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ABSTRACT

The present study focuses on two valuable essential oils extracted from aromatic woods
cedarwood and sandalwood belonging to the genus Cedrus and Santalum, respectively. There are
various species of these plants found in different parts of the world. However, for both of these
aromatic woods, the essential oils extracted from the species grown in India are established to be
of superior quality. The Indian cedarwood belongs to C. deodara and sandalwood belongs to S.

album.

India is a vast country with varied climatic conditions prevailing in different states which
can cause significant variations in the yield and chemical composition of essential oils. Therefore,
the samples of cedarwood and sandalwood were procured from different states of India to analyze
the variation in the yield and chemical composition of the essential oil extracted. Cedarwood is
mainly grown at high altitudes, hence the samples were obtained from Himachal Pradesh and
Uttarakhand. Hydrodistillation of these woodchips provided 3.6% and 4.9% of essential oils in 10-
11 h respectively. The chemical profile of the essential oils was similar with variation only in
percentage composition. The total percentage of sesquiterpene hydrocarbons in cedarwood oil
from Himachal Pradesh and Uttarakhand were 20.6% and 13.9%, respectively. Whereas, the total
percentage of oxygenated sesquiterpenoids were 73.5% and 76.5%, respectively. A significantly
high difference was observed in the amount of (E)-a-atlantone concentration in the two oils.
Sandalwood samples were procured from Maharashtra (Western India), Odisha (Eastern India),
and Karnataka (Southern India). Hydrodistillation of these woodchips provided 1.5%
(Maharashtra), 3.2% (Odisha), and 5.1% (Karnataka) sandalwood oil in 14 h. The chemical profile
of these oils was similar with variation in percentage composition. The total sesquiterpene
hydrocarbon content in sandalwood oil from Maharashtra, Odisha, and Karnataka was 1.2%. 3.4%
and 4.0%, respectively. The total content of oxygenated sesquiterpenoids was 78.2%, 87.6%, and

87.8%, respectively. The santalol content in these oils was 73.1%, 78.1%, and 81.9%, respectively.

The chemical composition of cedarwood and sandalwood oil reveals the presence of
sesquiterpenoids which are relatively difficult to extract in comparison to monoterpenoids. The
essential oil yield for this aromatic wood is low and requires a large amount of energy and time
for the separation of oil from the wood. This causes an increased demand for raw materials leading

to extensive deforestation. Therefore, to increase oil yield, the current study attempts three



different techniques for the pretreatment of these woodchips before subjecting them to
hydrodistillation. These pretreatment techniques were selected based on their ability to disrupt the
lignocellulosic linkage within the plant material causing the opening of oil glands and thereby
facilitating the extraction of essential oils. The selected pretreatment techniques were: subcritical
water and hydrolytic enzymes. The process variables for these two pretreatment techniques were
optimized for both aromatic woods. Integration of the two pretreatment processes at optimized
conditions was also attempted. The results suggest the success of all three pretreatment processes
providing improved cedarwood and sandalwood oil yield with respect to the control (untreated
woodchips). These pretreatments led to a 40-50% reduction in extraction time which is a very

crucial aspect of production at a commercial scale.

The hydrodistillation of fresh cedarwood yielded 3.6% essential oil. The optimized
parameters achieved for the subcritical water pretreatment of cedarwood were: a temperature of
150°C, a time of 30 min, a solid-to-solvent ratio of 1:12. The cedarwood oil yield at these
optimized conditions was 4.8%. The optimized parameters for the enzymatic pretreatment of
cedarwood were: temperature 50°C, pH 5, incubation time 90 min, and enzyme loading 1.2
mg/mL. The cedarwood oil yield at these optimized conditions was 6.6%. Besides, the
combination of these two pretreatment processes led to an oil yield of 5.8%. Interestingly, it was
observed that pretreatment of woodchips also led to improved extraction of (E)-a-atlantone, which
exhibits high antimicrobial activity as established by some studies.

The hydrodistillation of fresh sandalwood yielded 5.1% essential oil. The optimum
conditions obtained for subcritical water pretreatment of sandalwood were the same as cedarwood
and led to an oil yield of 6.0%. The optimum conditions for enzymatic pretreatment of sandalwood
were: temperature of 50°C, pH 5, incubation time of 120 min, and enzyme loading of 1.5 mg/mL,
yielding 6.8% sandalwood oil. The required incubation time and enzyme loading were higher than
the cedarwood. The integrated pretreatment led to a 6.3% oil yield. It was observed that these
pretreatments also led to an improved percentage of santalol in the extracted oil. Santalol is
established as the most valuable constituent of sandalwood oil deciding its quality and market

price.



