea iV SUeSaUed b\ deh\dUaWiRn Rf Whe leaYeV, WhXV aYRiding R[idaWiRn             
Rf Whe SRl\ShenRlV [1,3]. The WhiUd W\Se, RRlRng Wea, iV a SaUWiall\ R[idi]ed SURdXcW              
SUeSaUed b\ ZiWheUing fUeVh leaYeV in Whe VXn, bUXVhing VlighWl\, and SaUWiall\            
feUmenWing [1,3]. The WhUee W\SeV Rf Wea XndeUgR a diffeUenW degUee Rf feUmenWaWiRn,             
VWeaming RU URaVWing dXUing WheiU manXfacWXUing. FeUmenWaWiRn leadV WR chemical          
R[idaWiRn and h\dURl\ViV Rf chemical cRnVWiWXenWV in Whe leaYeV [6]. ThiV caXVeV an             
incUeaVe in YRlaWile cRmSRXndV [7]. On Whe RWheU hand, Whe anWiR[idanW caSaciW\ iV             
UedXced dXe WR R[idaWiYe RU WheUmal degUadaWiRn Rf anWiR[idanWV VXch aV caffeine,            
VaSRnin, aVcRUbic acid, and nRn-caWechin SRl\ShenRlV [6]. Since SURceVVing meWhRdV          
VignificanWl\ imSacW Whe cRncenWUaWiRn Rf chemical cRmSRnenWV inVide Whe leaYeV,          
inYeVWigaWiRn inWR anWiR[idanW acWiYiW\ Rf Wea iV cUXcial fRU TXaliW\ cRnWURl aV Whe\ aUe              
aVVRciaWed ZiWh healWh benefiWV and aWWUibXWed WR WheiU fUee Uadical VcaYenging acWiYiW\            
[7.8].  

 
Unlike RWheUV, WhiV VWXd\ Zill be fRcXVing Rn Whe chemical cRmSRXndV and            

anWiR[idanW cRnWenW Rf Whe WhUee diffeUenW W\SeV Rf Wea SUiRU WR and afWeU R[idaWiRn. Tea               
infXViRnV aUe SUeSaUed in a Za\ WhaW UeflecWV hRZ cRnVXmeUV ZRXld SUeSaUe WheiU WeaV.              
MeWhRd deYelRSed in Whe laVW decade fRU deWeUminaWiRn Rf anWiR[idanWV Rf SlanW            
e[WUacWV ZaV baVed Rn Whe abiliW\ Rf an anWiR[idanW WR TXench fUee UadicalV b\              
h\dURgen dRnaWiRn [9]. HRZeYeU, iW cRXld nRW idenWif\ Whe biRacWiYe cRmSRXndV in a             
mi[WXUe Rf SlanW maWeUial [9]. NRW WR menWiRn, Whe SURcedXUe inYRlYed diVWillaWiRn,            
VRlYenW e[WUacWiRn, and iVRlaWiRn Rf cRmSRXndV b\ maVV VSecWURmeWU\ and nXcleaU           
magneWic UeVRnance VSecWURVcRS\; Zhich aUe Wime-cRnVXming [9]. 
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AccRUding WR a UeVeaUch b\ Zeng eW al. (2013), elecWUic field WUeaWmenW haV been              
UeSRUWed aV a gUeen and effecWiYe meWhRd WR acceleUaWe aging Rf Zine. The UeVXlW              
VhRZed a VlighW incUeaVe in cRnWenW Rf fUee aminR acidV afWeU e[SRVXUe WR diUecW              
cXUUenW (DC) elecWUic field [10]. In RUdeU WR aSSl\ WhiV WheRU\, elecWURl\ViV Rf Wea              
VamSleV ZaV SeUfRUmed Rn a Thin-la\eU chURmaWRgUaSh\ (TLC) SlaWe. TLC iV a            
WechniTXe e[WenViYel\ fRXnd WR be a UaSid and cRnYenienW aSSURach WR Sh\Vicall\            
VeSaUaWe chemical cRmSRnenWV Rf a VamSle ZiWh Whe deWecWiRn aSSURach [11]. DeVSiWe            
Whe facWV WhaW Whe chemical cRmSRViWiRn Rf Wea iV highl\ cRmSle[, ZiWh 2,000             
cRmSRnenWV, chURmaWRgUaSh\ iV eVVenWial fRU inYeVWigaWiRn Rf mXlWi-cRmSRnenWV        
mi[WXUe in Wea leaYeV, idenWificaWiRn Rf aURmaWic cRmSRXndV aV Zell aV TXanWiWaWiYe            
anal\ViV Rf Wea biRacWiYe cRmSRXndV [12]. ChURmaWRgUaSh\ iV a VeSaUaWiRn WechniTXe,           
XVed in anal\ViV and iVRlaWiRn Rf indiYidXal cRmSRnenWV baVed Rn hRZ Whe\ inWeUacW             
ZiWh Whe VWaWiRnaU\ ShaVe and mRbile ShaVe inVide a cRlXmn [12]. GaV            
chURmaWRgUaSh\-maVV VSecWURmeWU\ (GC-MS) iV a TXaliWaWiYe anal\Wical meWhRd XVed         
WR caUU\ RXW Whe deWeUminaWiRn Rf YRlaWile cRmSRXndV [10,11]. SRlid ShaVe           
micURe[WUacWiRn (SPME) ZaV incRUSRUaWed aV a SUeSaUaWiRn meWhRd. IW iV a W\Se Rf             
headVSace VamSling fRU inYeVWigaWing Whe YRlaWile cRmSRnenWV in Whe VSace abRYe a            
VamSle in a Vealed cRnWaineU [13].  
 
1.2 RHVHDUFK REMHFWLYHV 
 

The RbjecWiYe Rf WhiV UeVeaUch iV WR deYelRS TLC baVed aSSURach allRZing            
Rnline inYeVWigaWiRn Rf Whe chemical SURfile Rf YaUiRXV W\SeV Rf WeaV gURZn in Thailand              
befRUe and afWeU elecWURl\ViV Rn TLC SlaWeV and WR idenWif\ YRlaWile cRmSRXndV b\             
XVing head-VSace VRlid ShaVe micURe[WUacWiRn (HS-SPME) GC-MS in cRnjXncWiRn. 
 
1.3 LLWHUDWXUH VHDUFK  
 
1.3.1. PULPDU\ CRPSRVLWLRQV LQ 7HD 

 
The idenWificaWiRn Rf YRlaWileV iV cUXcial in RUdeU WR chaUacWeUi]e WeaV. Man\            

VWXdieV haYe lRRked inWR WheVe YRlaWileV and idenWified Whe cRmSRnenWV inYRlYing           
GC-MS and SPME WechniTXeV. FLJXUH 1 belRZ VhRZV Whe SUimaU\ cRmSRnenWV fRXnd            
in Whe majRUiW\ Rf WeaV [13].  

 



 
 

3 

 
FLJXUH1. SWUXcWXUe Rf main cRnVWiWXenWV fRXnd in mRVW WeaV [13]. 

 
In 1975, a UeVeaUch cRndXcWed b\ ViW]WhXm eW al. diVcRYeUed VeYeUal YRlaWile            

cRmSRnenWV in black Wea. FifW\ Vi[ cRmSRXndV ZeUe idenWified in black Wea b\ XVing a               
cRmbinaWiRn Rf glaVV caSillaU\ gaV chURmaWRgUaSh\ and maVV VSecWURmeWU\. The main           
cRmSRnenWV ZeUe UeSRUWed aV S\UidineV, SUa]ineV, TXinRlineV, Whai]RleV, aURmaWic         
amineV, and caUbRn\lV [14]. FeZ \eaUV laWeU, liSidV in black WeaV degUaded WR YRlaWileV              
dXUing Whe manXfacWXUing SURceVV ZaV UeSRUWed. AlVR, Whe leYelV Rf linalRRl and            
Valic\laWe incUeaVed afWeU URlling and feUmenWaWiRn. HRZeYeU, mRVW YRlaWileV ZeUe lRVW           
dXUing Whe fiUing SURceVV. SelYendUan¶V e[SeUimenW cRnclXded WhaW Whe flaYRU Rf Whe            
black Wea ZaV deSendenW Rn YRlaWile caUbRn\l cRmSRXndV Zhich ZeUe iniWiaWed b\            
en]\maWic bUeakdRZn Rf membUane liSidV [15].  
 

