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Modulating Essential Oil Composition 
with Distillation Parameters:  An Approach 
to Balance the Oil Composition for 
Therapeutic: Use An Example with Picea 
mariana (Mill.) Essential Oil 

Introduction                                                                                                                                          
Distillers planning to produce a given essential oil 
may have a lot of questions: What is the best season 
to harvest the plant? Which plant part is best to use? 
Is it beneficial to crush, dry or wilt the plant before 
distillation? Which distillation technique can/should 
be used: steam distillation, hydro-distillation, both? 
And so on. The list could be long, and the answers 
are not always easy to find. 

In the absence of any standard or customer speci-
fications, the most logical approach generally is to 
look for the distillation parameters that allow for the 
highest practical achievable yield of essential oil with 
a good scent in a reasonable amount of time. Inciden-
tally, we sometimes hear/read in discussion groups 
that a given plant must be distilled at least “X” hours 
to reach an optimal quality. What optimal quality 
means exactly for a given essential oil is beyond the 
scope of this discussion, but it is true that distillation 
parameters (distillation time or others) may have a 
great impact on essential oil composition (Baydar et 
al., 2008; Marotti and Piccaglia, 2011; Zheljazkov et 
al., 2012a and 2013). However, changing distillation 
parameters does not always produce the outcome 
we expect. As such, a better understanding of the 
consequences of specific choices during the course 
of distillation may be advantageously used to tweak 
the composition of essential oils we want for thera-
peutic use.

To illustrate the distillation optimization process, 
here is an example of how Black Spruce (Picea mari-
ana Mill.) essential oil composition can be influenced 
by distillation time and chipping (making the wood 
into wood chips prior to distillation). 

Material and method                                                                                                                                      
All the distillations were performed using a 40-L full 
stainless steel still (AlChemia Solutions, “Explorer” 
model). About 25 kg of branches featuring abundant 
needles were collected from about 15 black spruce 
trees of the same forest in the Saguenay region 
(Québec, Canada) in late April, before the yearly bud 
burst. All branches were cut in 15-20 cm pieces, and 
the plant material was separated in two as homoge-
neous as possible batches. For the batch of branches 
that was coarsely and roughly chipped prior to distil-
lation, an electric garden chipper was used.

One batch (10 kg of unchipped branches) was dis-
tilled right after the harvest. The chipped batch (also 
10 kg) was stored at 4°C/40°F and distilled the next 
day, right after chipping. Uncrushed and crushed 
branches were steam distilled with cohobation 
(continuous reinjection of hydrosol in the still) for 
4 hours at a condensate rate of approximatively 2.5 
L/h, distillate temperature at 15°C/60°F.

The essential oils were collected after each hour and 
combined with those of the previous hour(s). The 
combined essential oils were weighted and analysed 
by GC-FID right after distillation. This procedure 
gives the composition one would have obtained if 
one had stopped the distillation after 1, 2, 3 or 4 
hours. 

GC-FID analyses were carried out at Laboratoire 
PhytoChemia on an Agilent 7890A GC equipped 
with a split/splitless injector as well as two FID 
detectors. Columns: DB-5, 10 m × 0.10 mm × 0.10 
µm film thickness (Agilent Technologies, Santa Clara, 
CA, USA); DB-Wax, 10 m × 0.10 mm × 0.10 µm film 
thickness (Agilent Technologies). Temperature pro-
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gram: 35°C/95°F for 1 minute and 9°C/49°F minute 
up to 250°C/482°F. Injection port temperature: 
250°C/482°F. Injection volume: 0.02 µL. Initial inlet 
pressure: 216.5 kPa, constant flow mode. Carrier 
gas: H2, flow rate: 0.7 mL/min. Injection mode: split 
(300:1). FID (250°C/482°F): H2 flow: 40 mL/min; air 
flow: 450 mL/min; make up flow (N2): 45 mL/min. 
Sampling rate: 0.01 min.