The results of the present work suggest the superiority of the low-temperature enzymatic-
treatment process over others for the pretreatment of the selected aromatic woods for obtaining
higher yields and improved quality of essential oil. The cedarwood and sandalwood oil obtained
via enzymatic-assisted hydrodistillation were investigated for their antimicrobial activity against
selected bacterial and fungal strains by the disc diffusion assay process. For cedarwood oil, a
significant improvement in antimicrobial activity was observed for oil extracted from pretreated
wood. This can be attributed to an increase in the content of oxygenated sesquiterpenoids
responsible for the antimicrobial property of cedarwood oil. For sandalwood oil also, a slight

improvement in activity against selected strains was observed.

Further, the most suitable enzymatic-pretreated cedarwood and sandalwood were subjected
to liquid-CO., which is a green extraction process with high selectivity towards valuable volatile
terpenoids. The results reveal that liquid-CO: is suitable for the profitable isolation of volatile
terpenoids from both kinds of wood with an improved vyield at lesser extraction time. For
cedarwood, the yield of terpenoids was increased up to 8.1% in 4 h in liquid-CO- as compared to
the prolonged hydrodistillation (10-11 h) for extraction of essential oil (3.6%). For sandalwood,
when enzymatically pretreated woodchips were used for extraction of volatiles via liquid-CO_ the
yield was increased to 7.3% in 4 h as compared to the essential oil (5.1%) isolated in 14 h. The
percentage of valuable terpenoids viz. (E)-a-atlantone in cedarwood and santalol in sandalwood
were also drastically enhanced in the pretreated woods. Besides, both cedarwood and sandalwood
oil from pretreated wood displayed significantly improved antimicrobial activities in comparison

to essential oil extracted from fresh wood.

The essential oils from aromatic woods can generally be categorized as a sesquiterpenoids
class of compounds, which are less volatile. Therefore, these essential oils can be used as a
fragrance base to provide a middle note of the formulations and fetch higher prices which often
attracts adulteration by illegal traders. The practiced quality control evaluation of essential oil is
associated with its appearance, olfactory, physicochemical attributes, GC-FID, and GC/MS
analysis. To overcome these key steps, experienced illegal practitioners use low-volatile or non-
volatile liquid adulterants. The most common adulterants detected in commercial samples are
vegetable oils which are ideal for mixing with these wood essential oils due to their non-toxic

nature, immiscibility in water, low-cost and abundant availability. These oils exhibit homogeneous
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mixing with wood essential oils because of nearly identical density. To find a practical solution to
this real issue, many researchers are engaged in the exploitation of different spectroscopic
techniques to segregate vegetable oils/liquid biopolymers from natural oils. Though some initial
success in this field has been attained, it needs skilled manpower as well as quantitative estimation
of adulterants is a challenging task. Therefore, our group has been the first to develop a handy
analytical technique for qualitative as well as quantitative estimation of high boiler adulterants
through thermogravimetric analysis (TGA). It is a novel, rapid and precise method to detect the
high boiler adulterants in sandalwood and cedarwood essential oil. For process optimization,
different proportions of (5%, 10%, 15%, and 30%,) selected high-boiler adulterants such as castor
oil, coconut oil, and polyethylene glycol 400 were mixed with cedarwood and sandalwood oil. The
adulterated samples were analyzed for their physical properties such as refractive index and
specific gravity. No significant change in comparison to pure essential oil was observed. The
adulterated and pure (control) oil samples were then subjected to thermogravimetric analysis. A
clear-cut distinction in the TGA pattern was observed, which was exactly quantified. The pure
essential oil sample exhibited a single-stage volatization pattern in a low-temperature region
corresponding to sesquiterpenoids. Whereas, the adulterated samples exhibited a two-stage
volatization pattern corresponding to the presence of both essential oil (low temperature) and
adulterant (high temperature). Further by use of the TGA software precise determination of the
amount of adulterant was estimated by their weight loss patterns corresponding to the two

volatization zones.