The YRlaWileV in nRn feUmenWed gUeen Wea ZeUe inYeVWigaWed and UeSRUWed in            
1981. A WRWal Rf 89 cRmSRXndV, inclXding 17 h\dURcaUbRnV, 17 alcRhRlV, 16            
aldeh\deV, 13 keWRneV, 8 eVWeUV, 2 eWheUV, 1 acid, and 5 RWheUV ZeUe deWecWed b\               
GC-MS. OWheU majRU cRmSRnenWV inclXded 2,6,6-WUimeWh\l-      
2-h\dUR[\c\clRhe[anRne, linalRRl, geUaniRl, ciV-jaVmRne, SaUa-iRnRne,     
c\clRhe[anRne, 5,6-eSR[\-SaUa-iRnRne, indRle and caffeine [16].  

 
The cRmSRViWiRn Rf RRlRng Wea ZaV anal\]ed in 1995 b\ Whe XVe Rf GC and               

GC-FRXUieU WUanVfRUm infUaUed VSecWURVcRS\ cRXSled WR maVV VSecWURmeWU\        
(GC-FTIR/MS). FRUW\-nine cRmSRXndV ZeUe idenWified fURm Chan Pin RRlRng         
VamSleV. The bUeZed e[WUacW cRnViVWed Rf high leYelV Rf         
2,6-dimeWh\l-3,7-RcWadiene-2,6-diRl, 2-Shen\leWhanRl, ben]\l alcRhRl, linalRRl R[ideV      
I, II, and III, and he[anRic acid. OWheU imSRUWanW cRmSRnenWV ZeUe geUaniRl and             
3,7-dimeWh\l-l,5,7-RcWaWUien-3-Rl. The laUgeVW TXanWiW\ ZaV fRXnd WR be        
2,6-dimeWh\l-3,7-RcWadiene-2,6-diRl [17].  
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1.3.2 AQWLR[LGDQW AFWLYLW\ LQ 7HD 
 

PRl\ShenRlV aUe Whe Wea cRmSRnenWV cRnWUibXWing WR anWiR[idanW acWiYiW\ in WeaV           
[18]. BecaXVe Rf WheiU anWiR[idaWiYe SURSeUW\, Wea haV gained a gUeaW deal Rf aWWenWiRn              
[19]. TheUefRUe, Whe Wea cRmSRnenW helSV UedXce UiVkV Rf geWWing canceUV fURm            
anWiR[idanW acWiYiW\ and becRmeV an effecWiYe chemRSUeYenWiYe facWRU fRU WR[ic          
chemicalV [20]. SWXdieV haYe VhRZn WhaW e[WUacWiRnV Rf SRl\ShenRlV in Wea ZeUe            
UelaWed WR anWimXWagenic, anWidiabeWic, anWibacWeUial, anWi-inflammaWRU\ and       
h\SRchRleVWeURlemic TXaliWieV [21-24]. Tea can be an imSRUWanW VRXUce Rf mineUalV           
ZiWh anWiR[idaWiYe SURSeUWieV [19].  
 
1.3.3 EOHFWURO\]HG :DWHU LQ FRRG IQGXVWU\ 
 

ElecWURl\ViV Rf ZaWeU and beYeUage iV SRSXlaU in Whe fRRd indXVWU\ fRU Whe             
SXUSRVe Rf VaniWi]aWiRn WR eliminaWe micURRUganiVmV in fRRd [25,26]. HRZeYeU, WhiV           
WechniTXe e[hibiWV diVadYanWageV fRU VaniWi]ing, and Whe SURceVV iV nRW effecWiYe in  
eliminaWing bacWeUial VSRUeV [27]. ElecWURl\]ed ZaWeU UeTXiUeV lRZ SURdXcWiRn cRVWV          
and giYeV ZideU faYRUing imSlemenWaWiRn in fRRd and Whe fRRd indXVWU\ [28].  
 

WaWeU elecWURl\ViV iV a WechniTXe WR UemRYe ZaWeU and SURdXce highl\ SXUe            
h\dURgen and R[\gen b\ XVing elecWUiciW\ fRU Whe elecWURchemical decRmSRViWiRn Rf           
ZaWeU aV VhRZn in FLJXUH 2, ZiWh nR SRllXWiRn being geneUaWed [29,30,31] Vince iW iV               
nRW efficienW in a VXVWainable VRcieW\ WR SURdXce h\dURgen fURm nRn-UeneZable           
VRXUceV. WaWeU elecWURl\ViV SURceVVeV e[hibiW man\ adYanWageV: VimSle, high SXUiW\,          
]eUR-SRllXWiRn, SlenW\ Rf VRXUceV, and gRRd eneUg\ caUUieU [32].  

 

 
FLJXUH 2. ASSlicaWiRn Rf elecWURl\ViV Rf ZaWeU and an elecWURl\Wic cell, cRnViVWing Rf anRde and 
caWhRde elecWURdeV cRnnecWed WhURXgh an e[WeUnal SRZeU VXSSl\ and VeSaUaWed b\ a VeSWXm RU 

diaShUagm [31]. 
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1.3.4 9DQLOOLQ 
 

Vanillin iV a cU\VWalline VRlid in ZhiWe and iV knRZn aV Rne Rf Whe mRVW SRSXlaU                
and cRmmRn flaYRUV in fRRd and beYeUage indXVWUieV [33]. Vanillin can be naWXUall\             
SURdXced fURm 9DQLOOD SODQLIROLD, Zhich can be gURZn in cRXnWUieV like Me[icR,            
TRnga, MadagaVcaU, TahiWi, and IndRneVia; RU ZeW SRl\meUi]aWiRn Rf lignin and           
V\nWheWic biRWUanVfRUmaWiRn [34]. ViVXali]aWiRn Rf cRmSRnenWV Rn TLC SlaWeV UeTXiUeV          
Whe XVe Rf Yanillin Zhich giYeV a Uange Rf Sink cRlRUV. PhenRlic cRmSRXndV in Wea,               
Yanillin, and acid aUe UeagenWV XVed WR deWecW ShenRlV b\ changing cRlRU Rn Whe VSRW               
[35].  
 
1.3.5 7KLQ LD\HU CKURPDWRJUDSK\ 
 

Thin La\eU ChURmaWRgUaSh\ (TLC) iV a faVW, eaV\, cRVW effecWiYe, and Wime            
minimi]aWiRn WechniTXe WR anal\]e cUXde VamSleV. AlWhRXgh WhiV WechniTXe iV limiWed           
in Whe XVe Rf TXanWiWaWiYe anal\ViV, TLC iV VWill a cRmmRn VeSaUaWiRn WechniTXe dXe WR               
iWV nRWable adYanWageV in TXaliWaWiYe anal\ViV [36]. PRlaU VXbVWanceV migUaWe clRVe WR            
Whe elXenW fURnW. CRmSRXndV cRXld be chaUacWeUi]ed b\ WheiU SRlaUiW\. LRZ SRlaUiW\            
VXbVWanceV Zill haYe higheU UeWenWiRn Wime being elXWed dXe WR Whe incUeaVing            
adVRUSWiYiW\ Rf cRmSRXndV alRng ZiWh iWV SRlaUiW\ [37].  
 