Results and discussion                                                                                                                                  
Regarding the impact of chipping the branches (Table 
1), we noticed quite a significant difference in the 
distillation yields, but this difference decreased over 
time. With crushed branches compared to uncrushed 
ones, we got 117% more essential oil after 1 hour, 
52% more after 2 hours, 27% more after 3 hours and 
18% more after 4 hours. 

Crushing the branches also has a noticeable impact 
on essential oil composition. The most striking one 
relates to the relative concentration of bornyl ace-
tate, which is 20% higher after 4 hours of distillation 
when branches are not chipped. Since this constit-
uent is often cited as being most influential for the 
beneficial impacts of Black Spruce oil, this difference 
could be therapeutically significant. On the other 
hand, we observed 35% more a- and b-pinene, 90% 
more d-3-carene, and approximatively twice as many 
sesquiterpenes in the essential oil obtained from 
chipped branches compared to whole unchipped 
plant material, along with some minor differences for 
other compounds. 

These differences in yield and composition can be 
explained by the fact that needles and wood con-
tain different volatile compounds. The pure wood oil 
mainly contains monoterpenes (especially d-3-carene, 
which reportedly makes for half of needleless twigs’ 
oil) and has a very low concentration of bornyl 
acetate (<2%) (Rudloff, 1975). When the wood is not 
crushed, these volatile compounds are mainly re-
tained in the wood. Since these cannot easily diffuse 
out of the plant material, they are mostly not dis-
tilled. When the wood is crushed, it becomes much 
better exposed to the steam, and the volatile com-
pounds it contains can be distilled, which increases 
the yield but also modifies the composition. Presum-
ably, the magnitude of these changes could further be 
controlled by modifying the proportion of wood to 
needles and modifying the coarseness of the chip-

ping method, with finer particles being associated 
with increased contribution of wood volatiles to the 
resulting oil.

When we compare the chromatogram of essential 
oils obtained from uncrushed and crushed branches, 
every single compound is present in both analyses 
(although with some differences in concentrations), 
with one exception: (3Z)-hexenol is only found in 
crushed branches (detection limit of the method we 
used: 0.0005%). This is known to be a degradation 
product derived from fatty acids (Hatanaka and Ha-
rada, 1973) and may be enzymatically produced upon 
chipping living plant tissues. This molecule is associat-
ed with an intense green odor (i.e. freshly cut grass) 
and can influence the final aroma of the oil.

Regarding the impact of distillation time, it is gener-
ally assumed that one gets the most volatile com-
pounds of the essential oil at the beginning of the 
distillation and that the heaviest ones only distill later, 
or at least much more slowly. As we can see in Table 
1, this is partly true but not completely. We can see 
(Table 1 and Figure 1) that sesquiterpenols, featuring 
a comparatively high boiling point, are much more 
concentrated in the essential oil if the plant is dis-
tilled longer, and this is also the case for diterpenes 
only present at trace levels in this essential oil. Inter-
estingly, we also see a heavier compound (Unknown 
PIMA XVIII – the internal designation at Laboratoire 
PhytoChemia) for which the concentration is quite 
stable from the first to the fourth hour of distillation 
(Figure 1). According to GC-MS (data not shown), 
this unknown compound is a sesquiterpene with 
two hydroxyl and/or carbonyl functions that make it 
slightly more polar. 

For sesquiterpenes (Table 1 and Figure 2), we can 
see varying patterns. Some constituents are more 
concentrated upon distilling longer, but surprisingly, 
this is not the case for b-caryophyllene, a-humulene 
and (E)-a-bisabolene (Figure 2) for which concentra-
tion decreases over distillation time. For the mo-
ment, we do not have any solid hypothesis to explain 
the different distillation kinetics observed for these 
two compounds.