In addition, the phytochemical investigations of the essential oils were carried out. The
isolation of major terpenoids in the essential oils was carried out by column chromatography. (E)-
a-atlantone was isolated from cedarwood essential oil, and (Z)-a-santalol was isolated from the
sandalwood essential oil. The isolated compounds were characterized by spectroscopic techniques
such as GC/MS and NMR. Further, the spent wood obtained after hydrodistillation was utilized
for the preparation of incense sticks. These woods are very highly recognized for worship
purposes; hence the prepared incense sticks can fetch a decent price and help in the generation of
income through MSME schemes. It was observed that the required binder for pretreated wood was
low in comparison to untreated wood. This can lead to the utilization of waste for providing
alternate employment opportunities to rural society along with solving a crucial issue of waste

disposal.
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ST

IAATT 3THYTT 1, 3aeR 3R Tt T Garfetid st & s fhd et arer

e Fegar I el el dlel dell I hied &, S a2l Siierd Cedrus T Santalum &
3 3 g1 gferar & Rffes Rear & so7 diut @ Rt yonfaar o S €
BTa( TR, 3T Gl oIt ahisdl & foIT, HRA 7 39S Sl aTell Folfaial § fo¥ehrel STt
arel el S8} IUTadT & g HRCAT ¢aeR C. deodara STl AT T&at S. album FSTTfel o
gld ¢

R T faerrer S & 8T faffieer Tsat & Qe Soary aRfeufaar gafad
g, Sl A dal T 3uS (yield) 3R TERITAS AT H AgedquT deelid o Hebell gl
gafoT, fse¥a R a0 dar & 3T 3R Tafas WAt 7 Fesdar &1 eevor &
& TIU #RT & e Toal @ daer 3R TeeT & FF7a red fhv a7v | aer H
hS AT & U 3T U6 W 395 STl g, SAAT Foe AT 962 3R 3o@s
& gred T 910 A| o7 gsfacy & gEgIfSEIARG & o-2¢ €S H HAWM: 3.8% 3N ¥.%
del Yl fhu| feAraer geer 3R 3aRr@s & yred i g3

GaER &1 der U fAehid dor 3 AuiFaetdieT gegihee # Fol gfaerd HAT:

0.£% 3R 2399 UT| ST, TSI JoFd sesquiterpenoids HT Fel T HHAA: 13,
4% 3 be.9% ATl Gkl deil H (E)-a-atlantone I AT H T AgcaqoT 3 q@T a1
e & A HERISE (TREHAT HRA), 3Nfem (T W) 3R shedlesr (Gfarol o) @
ured T AT A g7 gefacy & gregIfSEdaRe ot # 9% (FERISE), 3.3% (3f3em),
3R 4.3% (FeATeeh) oA HT dol UGl TohdT| SoT ol sl A FORET TATA 2T, hae
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compounds T ITaerd T H fReaaar ot HETSC, nfeer 3 Feaecsd Ao IrAY oThar

¥ g deel & del H Fel sesquiterpene BISZIhISeT hT HIATHA:2.3%, 3.9% 3R ¥.0%

oY | JifeFellsieT g sesquiterpenoids T FHel ATHA HHAA: 6.63%, C0.2% AR co.c% AT

SoT doll # santalol ST HATAT HaM: 13.2%, b.¢? 3T.c2.% 2T

¢aeR 3R deaa & dd T TATAS TITT & [G2eWoT A3 # sesquiterpenoids
Bid &1 31 G ot ¥ ATl ATASA AN yield FA § 3R TR @ de H A
A F T a5 A & FAr 3R FET A TS ar gidr &1 STE Fed AT (SdER
3R TeeT T ThE) T ded) HIT & HRUT AUSH Tell I Hers giar &1 SafaIg, yield
TG & 3T Y ANHAT ITTHUT H, FISSISEENREA e A Ugel, 7 gSfacH &l clile

HETIT-3719T dehallohl GART WIEICHE dled &l JATH fh3T a7 ¢

gl WidicAT Teheilenl & el Uied HHIAT & iR felveidegeilf@s felehat &l
ST el T 3 &THAT & IR R fhar =7 ar, 5Ed o dfR¥h7 gor Sl 8
3R 38 aE dell & fasawyor 7 maeh g g1 gafad Mélcaie aaede o aafsiewd
areY 3R gregIaTsies TASA| 8o al WidledT aaheilent & [T eyehiera wfshar Fardat
o1 3T T3 91T Jefpford TR # et hdieste yfshamsit & vehrenor & off
gare feRar arr ATl gAer S ARUIAH g ey T & 1 @aa0T (3e]aard wehs) @
ol # et &1 iéicHe Teheilenl & GaRTEGN SdaR 3N Teel & del i 39T Yl
HIST W § 13T & HRUT [ASHYUT THAT F Yo -90% I el 35 o o @R