1.3.6 GDV CKURPDWRJUDSK\-MDVV 6SHFWURPHWU\ 
 

GC-MS iV Whe meWhRd fRU TXaliWaWiYe anal\ViV Rf YRlaWile cRmSRXndV. HRZeYeU,           
Whe WechniTXe iV Wime cRnVXming and UeTXiUeV addiWiRnal WechniTXeV VXch aV SPME RU             
d\namic headVSace (DHS) [38,39]. HeadVSace-SPME fRcXVeV Rn Whe VWXd\ Rf flaYRU           
imSacW in a mi[WXUe Rf YRlaWile RUganic chemicalV. HS-SPME/GC-MS meWhRd          
cRnWUibXWed WR diVWingXiVh aURmaWic cRmSRXndV. TheUefRUe, GC-MS WechniTXe iV mRUe          
cRmmRnl\ XVed fRU anal\]ing YRlaWile and Vemi-YRlaWileV VXbVWanceV dXe WR iWV           
XVefXlneVV Rf Whe bXilW-in libUaU\. GC SURYideV highl\ efficienW VeSaUaWiRn Rf YRlaWile            
mi[WXUeV accRUding WR diffeUenW bRiling SRinWV Rf Whe cRmSRnenWV and WheiU           
inWeUacWiRnV ZiWh VWaWiRnaU\ ShaVe. The VeSaUaWed cRmSRXndV aUe When deWecWed ZiWh           
MS RffeUing cRmSRXnd idenWificaWiRn and TXanWificaWiRn baVed Rn diffeUenW         
chaUacWeUiVWic P/] Rf Whe cRmSRXndV. CRmSRXnd idenWificaWiRn can be fXUWheU          
cRnfiUmed b\ cRmSaUiVRn beWZeen Whe e[SeUimenWal UeWenWiRn indiceV ZiWh Whe libUaU\           
daWa. ThiV WechniTXe haV been XVed in Whe ShaUmaceXWical field idenWif\ing imSXUiWieV            
bXW Whe anal\ViV iV nRW aV Zide aV aSSlicaWiRnV in fRRd and beYeUage indXVWUieV [40,41]. 
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CKDSWHU 2  
E[SHULPHQWDO  

 
 2.1 LLVW RI HTXLSPHQW DQG LQVWUXPHQW 
 

- BeakeU 50 mL (SchRWW, GeUman\) 
- BeakeU 250 mL (DXUan, GeUman\) 
- BeakeU 500 mL (DXUan, GeUman\) 
- BeakeU 1000 mL (DXUan, GeUman\) 
- MeaVXUing C\lindeU 10 mL (Sima[, C]ech ReSXblic) 
- MeaVXUing C\lindeU 50 mL (Sima[, C]ech ReSXblic) 
- ElecWURnic Scale (MeWWleU TRledR, OhiR, USA) 
- WaWch glaVV (EaUWh Chemelab, Thailand) 
- FRUceSV (MiUa, JaSan) 
- SWiUUing RRdV (EaUWh Chemelab, Thailand) 
- PaUafilm (AmeUican NaWiRnal Can CR., ChicagR, USA) 
- DelicaWe TaVk WiSeUV (KimWech, SSain) 
- MicURSiSeWWe 1000XL (eSSendRUf ReVeaUch SlXV, GeUman\) 
- MicURSiSeWWe 20XL (eSSendRUf ReVeaUch SlXV, GeUman\) 
- MicURSiSeWWe TiSV  (eSSendRUf ReVeaUch SlXV, GeUman\) 
- TLC Silica Gel 60 F 20[20 cm (MeUck, GeUman\) 
- HRW PlaWe (SchRWW, GeUman\) 
- DC PRZeU SXSSl\ (KRUad, KRUea) 
- ElecWUical ZiUe (KRUad, KRUea) 
- GlaVV Vial 20mL (AgilenW, USA) 
- Vial VeSWa 20mL glaVV Yial (AgilenW, USA) 
- CUimS (AgilenW, USA) 
- AlXminiXm CUimS SealV 20mm (NaWiRnal ScienWific, USA) 
- 1.5 mL CenWUifXge TXbe (ESSendRUf, GeUman\) 
- HRW ZaWeU baWh (edelVWahl URVWfUei, GeUman\) 
- TheUmRmeWeU (EaUWh Chemelab, Thailand) 
- SPME FibeU (SXSelcR, USA) 
- SPME hRldeU (SXSelcR, USA) 
- GC-MS S\VWem 7890A (AgilenW, USA) 

 
2.2 CKHPLFDOV DQG UHDJHQWV 
 

EWh\l aceWaWe and TRlXene ZeUe VXSSlied b\ J.T. BakeU (NeZ JeUVe\, USA) and 
fRUmic acid ZaV RbWained fURm FiVheU ScienWific UK (LRXghbRURXgh, England). All 
Whe UeagenWV ZeUe aW an anal\Wical gUade and XWili]ed ZiWhRXW an\ fXUWheU SXUificaWiRn.  
 

ThUee SamSleV Rf Wea leaYeV ZeUe SXUchaVed fURm a lRcal gURceU\ VWRUe. EaUl 
GUe\ and RRlRng ZeUe XVed aV fXll\ feUmenWed and SaUWiall\ feUmenWed VamSleV 
UeVSecWiYel\. BRWh aUe haUYeVWed and SURceVVed b\ BRRn RaZd BUeZeU\ FaUm 
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(Chiang Rai, Thailand).  The nRn feUmenWed W\Se, gUeen Wea, ZaV SURdXced b\ PhXfah 
(Nan, Thailand).  

 
2.3 E[SHULPHQWDO SURFHGXUH 
 

2.3.1 PUHSDUDWLRQ RI 7HD IQIXVLRQV 
 

The infXViRnV ZeUe SUeSaUed b\ bUeZing 3.5g Rf Wea leaYeV (EaUl GUe\, 
RRlRng, and gUeen Wea) ZiWh 7.5-mL ZaWeU. The\ ZeUe Slaced Rn a hRWSlaWe aW 100�C 
fRU 5 minXWeV ZiWh cRnVWanW VWiUUing. AfWeU cRRling dRZn WR URRm WemSeUaWXUe, Whe Wea 
leaYeV ZeUe UemRYed ZiWh a VSaWXla and bUeZed Wea mi[WXUeV ZeUe RbWained. 
 

2.3.2 9DQLOOLQ 6WRFN PUHSDUDWLRQ 
 

5 g Rf Yanillin ZaV diVVRlYed ZiWh 500-mL eWhanRl. AfWeU Yanillin 
VRlXWiRn ZaV hRmRgeni]ed ZiWh Whe VRlYenW, eWhanRl, Whe VRlXWiRn ZaV WUanVfeUUed inWR 
a beakeU. The beakeU cRnWaining Yanillin VRlXWiRn ZaV Slaced Rn an ice baWh aW 
WemSeUaWXUe 0-10 �C and 1.5% VXlfXUic acid ZaV VlRZl\ dURSSed and VWiUUed inWR Whe 
VRlXWiRn in a WRWal Rf 5 mL VXlfXUic acid.  
 

2.3.3 6HOHFWLRQ RI MRELOH PKDVH 
 

BUeZed EaUl GUe\, RRlRng, and gUeen Wea mi[WXUeV ZeUe lRaded Rn 
VeSaUaWe  4.5 cm × 6.0 cm TLC SlaWeV cRaWed ZiWh 175-225 �m la\eUV Rf Vilica gel. 
Tea VamSleV fURm diffeUenW bUandV ZeUe lRaded 2 �L fRU Rne VSRW each, Rn Whe Vame 
SlaWe b\ XVing ESSendRUf SiSeWWeV. SSRWV ZeUe aSSlied 1.5 cm fURm Whe bRWWRm and 
and 1.5 cm aSaUW fURm each RWheU aV VhRZn in FLJXUH 3.  
 

 
FLJXUH 3.  SeWXS Rf TLC chambeU dXUing VelecWiRn Rf mRbile ShaVe. 

 
The mRbile ShaVe ZaV SUeSaUed b\ a mi[WXUe Rf WRlXene, eWh\l aceWaWe 

and fRUmic acid. The anal\ViV ZaV SeUfRUmed and adjXVWed Whe mRbile ShaVe UaWiR fRU 
WhUee WimeV inclXding (5:6:1), (1:10:1), and (2:9:1). PUiRU WR SeUfRUming TLC, Whe 
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mRbile ShaVe chambeU ZaV SXW in eTXilibUiXm fRU 10 minXWeV ZiWhin a hRmRgeneRXV 
V\VWem. The ideal cRndiWiRn ZaV fRXnd WR be 2:9:1. 