YA W Sculea & Teh §gd & Hgea ol gee] B



TS GaER T ST & ETSZITSTEICINA H 3.69% AT UTocl EIHT| CAGR T R f3aT b
qefshicshel arey Wélede & v grod 3ejpfad Riefer & t9o B3l Afcwad &t
dT9HATe, 30 fAee 7 G, 3R Aifds € Alede 3fIaTd 242 | 3oT 3fefepiod qReAfaal
H CaGR & dol &l 39T 6% | qagR &I oldhal o UolsHCHh UicicHe & fow
Iefpfad WA & d9AE o Il Afcaay, fiva o, FoARE AT R0 fAee, 3N
TSAgH NS ¢ fANImaA/TAT | 8o 3igehiald aREUMAA & Caer & def & 30+

£.6% ﬁlsﬂ?m,saa?m'@aﬁtmaﬁésmﬁmﬁq.c%éﬁwﬁﬁﬁw?ﬂl
Ig @ 1 & gy & Wdede ¥ (5)-o-Tedeld # S5 ﬁw&wgm,a’rsm
YT EIRT T 3T AMURIEN arfafafer s vefRia s gl

drsl deed o gISglistcloldle d $.8% dl Ut @IdT g1 dGed o Hdfshicehel dreX
Wdicae & foT grcd sseaa Rufaar dagr &7 ohst & FAE of 3R sa8 da &
Yelar e.o% gl el & UshigAfesd Wdede & fav gvedn feufaar O g0 f2al
AfCTTH FT d9H, T 3, ¢ [AAT I FHATS TAY, 3T 5.9 Ao / vAT Hr

TSITsH ST, et 6.cy et T el o g3 | ITaeTh FSARE AT R TlrgH
NS SaeR &I oIhsl & 3ii¥eh Y| Tehlehe WEIeHT & HROT €.3% ol I fAsehyor
g3MT| TE &1 I foh 37 q9 3UORT & fAshrel ¢ dT & santalol 1 gfderd o dgX

g3 | santalol &Y et & el T IOTAHT IR TSR Fed T A dTel HAIGH Fegar

geah & &9 H Tafag far mam g

TAAT 3THUTT SR & GRUMH I T 3Ta Teandor AT HR S8 I0Tadm JIed &lal
& T Tafad Gofd oehsl & g 3TN g A AIAT TSlSHTCH-3TaR TishaT shi




He dehollehl Sl JotelT H ASS ST &1 USTISH-HETAT WISl BISSITSEEIARNT & HIETH
¥ 9red daeR AR <GeT & del I S TSk JHR @ Iishdl SaRT Tdield eI
AR o 3uReT & TGl 3eeh! JIMURIEN arfafaf®r & fov & 8| daer & oo &
fore, -SUERE d & b AT e % fIT QTR AR # e Fgeaqet quR S
IAT| CFER & ool &I AAMURIEN FUe A geferah fov iferdliolel JoFa sesquiterpenoids &I HTAT
# FEfa N THFAGR ST ST Hehell §1 oo & Al & faw o, =afad 3usel & f@arw afafafer

H gUR W@r |

S8 Held], ol U ToligATEH-HERS SaeR 3N el T oehsl & el leled

STSATFATSS & SaRT ol HI ISHYUT fRAT IT| AT FIeel STSHFATSS Teh g4 JITAX0T

Ielehel UishaT g il o Hegdrer arsueiiel QUIssd & Tshiors fow 3T aaelicHehdl

feardr &1 IRt & 9ar Tordar § F R Fed SS3FAss 9 GHT H dgd8 AT S
Y Al GhR T Fhsl T asgeier WAAISsH & amserde [@sedurss fau 3uged g
CaER &I TSl & EISSITSEEIORA A ofd THY (2o-2¢ ©C) H hdel 3.6% ol dl Jolell H

eI~ FIeel SISHFATSS CaRT¥ O¢ H UASIH I 3UST ¢.8% dh d¢ s ATl T&ad &

T, ST RA- FIeT SEIHFAES & ATEIHA & arsqeiel & Ashyor & for vasaes
A Uges gefacH 1 IuAT fhar aar o Al y 6 Hu.an dh def ured gt &
URYRe BISSISELICIRNE GaRT ¥ T H ASh¥A e (3.2%) ST Jorell H fUh §| 3T
¢aeR 3R dead Y sy ¥ AseNddd & (3)-a-atlantone T santalol Hr &Am=T 8 Iy

Jer s Y| 3Tk 3elal, 3YAIRA ¢agR 3R dcaT T oIhal & fAshiNT dor drsil ofehar
b folehrel 3T OoT T Joiell H d6ck WIMURIET arfafafeat gefdia e g
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IR oehst & TS dell T 3MH N W sesquiterpenoids T@T & & # gafiehel
fopar ST @ehar §, S wA-arsaeliel gid 81 SHTAT, 37 dell & 3T BlHeR & HE

e et #el AR 3T Hed Iod Ao & [T garer MR & §9 & fohar S Hepar
g, S 3T HAY GAIRAT @RI fAeTae & HTehNa &l g1 del ol Joradm =0T
AR HAearwa s fewmae, o, sifas, TEfaew [&aQAwanst, Ge-FID 3R she/ata
(GC/MS) faRaNoT & 3T &1 38 qoa & AU 3reqerd 3y Rfehcas wa-arsqefier a1

IR-arsaefier a¥er fAdTae &1 3uAeT aXd §1 afofedes sl # 9 S are Jad
HH TAerae werd aeeuld def §1 aeeald del T IR-fawerd g, gt & 3rfasorr,

HH oETd AR TER-AET H SUCCHAT e ohsl & doll & &Y AT & v 3mee
FATAT &1 AT AT TATT Uelcd & PRUT Ahsl & el b AT Toaard fH0T gefa
A &1 TH aedideh Hed &l Ueh SATAeIReh HHATUT Tiolel & T, %5 Mershdl deiedfcl
dell/aXel SRAMITIAY &l 37 deil & el Hel o [T AfHeel TAFIERIUR dhellchl &
e & @9 gU 1 Jedfy 39 & H T YRS Aheldl TIod g% B, 380 foIT Ferer
STeRITFT T 3MaRTehd & 3R AT & TAaet #T AEcHS 3Teholel Teh YeAldqol HRT
2| safaT, g Ugel aR yAfIRARS f&aRever (&Siv) & A @ 39 drgor Aarac
& IUTcHS 3R AICHS 3MTehelel & [T Teh AT fAReTOTcHS dehelleh farfld it
FA I 9 fRAT | Yg deed 3 ¢aeR & dol H 3=d dige’ [ASTadT qerdy & adr
ST ¥ AT U o, A 3R GEF 0 &1 SRR & Srege & o, A s

H (5%, 10%, 15% 3R 30%) Tafad 3Ta-aiger Aemadr uerd o foh 33T (Castor)
& A, ATRTS T Aol 3N NASRATT Telsshicr 400 H AR IR e & dd & @Y
AT arr 1| fAeTad FE 1 oA Hifde Uil S A AR fAfse Teca
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& T faRelSur fhar a7 ATl S H Ye¥ HETS ddf B ol H HIS Ageaqor
aRadel S8 @ AT SEh gRErd, Aerad AR ey () do & SAeE @
JARNTAATCE Agervor fFar s Seiiv St & Ueh ¥ AR &@r 1ar O, 5 ade
0§ aRAOIT T aram aT| er el & oH o sesquiterpenoids & 37eT&T & TIHTE

arel 819 # Tehol-TROT arsdiehior Yeot o Yediel fonar| Srafe, ffemads weet & do (Fa
aTaHTT) 3R ASTae (3T d9AE) el @ 3T & 3e]&T & =T aTell arsdiehor
Yoot gefia fFar aar a7 sH% 3faTar ST HFedIR & 3UAT & Acae i A
1 Teeh [ALRUT 3oTeh gl T & Yol GaRT T arsuiehior 831 o 3eT&q fehar arar

o]

SHG eITaT, dell I PISelhidehel SIid HT 75| FAH PIAATH GarT doil &7 J7G

UABSSH &7 3el@Nd ThaT I=™AT AT (3)-o-atlantone T SAGR o AT ool A 3TeldT
feham I/ o, siic (2)-o-santalol T TeeT & TS el A IHo@l TohaT =T AT| JUh
I3 HT TgaTeT SHIEN/TATH 3R TATHIIR ST TAFCITHITTh dehailehl & T TS| STh
3TATAT, BTS3I STl & §1G Ut T I8 ofhal &l 3UATIT RS ddR el & folT
fepar aram oT| 3T orhfsEl T Yol & 36l & foIT §gd Hwddl UIed 8, HidT RIK
3PRETIAT Teh 3TN HIHAT TTod I Tohdll ¢ IR TATATAS AISTA131T o ATEIH T 37T
3cUes] A H HEG P Tohdl 6l I8 @I AT o 3UATRA Ihal o ToIv 3TaTH d185T
IR ofhs! &I Jofell H SHH ATl SHH RIS AU & Teh Hgeaqol Hed &l

g e & TIU-TTY JHUT FHATST H dehiedsh Yol & T Yeld el & foTw
FIY HT ITANT & ohdT |
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