 
2.3.4 EOHFWURO\VLV RQ 7LC PODWHV  

 
TheUe ZeUe Vi[ VSRWV lRaded aW diffeUenW WimeV (VWaUWing fURm 5min, 2min, 

1min, 20V, 10V afWeU Whe elecWURl\ViV and cRnWURl) Rn a TLC SlaWe fRU each W\Se Rf Wea: 
eaUl gUe\, RRlRng, and gUeen Wea. Each VamSle (2 �L) ZaV lRaded RnWR Whe SlaWe aV a 
VSRW. VRlWage ZaV When aSSlied fRU Whe elecWURl\ViV SeUiRd Rf inWeUeVW  
fRllRZed b\ alWeUnaWiYe UelRad Rf Whe VamSle RnWR Whe adjacenW VSRW. The RYeUall 
SURceVV ZaV UeSeaWed WhUee WimeV. AfWeU Whe fiUVW VSRW ZaV lRaded, YRlWage ZaV aSSlied 
fRU 5min b\ cRnnecWing Whe TLC SlaWe ZiWh a KRUad KA3005D digiWal cRnWURl DC 
SRZeU VXSSl\ Yia an elecWUical ZiUe eiWheU caWhRde (- elecWURde) RU anRde acWed (+ 
elecWURde). The elecWURl\ViV aW Whe caWhRdic TLC ZaV SeUfRUmed ZiWh Whe anRde 
cRnnecWed WR an Al fRil; ZhilVW, Whe elecWURl\ViV aW Whe anRdic TLC ZaV SeUfRUmed ZiWh 
Whe caWhRde cRnnecWed WR Whe fRil. A SaSeU ZaV When inVeUWed beWZeen an\ VeW Rf 
caWhRde and anRde. ThiV UeVXlWed in a caSaciWRU-like elecWURl\ViV cell cRnViVWing Rf Whe 
TLC SlaWe/SaSeU/Al fRil VheeWV in clRVe cRnWacW aV VhRZn in FLJXUH 4. ThiV allRZV 
elecWURl\ViV Rf Wea Rn a TLC SlaWe ZiWhRXW an\ elecWURl\We VRlXWiRn. 

 
  
 
 
 
 
 
 

 
 

FLJXUH 4. SeWXS Rf elecWURl\ViV Rn TLC SlaWe ZiWh alXminiXm fRil. 
 
 FRU Whe SRZeU VXSSl\ cRnWURl, SUeVV Whe µM1¶ bXWWRn WR VelecW YRlWage and 

cXUUenW. Once Whe YRlWage ZaV adjXVWed inWR a diffeUenW WaUgeW YalXe, Whe elecWURl\ViV Rf 
Wea Rn a TLC SlaWe ZaV SeUfRUmed ZiWh diffeUenW Wime. The YRlWageV ZeUe aSSlied WR 
caWhRdic TLC and anRdic TLC aW 1, 2, 5, 10 and 20V. Once Whe WaUgeW YRlWage ZaV VeW, 
Whe cXUUenW ZaV UXn b\ SUeVVing Whe µOff/On¶ bXWWRn. 
 

MRUeRYeU, Whe elecWURl\ViV ZaV SeUfRUmed ZiWhin diffeUenW WimeV: 10V and          
20V, and 1, 2, 3, 4, 5, 10, 15 and 20 min in RUdeU WR VelecW a VXiWable cRndiWiRn fRU                    
fXUWheU UeacWiRn.  
 

2.3.5 EOHFWURO\VLV RI 7HD 6ROXWLRQ E\ AOXPLQLXP 6SULQJ CRLO 
 

In RUdeU WR mRniWRU changeV in chemical cRmSRViWiRn WhaW Zill RccXU, Whe 
VecRnd aSSURach, Zhich ZaV elecWURl\ViV Rf Wea VRlXWiRn b\ alXminiXm VSUing cRil ZaV 
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cRndXcWed. ThiV Zill allRZ XV WR cRmSaUe Whe diffeUence beWZeen chemical fingeUSUinW 
aV a UeVXlW Rf WZR diVWincW W\SeV Rf elecWUic cXUUenW aSSlicaWiRn. The elecWURl\Wic cell 
aSSlied in WhiV SaUW iV cRmSRVed Rf Vmall alXminiXm VSUing elecWURdeV inVeUWed inWR 
Whe laUgeU Rne, Zhich ZeUe cRnnecWed WR anRde (+) and caWhRde (-), UeVSecWiYel\, and 
VeSaUaWed b\ a SaUafilm la\eU. TZR elecWUical ZiUeV ZeUe XVed aV Whe cRnnecWeUV WR 
cRmSleWe a DC ciUcXiW, ZiWh Whe Wea VRlXWiRn (EaUl GUe\ and ORlRng) aV elecWURl\We. 
 

EaUl GUe\ VRlXWiRn (1 mL) ZaV aSSlied aV a cRnWURl (befRUe elecWURl\ViV 
UeacWiRn) and anRWheU 1-mL Rf EaUl GUe\ (afWeU 5min elecWURl\ViV) ZaV WUanVfeUUed inWR 
a 1.5-mL cenWUifXge WXbe cRnWaineU. The Vmall alXminiXm cRil elecWURde ZaV cRYeUed 
ZiWh SaUafilm Rn WRS and bRWWRm ZiWhRXW WRXching Whe laUgeU alXminiXm cRil 
elecWURde. The elecWUical ZiUe ZaV When cRnnecWed WR Whe alXminiXm cRil elecWURdeV. 
VRlWage Rf 9V ZaV aSSlied WR Whe alXminiXm VSUing cRilV fRU 5 min aV VhRZn in 
FLJXUH 5. ThiV UeVXlWed in Whe e[SeUimenWal cXUUenW Rf 0.098-0.1A. The Vame meWhRd 
ZaV SeUfRUmed fRU RRlRng Wea VRlXWiRn. The VamSle VRlXWiRn afWeU Whe elecWURl\ViV ZaV 
cRllecWed inWR a Yial fRU fXUWheU anal\ViV b\ HS-SPME/GC-MS and Whe UeVXlW ZaV 
cRmSaUed ZiWh Whe cRnWURl.  
 

  
FLJXUH 5. SeW XS Rf elecWURl\ViV ZiWh alXminiXm VSUing cRil elecWURde. 

 
2.3.5 7KLQ LD\HU CKURPDWRJUDSK\ AIWHU EOHFWURO\VLV 

 
The TLC SlaWe ZaV UemRYed fURm Whe elecWUical ZiUe WR SeUfRUm 

VXbVeTXenW VeSaUaWiRn. The mRbile ShaVe ZaV SUeSaUed b\ a mi[WXUe Rf WRlXene, eWh\l 
aceWaWe and fRUmic acid ZiWh a UaWiR Rf (2:9:1). AfWeU elecWURl\ViV, Whe chURmaWRgUaShic 
SlaWe ZaV WUanVfeUUed WR 100mL beakeU WR SeUfRUm TLC anal\ViV.  

 
The VeSaUaWiRn VSRWV Rn TLC SlaWeV Rf EaUl GUe\, ORlRng, and gUeen Wea 

ZeUe RbVeUYed XndeU SSecWURline UV-YieZing cabineW mRdel CM-10 (SSecWURnic 
cRUSRUaWiRn, WeVWbXU\, NeZ YRUk) aW a VhRUW ZaYelengWh Rf 254 nm. 

 
Each TLC SlaWe ZaV diSSed ZiWh a Yanillin UeagenW and heaWed aW 80�C ZiWhin a 

fXme hRRd WR RbWain Whe deWecWiRn. The cRlRUed VSRWV Rn Whe TLC SlaWe ZeUe 
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RbVeUYable ZiWh naked e\eV ZiWhin 30 VecRndV aV a SinkiVh-Ued VSRW againVW a \ellRZ 
backgURXnd fRU bRWh befRUe and afWeU elecWURl\ViV. 
 

2.3.6 6WDQGDUG 6ROXWLRQ 
 

 Nine VWandaUd VRlXWiRnV, inclXding Yanillin acid, SURWRcaWebXic acid, 
VXccinic acid, VinaSic acid, V\Uingic, m-h\dUR[\ben]Ric acid, TXeUceWin, UeVYeUaWURl, 
and ben]Ric acid ZeUe dilXWed ZiWh meWhanRl WR achieYe 1000 SSm cRncenWUaWiRn fRU 
each. A dURS Rf each VWandaUd VRlXWiRn ZaV VSRWWed Rn Whe TLC SlaWe fURm lefW WR 
UighW, SeUfRUmed TLC ZiWh a VRlXWiRn Rf WRlXene, eWh\l aceWaWe and fRUmic acid aV a 
mRbile ShaVe aW a UaWiR (2:9:1), WR cRmSaUe idenWif\ VWandaUdV ZiWh Wea cRmSRXndV 
fURm Whe diVWance WUaYelled RYeU Whe chURmaWRgUaShic SlaWe.  
 

2.3.7 IGHQWLILFDWLRQ RI 9RODWLOHV E\ GC-M6 DQDO\VLV 
 

2.3.7.1 EOHFWURO\VLV RI 7HD RQ 7LC SODWH IRU GC-M6 
200-�L Rf EaUl GUe\ Wea VamSleV ZeUe lRaded Rn an 8 cm × 10 cm 

chURmaWRgUaShic SlaWe Rn Whe Vame VSRW fRU fiYe WimeV UeVXlWing in a WRWal 
YRlXme Rf 1mL. The elecWURl\ViV Rn Whe SlaWe ZaV SeUfRUmed ZiWh Whe 
RSWimi]ed YRlWage and Wime Rf 2V and 2min. ThiV alVR SeUfRUmed fRU Whe 
ORlRng VamSle. 

 
2.3.7.2 7KLQ LD\HU CKURPDWRJUDSK\ 

 
AfWeU Whe chURmaWRgUaShic SlaWe ZaV elecWURl\]ed, Whin la\eU 

chURmaWRgUaSh\ anal\ViV ZiWh WRlXene, eWh\l aceWaWe, and fRUmic acid aV 
a mRbile ShaVe ZiWh UaWiR Rf (2:9:1) ZaV SeUfRUmed 

 
2.3.7.3 H6-6PME 

 
The fiUVW VeSaUaWiRn VSRW (fUacWiRn 1), VecRnd VeSaUaWiRn VSRW 

(fUacWiRn2), and WhiUd VeSaUaWiRn VSRW (fUacWiRn3) ZeUe cXW fURm  Whe 
elecWURl\]ed TLC SlaWe. The headVSace VRlid ShaVe micURe[WUacWiRn 
(HS-SPME) ZaV SeUfRUmed ZiWh a 50/30 �m DVB/CAR/PDMS fibeU 
and a hRldeU ZaV SXUchaVed fURm SXSelcR (SXSelcR, GeUman\). FRU 
HS-SPME SURcedXUe, 20-mL glaVV YialV ZeUe clRVed ZiWh 
SRl\WeWUaflXRUReWh\lene (PTFE) cRaWed VilicRne UXbbeU VeSWXm. A 1cm [ 
3.5cm TLC SlaWe cRnWaining Whe WaUgeWed VamSle (fUacWiRn1 RU fiUVW 
VeSaUaWiRn VSRW, fUacWiRn 2, and fUacWiRn 3 UeVSecWiYel\) ZeUe WUanVfeUUed 
inWR Whe glaVV Yial VeSaUaWel\. The Yial ZaV heaWed aW 80�C fRU 60 minXWeV 
in a hRW ZaWeU baWh aV VhRZn in FLJXUH 6. The DVB/CAR/PDMS fibeU 
ZaV When cRllecWed afWeU e[WUacWiRn ZaV achieYed.  
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FLJXUH 6. HRW ZaWeU baWh VeW XS ZheUe Whe Yial iV heaWed fRU HS-SPME. 

 
 

2.3.7.5 DHVRUSWLRQ RI WHD 9OCV FRPSRXQGV E\ GC-M6  
 

An AgilenW 7890A gaV chURmaWRgUaSh\ V\VWem cRXSled ZiWh 
maVV VSecWURmeWU\ deWecWRU ZaV XVed WR SeUfRUm Whe anal\ViV. HP-5 
cRlXmn caSillaU\ cRlXmn (30 m [ 0.25 mm i.d., 0.25 Xm film WhickneVV) 
ZaV eTXiSSed ZiWh SXUified heliXm (99.999%) aV Whe caUUieU gaV aW a 
cRnVWanW flRZ UaWe Rf 1 ml/min. The injecWiRn ZaV SeUfRUmed XndeU 
VSliWleVV mRde aW 220�C and ZaV deVRUbed fRU 5 minXWeV. The RYen 
WemSeUaWXUe ZaV held aW 40�C fRU 5 min and When incUeaVed WR 220�C aW a 
UaWe Rf 4�C/min, and held aW 220�C fRU 5 min and When incUeaVed WR 
240�C ZiWh Whe Vame UaWe, and finall\ held aW 240�C fRU 5 min. The 
WemSeUaWXUe Rf Whe iRn VRXUce in MS ZaV VeW aW 230�C. ElecWURn 
iRni]aWiRn YRlWage ZaV -70eV. The maVV VSecWUa ZeUe acTXiUed RYeU Whe 
maVV Uange Rf 30-300 Da ZiWh a Vcan Wime Rf 100 mV.  
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CKDSWHU 3 
RHVXOWV DQG DLVFXVVLRQ 

 
3.1) OSWLPL]DWLRQ RI PRELOH SKDVH 

 
MRbile ShaVe iV an eVVenWial facWRU WhaW deWeUmineV efficienc\ Rf Whe VeSaUaWiRn 

Rf cRmSRnenWV Rf Wea. MRbile ShaVe V\VWemV cRnViVWing Rf WRlXene: eWh\l aceWaWe: 
fRUmic acid ZiWh WhUee diffeUenW UaWiRV: 5:6:1, 1:10:1, and 2:9:1, ZeUe inYeVWigaWed. 
AfWeU VeSaUaWiRn, SinkiVh-cRlRUed VSRWV aSSeaUed afWeU diSSing Whe chURmaWRgUaShic 
SlaWe in a Yanillin VRlXWiRn and heaWed. The diffeUence beWZeen SRlaUiWieV Rf WheVe 
WhUee mi[WXUeV inflXenced Whe diVWanceV aW Zhich Whe chemical cRmSRXndV migUaWed 
alRng Whe TLC SlaWe. The mRbile ShaVe ZiWh higheVW SRlaUiW\ ZaV ZiWh Whe UaWiR Rf 
1:10:1 fRllRZed b\ 2:9:1 and 5:6:1. AV VhRZn in FLJXUH 4C, Whe VSRWV inWeUacWed 
mRUe VWURngl\ ZiWh Whe VWaWiRnaU\ ShaVe and ZeUe nRW Zell VeSaUaWed (ZiWh 2 cleaUl\ 
VeSaUaWed VSRWV) XVing Whe mRbile ShaVe UaWiR Rf 5:6:1, VXggeVWing a higheU SRlaUiW\ iV 
UeTXiUed. AlWhRXgh incUeaVing SRlaUiW\ Rf Whe VRlYenW enhanced Whe mRYemenW Rf 
anal\WeV, Whe SRlaUiW\ Rf Whe mRbile ShaVe ZiWh Whe UaWiR Rf 1:10:1 ZaV fRXnd WR be WRR 
high (FLJXUH 7A), Vince Whe cRmSRXndV WUaYeled WRR UaSidl\ XSZaUdV Whe SlaWe and 
ZeUe nRW Zell VeSaUaWed ZiWh 2 VeSaUaWed VSRWV. The VXiWable mRbile ShaVe UaWiR 
UeVXlWing in 3 cleaUl\ VeSaUaWed VSRWV ZaV aW 2:9:1 aV VhRZn in FLJXUH 7B.  
 

 
FLJXUH 7. TLC UeVXlWV RbWained XVing diffeUenW mRbile ShaVeV ZiWh Whe TRlXene: EWh\l 

AceWaWe: FRUmic Acid UaWiRV Rf (A) 5:6:1, (B) 2:9:1 (C) 1:10:1.  
 
3.2) OSWLPL]DWLRQ RI 9ROWDJH DQG WLPH RI HOHFWURO\VLV 
 

USRn VelecWiRn Rf Whe RSWimal YRlWage and Wime fRU elecWURl\ViV, YaUiRXV 
cRndiWiRnV ZeUe eYalXaWed fRU Whe EaUl GUe\ and ORlRng Wea VamSle. VRlWageV ZeUe 
WeVWed aW fiYe leYelV: 1, 2, 5, 10, and 20V, fRU bRWh anRdic and caWhRdic TLC SlaWeV aV 
VhRZn in FLJXUH 8. FRU each YRlWage, elecWURl\ViV Wime ZaV YaUied aV cRnWURl (befRUe 
elecWURl\ViV), 10V, 20V, 1min, 2min, and 5min.  
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FLJXUH 8. EffecWV Rf YRlWageV Rn Whe elecWURl\ViV Rn-TLC SlaWe UeVXlWV fRU Whe EaUl GUe\ Wea 

VamSle; aW -1V, -2V, -5V, -10V and -20V (caWhRdic) fURm A-E, UeVSecWiYel\, and +1V, +2V, 
+5V, +10V and +20V (anRdic) fURm F-J, UeVSecWiYel\. The elecWURl\ViV Wime ZaV YaUied fURm 
CRnWURl (0V), 10V, 20V, 1min, 2min and 5min fURm lefW WR UighW WUackV, UeVSecWiYel\, Rn each 

TLC SlaWe.  
 
EaUl GUe\ VamSle, Whe elecWURl\ViV aW +1V RU -1V Rnl\ VhRZed minimal 

cRnWUaVW fRU Whe VeSaUaWed cRmSRnenWV (Vame aV Whe cRnWURl befRUe Whe 
elecWURl\ViV). The elecWURl\ViV Rn caWhRde (-) Rf EaUl GUe\ VamSle aW 1V in 
FLJXUH 8 (8A) and Whe elecWURl\ViV Rn anRde (+) Rf EaUl GUe\ VamSle aW 1V in 
FLJXUH 8 (8F), XVing Whe Vame VeW Rf WimefUame, aSSeaUed VimilaU, and VR did 
Whe RRlRng VamSle in FLJXUH 9 (9A) and (9F). ThiV 1-dimenViRnal TLC did nRW 
VhRZ VeSaUaWing VSRWV aV cleaU aV in 2-dimenViRnal WechniTXe. 

 

             
  

FLJXUH 9. EffecWV Rf YRlWageV Rn Whe elecWURl\ViV Rn-TLC SlaWe UeVXlWV fRU Whe ORlRng Wea 
VamSle; aW -1V, -2V, -5V, -10V and -20V (caWhRdic) fURm A-E, UeVSecWiYel\, and +1V, +2V, 
+5V, +10V and +20V (anRdic) fURm F-J, UeVSecWiYel\. The elecWURl\ViV Wime ZaV YaUied fURm 
CRnWURl (0V), 10V, 20V, 1min, 2min and 5min fURm lefW WR UighW WUackV, UeVSecWiYel\, Rn each 

TLC SlaWe.  
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AccRUding WR FLJXUH 9, Whe elecWURl\ViV SeUfRUmed aW 2V VWaUWed WR VhRZ 
Whe changeV aV Whe Wime incUeaVeV, VWaUWing fURm cRnWURl (befRUe elecWURl\ViV) in 
bRWh EaUl GUe\ and RRlRng Wea VamSleV.The VeSaUaWing SURceVV diVaSSeaUed Rn 
VRme SlaWeV in FLJXUH 9I dXe WR Whe lRZ YRlXme Rf fRUmic acid in mRbile ShaVe 
mi[WXUe. The eYaSRUaWiRn RccXUUed and acidiW\ decUeaVed afWeU Ue-XVing Whe 
Vame mRbile ShaVe VRlXWiRn mRUe Whan 5 WimeV. 
 

The elecWURl\ViV beWZeen caWhRde and anRde VWaUWed WR VhRZed 
diffeUenceV aW 5V, ZheUe caWhRde elecWURl\ViV Rf EaUl GUe\ VamSle aW 5V VhRZn 
in FLJXUH 8C and anRde elecWURl\ViV Rf EaUl GUe\ VamSle aW 5V VhRZn in 
FLJXUH 8H, XVing Whe Vame VeW Rf WimefUame, aSSeaUed diffeUenW in migUaWiRn 
diVWance, and VR did Whe RRlRng VamSle. The elecWURl\ViV Rn caWhRde(-) VhRZed 
addiWiRnal VSRWV abRYe Whe fiUVW VeSaUaWiRn SRinWV aV cRmSaUed WR elecWURl\ViV Rn 
anRde(+), and VR did Whe elecWURl\ViV aW 10V in FLJXUH 8C-8I. 

 
The elecWURl\ViV beWZeen caWhRde and anRde Rf EaUl GUe\ VamSle aW 20V 

aSSeaUed VimilaU in FLJXUH 8E, 8J. ElecWURl\ViV Rf RRlRng Wea aW -20V in FLJXUH 
9E, 9J VhRZed VlighWl\ mRUe VSRWV VeSaUaWiRn SURgUeVV aV Whe UeacWiRn Wime 
incUeaVeV and cleaUeU cRmSRnenW migUaWiRn RYeU Whe chURmaWRgUaShic SlaWe. 
HRZeYeU, Whe RSWimi]ed YRlWage ZaV 2V aW 2min. The VSRW VeSaUaWiRnV ZeUe 
fRXnd WR be Whe mRVW effecWiYe ZiWh Whe cRndiWiRn Rf 1V fRU ≥1min, ZheUe Whe 
VSRWV Rf Whe R[idi]ed/UedXced SURdXcWV WUaYelling aW aSSURSUiaWe diVWanceV and 
cleaUl\ RbVeUYed cRUUeVSRnding WR Whe incUeaVing  
amRXnW Rf leVV SRlaU cRmSRnenWV. FXUWheUmRUe, Whe TLC fingeUSUinWV afWeU Whe 
elecWURl\ViV ZeUe imSURYed cRmSaUed ZiWh WhaW Rf Whe Vame VamSle ZiWhRXW 
elecWURl\ViV, H.J. cRmSaUe Whe UighWmRVW WUack (elecWURl\]ed VamSle) ZiWh Whe 
lefWmRVW (cRnWURl VamSle) Rn an\ TLC SlaWe in FLJXUHV 8 and 9. The benefiW Rf 
WhiV can be demRnVWUaWed b\ cRmSaUing Whe cRnYenWiRnal TLC fingeUSUinWV Rf 
EaUl GUe\ and ORlRng WeaV aUe YeU\ VimilaU (Vee Whe lefWmRVW WUacWV in FLJXUH 
8A  and 9A). On Whe RWheU hand, WheiU fingeUSUinWV cRXld be cleaUl\ 
diffeUenWiaWed XVing RXU deYelRSed elecWURl\ViV Rn TLC aSSURach (H.J. Vee Whe 
UighWmRVW WUacWV in FLJXUH 8A and 9A). In addiWiRn, Whe aSSURach ma\ alVR be 
cRUUelaWed ZiWh VRme anWiR[idanW SURSeUWieV Rf Whe Wea VamSleV. TR WhiV end, 
TLC fingeUSUinW Rf EaUl GUe\ Wea changed mRUe VlRZl\ ZiWh Whe elecWURl\ViV 
Wime (Vee Whe ciUcled UegiRn in FLJXUH 8F) Whan ORlRng Tea ZiWh Whe VhRUWeU 
R[idaWiRn Wime UeTXiUed WR change iWV fingeUSUinW (Vee Whe ciUcled UegiRn in 
FLJXUH 9F). ThiV ma\ be UelaWed WR Whe gUeaWeU anWiR[idanW SURSeUW\ Rf EaUl 
GUe\ Wea. 

 
3.3) 7LC RI 6WDQGDUG 6ROXWLRQ 
 

TLC XndeU Whe Vame VeSaUaWiRn cRndiWiRn aV WhaW aSSlied fRU Whe Wea VamSleV 
ZaV alVR SeUfRUmed fRU 9 diffeUenW ShenRlic cRmSRXnd VWandaUdV ZiWh Whe UeVXlWV 
VhRZn in FLJXUH 10 . Since all Whe VWandaUdV aUe cRnVideUabl\ h\dURShRbic, Whe\ ZeUe 
elXWed aW Whe WRS Rf Whe TLC SlaWe abRYe Whe UegiRnV WhaW all Whe Wea and Whe 
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R[idi]ed/UedXced Wea cRmSRnenWV RccXSied in bRWh EaUl gUe\ and RRlRng Wea VamSleV. 
ThiV indicaWeV nR ShenRlic cRmSRXndV ZeUe SURdXced aV Whe SURdXcWV Rf Whe Rn-TLC 
SlaWe elecWURl\ViV. 
 

 
FLJXUH 10. 1000 SSm SWandaUd VRlXWiRnV afWeU SeUfRUming Whin 

 la\eU chURmaWRgUaSh\ in a WRWal Rf 9 VWandaUdV. 
  
3.4) GC-M6 AQDO\VLV 
 

The WZR aSSURacheV Rn GC-MS anal\ViV: elecWURl\ViV Rn TLC SlaWeV and 
elecWURl\ViV/elecWURcRagXlaWiRn Rf VSUing cRil, ZeUe SeUfRUmed fRU bRWh EaUl GUe\ and 
ORlRng Wea VamSleV. 
 

3.4.1) EOHFWURO\VLV RQ 7LC PODWHV 
 

In RUdeU WR deWeUmine YRlaWileV b\ GC-MS, a WRWal 1 mL Rf each VamSle ZaV 
gUadXall\ lRaded RnWR Whe TLC SlaWeV, 200ȝL each fRU 5 WimeV. The cRmSRnenWV Rf 
EaUl GUe\ VeSaUaWed inWR a WRWal Rf 3 fUacWiRnV aV VhRZn in FLJXUH 11 and 2 fUacWiRnV 
fRU RRlRng Wea, afWeU elecWURl\ViV Rn TLC SlaWe aW RSWimi]ed cRndiWiRn, 2V fRU 2min, 
Zhich can be RbVeUYed fURm FLJXUH 8B, 8G, 9B, and 9G. 

 
The cRmSRnenW Rf cRnWURl (VamSle befRUe elecWURl\ViV) cRXld nRW be RbWained, 

Vince Whe anal\WeV did nRW migUaWe XS Whe TLC SlaWe aV VhRZn in FLJXUH 11(A). 
CRnVeTXenWl\, GC-MS anal\ViV ZaV cRndXcWed XVing fUacWiRnV ZheUe WaUgeWed 
VeSaUaWiRn VSRWV ZeUe mRVW RbYiRXV and cleaUl\ defined in FLJXUH 11(B). 

 
 

The YRlaWile cRmSRXndV in Wea VamSleV (EaUl GUe\ and RRlRng) ZeUe e[WUacWed 
b\ HS-SPME fRllRZed b\ deVRUSWiRn anal\ViV ZiWh GC-MS. The fUacWiRn cRmSRXndV 
Rf EaUl GUe\ and RRlRng VamSleV e[WUacWed ZeUe liVWed in 7DEOH 1-5 and fRllRZed b\ 
chURmaWRgUamV RbWained ZeUe VhRZn in FLJXUH 12, 13, 14, 15 and 16 UeVSecWiYel\.  
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FLJXUH 11. TLC SlaWe Rf an EaUl GUe\ VamSle ZiWh  (A) CRnWURl SamSle and (B) ThUee fUacWiRnV 

RbWained afWeU elecWURl\ViV Rn TLC SlaWeV Rf EaUl GUe\ VamSle aW an RSWimi]ed cRndiWiRn, 2V, 1A fRU 
2 minXWeV.  

 
 

● EaUl GUe\ Wea 
 

 
FLJXUH 12. ChURmaWRgUam Rf cRmSRXndV deWecWed in fUacWiRn 1 Rf EaUl gUe\ VamSle. 

 

 
FLJXUH 13. ChURmaWRgUam Rf cRmSRXndV  deWecWed in fUacWiRn 2 Rf EaUl gUe\ VamSle. 
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FLJXUH 14.  ChURmaWRgUam Rf cRmSRXndV deWecWed in fUacWiRn 3 Rf EaUl gUe\ VamSle. 

 
 

FLJXUH 15.  ChURmaWRgUam Rf cRmSRXndV deWecWed in fUacWiRn1 Rf ORlRng Wea VamSle. 
 

 

 
FLJXUH 16. ChURmaWRgUam Rf cRmSRXndV deWecWed in fUacWiRn 2 Rf ORlRng Wea VamSle. 

 
 
AlWhRXgh a laUge YRlXme, 1mL, Rf each Wea VamSle ZaV XVed in Whe e[SeUimenW, 

Rnl\ feZ cRmSRXndV ZeUe deWecWed b\ GC-MS fURm Whe anal\]ed fUacWiRnV. In 
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addiWiRn, Whe deWecWed cRmSRXndV ZeUe Rnl\ SUeVenW in a minimal amRXnW and 
WheUefRUe idenWified cRmSRXndV aUe eVWimaWed. AccRUding WR a VWXd\ cRndXcWed b\ 
SXchaWanXgal eW al. in 2020, a VimilaU meWhRd ZaV aSSlied WR anal\]e chemical 
cRmSRViWiRn in SeUfXme VamSleV XVing TLC WechniTXeV deYelRSed [42]. In Whe VWXd\, 
VamSleV Rf SeUfXmeV ZeUe lRaded RnWR TLC SlaWeV and fXUWheU anal\]ed ZiWh 
HS-SPME/GC-MS [42]. HRZeYeU, RYeU 60 cRmSRXndV ZeUe deWecWed [42]. ThiV 
VXggeVWV WhaW chemical cRmSRXndV in Wea mi[WXUeV aUe mRUe SURne WR YaSRUi]aWiRn and 
R[idaWiRn fURm aSSlicaWiRn Rf elecWURchemical UeacWiRnV in cRmSaUiVRn WR SeUfXmeV.  
 
 
3.4.2) AQDO\VLV RI 9RODWLOH PURGXFWV IURP EOHFWURO\VLV ZLWK 6SULQJ CRLO EOHFWURGHV 
 

AV Veen fURm FLJXUH 17 and 18, YaUiRXV cRmSRXndV XndeUgR changeV afWeU 
WUeaWmenW ZiWh elecWUic cXUUenW in 7DEOH  3 ZiWh  7DEOH 6. GC-MS anal\ViV UeYealed 
decUeaVe in Seak aUea Rf VeYeUal cRmSRXndV VXch aV NeURl aceWaWe, eYenWXall\ man\ 
cRmSRXndV ZeUe enWiUel\ degUaded and cRXld nRW be deWecWed aW all afWeU elecWURl\ViV, 
fRU inVWance, ȕ-M\Ucene, Ȗ-TeUSinene, NRnanRic acid, 9-R[R-, meWh\l eVWeU, and 
2-MeWh\lbXW\l RcWanRaWe  in EaUl gUe\ VamSle. HRZeYeU, VRme cRmSRXndV VhRZed a 
UiVe in Seak aUea inclXding Ben]aldeh\de in EaUl gUe\ Wea and DRdecane, TUidecane, 
TeWUadecane, PenWadecane, and HeSWadecane in ORlRng Wea VamSleV. OWheUV 
cRmSleWel\ changed inWR neZ chemical cRmSRnenWV fRU e[amSle, 
2-C\clRhe[ane-1-Rl, 1-meWh\l-4-(1-meWh\leWh\l)-,ciV- in EaUl gUe\ Wea WUanVfRUmed 
inWR linalRRl and BXSURfe]in inWR Ben]aldeh\de in ORlRng Wea VamSle.  
ThiV indicaWeV WhaW Whe chemical cRmSRViWiRn Rf WeaV XndeUgR degUadaWiRn and 
fRUmaWiRn, UeVXlWing in decUeaVe RU  incUeaVe in e[iVWing cRmSRXndV and eYen 
RUiginaWiRn Rf neZ RneV. The mechaniVm behind WhiV incidenW iV elecWURchemical 
UeacWiRnV, inYRlYing elecWURl\ViV and elecWURcRagXlaWiRn. ElecWURl\ViV caXVeV 
SURdXcWiRn Rf h\dURgen gaV aW Whe caWhRde and UemRYal Rf ZaWeU fURm Whe V\VWem 
[43]. While elecWURcRagXlaWiRn, h\dURgen SURdXced aW Whe caWhRde and meWal iRnV 
fURm cRUURded VSUing cRil aW Whe anRde bind ZiWh Whe h\dUR[ide gURXSV, cRnWUibXWing 
WR chemical change in cRmSRnenWV Rf Wea aV aWRmV and iRnV aUe inWeUchanged b\ Whe 
UemRYal RU addiWiRn Rf elecWURnV fURm Whe e[WeUnal ciUcXiW  [43,44]. In VhRUW, 
elecWURchemical UeacWiRnV Wake Slace aW Whe inWeUface Rf elecWURdeV, in WhiV caVe, a 
VSUing cRil, caXVeV inWeUfeUence  ZiWh elecWURl\WeV [45]. ElecWUiciW\ caXVeV mRYemenWV 
Rf elecWURnV fURm Rne elemenW WR anRWheU aV a SaUW Rf UedR[ UeacWiRn, alVR knRZn aV 
R[idaWiRn-UedXcWiRn [45]. MRVW imSRUWanWl\, R[idaWiRn iV knRZn WR haYe an imSacW Rn 
fRUmaWiRn and degUadaWiRn Rf cRmSRXndV WheUeb\, caXVing change in chemical SURfile 
Rf Whe VamSleV[6]. 
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7DEOH 1.  CRmSRXndV deWecWed in XnWUeaWed EaUl GUe\ Wea VamSle (cRnWURl). 
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7DEOH 2. CRmSRXndV deWecWed in EaUl GUe\ Wea afWeU fiYe minXWeV WUeaWmenW ZiWh  9V elecWURl\ViV 
and elecWURcRagXlaWiRn. 
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FLJXUH 17. CRmSaUiVRn Rf chURmaWRgUamV Rf EaUl GUe\ Wea VamSle befRUe and afWeU fiYe minXWeV 

WUeaWmenW ZiWh 9V, 1A elecWURl\ViV and elecWURcRagXlaWiRn. 
 

 
 
 
7DEOH 3. Change in chemical cRmSRnenWV beWZeen EaUl GUe\ VamSleV befRUe and afWeU fiYe minXWeV 

WUeaWmenW ZiWh 9V elecWURl\ViV. 
 

 

NR. CRPSRXQG ILLW* OGRU DHVFULSWLRQ 
% AUHD 
LQ FRQWURO 

% AUHD 
DIWHU 
HOHFWURO\VL
V 

1 Ben]aldeh\de 962 almRnd-like 0.031 0.194 

2 ȕ-M\Ucene 991 ZRRd\, ciWUXV fUXiW\ 0.094 - 

3 2-CaUene 1001 flRZeU\ 0.024 - 

4 Ȗ-TeUSinene 1066 ciWUXV, WeUSenWine-like 0.033 - 

5 2-C\clRhe[en-1-Rl, 
1-meWh\l-4-(1-meWh\leWh\l)-,ciV- 

1122 N/A 
chamShRU-like 

0.030 - 

6 ESR[\linalRl 1178 flRUal 0.006 0.437 

7 IVRSXlegRl aceWaWe 1285 menWhRlic, ZRRd\ 0.044  0.006  

8 NeURl AceWaWe 1364 ciWUXV, flRUal 0.383 0.055 

9 GeUan\l AceWaWe 1382 flRUal, fUXiW\ 0.591 - 

10 Linal\l bXW\UaWe 1418 VZeeW, SeaU-like 0.009 0.048 

11 NRnanRic acid, 9-R[R-, 
meWh\l eVWeU 

1436 Uancid 
fUXiW\ 

0.298 - 
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7DEOH  4. CRmSRXndV deWecWed in XnWUeaWed ORlRng Wea VamSle (cRnWURl). 
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2-MeWh\lbXW\l RcWanRaWe 

 
1449 

 
Za[\ 

 
0.122 

 
- 

13 Į-TeUSin\l iVRYaleUaWe 1500 flRUal-incenVe 0.086 - 
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7DEOH 5. CRmSRXndV deWecWed in ORlRng Wea afWeU fiYe minXWeV WUeaWmenW ZiWh 9V elecWURl\ViV and 
elecWURcRagXlaWiRn.  

 

 
 
 
 
 
 

 
FLJXUH 18. CRmSaUiVRn Rf ORlRng Wea VamSle befRUe and afWeU fiYe minXWeV WUeaWmenW ZiWh 9V 
elecWURl\ViV and elecWURcRagXlaWiRn. PeakV 1  and 2 cRUUeVSRnd WR Whe VRlYenWV XVed aV Whe TLC 

mRbile ShaVe.  
 

 
 
 
 

 



 
 

24 

7DEOH 6. Change in chemical cRmSRnenWV beWZeen ORlRng Wea VamSle befRUe and afWeU fiYe minXWeV 
WUeaWmenW ZiWh 9V elecWURl\ViV and elecWURcRagXlaWiRn. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

NR
. CRPSRXQG ILLW* OGRU DHVFULSWLRQ AUHD % 

% AUHD 
DIWHU 
HOHFWURO\VLV 

1 Ben]aldeh\de 962 almRnd-like - 1.215 

2 1H-P\UURle-2-caUbR[aldeh\de 1046 N/A 1.366 - 

3 ciV-LinalRRl R[ide 1074 ZRRd\, flRUal 1.426 0.558 

4 DRdecane 1200 mild gaVRline-like 1.696 6.835 

5 TUidecane 1300 Ril-like - 12.575 

6 BXWanediRic acid 1321 RdRUleVV 8.457 - 

7 TeWUadecane 1400 mild Za[\ 2.267 26.856 

8 PenWadecane 1500 ZRRd\, Ril-like 1.067 17.543 

9 He[adecane 1600 mild gaVRline-like 1.194 - 

10 HeSWadecane 1700 mild fXel-like 0.929 9.747 

11 OcWadecane 1800 N/A - 73.127 
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CKDSWHU 4 
CRQFOXVLRQ 

 
NRYel elecWURl\ViV Rn a TLC SlaWe aSSURach haV been deYelRSed ZiWh Whe 

aSSlicaWiRn VXcceVVfXll\ demRnVWUaWed fRU imSURYed anal\ViV Rf Wea VamSleV. WiWh Whe 
caSaciWRU deVign, Whe aSSURach cRXld alVR be SeUfRUmed eiWheU aW Whe anRde RU Whe 
caWhRde ZiWhRXW addiWiRnal elecWURl\We. The meWhRd iV alVR faVW and VimSle b\ 
aSSlicaWiRn Rf VXiWable cRndiWiRnV (H.J. XVing a 2V baWWeU\ fRU 2min). AfWeU Whe 
Rn-TLC SlaWe elecWURl\ViV, Whe Wea fingeUSUinWing can be imSURYed allRZing 
diffeUenWiaWiRn beWZeen Whe inYeVWigaWed WeaV WhaW cRXld nRW be achieYed ZiWh Whe 
cRnYenWiRnal TLC WechniTXe. The change Rf TLC fingeUSUinW iV alVR fXUWheU 
cRnfiUmed b\ Whe change Rf YRlaWile cRmSRXnd SURfileV afWeU Whe elecWURl\ViV 
inYeVWigaWed b\ HS-SPME GC-MS. WiWh fXUWheU deYelRSmenW, Whe eVWabliVhed 
anal\Wical cRnceSW and aSSURach aUe e[SecWed WR be YeU\ XVefXl in Whe aUeaV Rf 
imSURYed TLC fingeUSUinWing and anWiR[idanW SURSeUW\ anal\ViV in Whe fXWXUe.  
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