For both crushed and uncrushed branches, mono-
terpenic esters concentration is quite stable after 
the second hour of distillation. Interestingly, alco-
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Retention index Uncrushed branches Crushed branches

Main compounds DB-5 DB-Wax 0-1 H 0-2 H 0-3 H 0-4 H 0-1 H 0-2 H 0-3 H 0-4 H

(3Z)-hexenol 850 1348 nd nd nd nd 0.06 0.06 0.06 0.05

santene 878 949 1.92 2.39 2.73 2.92 1.39 1.88 2.24 2.46

tricyclene 914 973 0.94 1.16 1.36 1.49 1.31 1.34 1.42 1.47

a-pinene 928 995 10.98 8.77 8.68 8.91 15.17 13.05 12.39 11.99

camphene 941 1031 13.04 15.27 16.84 17.55 13.98 14.72 15.46 15.84

b-pinene* 968 1068 3.54 2.58 2.52 2.26 4.22 3.53 3.29 3.08

myrcene 989 1136 3.10 3.22 3.41 3.51 5.57 3.44 3.44 3.40

d-3-carene 1005 1114 8.34 5.11 4.20 3.93 12.17 9.53 8.30 7.50

limonene* 1024 1160 3.14 3.25 3.36 3.39 3.11 3.11 3.17 3.14

b-phellandrene* 1024 1167 0.98 0.78 0.74 0.74 1.05 0.92 0.89 0.85

1,8-cineole* 1024 1168 2.33 1.69 1.26 1.03 1.60 1.33 1.14 0.98

terpinolene* 1082 1240 1.02 0.86 0.83 0.82 1.31 1.14 1.08 1.01

linalool 1097 1519 0.51 0.37 0.27 0.24 0.36 0.32 0.28 0.26

camphene hydrate 1139 1548 3.45 2.49 1.86 1.57 1.92 1.69 1.46 1.31

borneol 1158 1652 2.00 1.69 1.40 1.25 1.46 1.50 1.41 1.32

terpinen-4-ol 1170 1556 0.33 0.34 0.32 0.32 0.31 0.31 0.31 0.30

a-terpineol 1184 1652 0.89 0.80 0.71 0.66 0.66 0.70 0.68 0.66

bornyl acetate 1285 1536 29.77 35.57 36.54 35.98 25.03 27.98 29.62 30.02

geranyl acetate 1382 1715 0.32 0.42 0.46 0.47 0.26 0.33 0.37 0.38

b-caryophyllene 1409 1544 0.19 0.11 0.08 0.08 0.25 0.20 0.18 0.16

a-humulene 1443 1610 0.04 0.03 0.02 0.02 0.05 0.05 0.04 0.04

a-muurolene 1493 1671 0.12 0.15 0.18 0.19 0.36 0.37 0.36 0.36

g-cadinene 1505 1702 0.13 0.15 0.16 0.18 0.39 0.39 0.39 0.39

d-cadinene 1516 1702 0.43 0.58 0.68 0.79 1.22 1.28 1.32 1.45

E-a-bisabolene 1538 1727 0.13 0.09 0.07 0.07 0.25 0.22 0.21 0.19

T-cadinol* 1631 2108 0.04 0.11 0.19 0.26 0.09 0.15 0.22 0.28

T-muurolol* 1631 2124 0.04 0.11 0.20 0.27 0.08 0.17 0.21 0.29

a-cadinol 1644 2167 0.09 0.23 0.42 0.59 0.16 0.31 0.45 0.61

Cumulative yields - - 0.12% 0.25% 0.37% 0.45% 0.26% 0.38% 0.47% 0.53%

*Indicates the compounds for which we use the separation on DB-Wax to determine the relative concentration because of a coelution 
on DB-5. All the other relative concentrations are calculated using the separation on DB-5 column. nd: non-detected (≤ 0.0005%)

Table 1. Composition (% of the main compounds) and yield of Black Spruce essential oils 
after 1, 2, 3 and 4 hours of distillation for uncrushed and crushed branches.

hols, aldehydes and ethers 
(1,8-cineole), the most polar 
compounds of the essential 
oil, are not the most volatile 
compounds in this essential 
oil but they distill quickly 
(Table 1 and Figure 3). Some 
of them are even two times 
more concentrated after 
1 hour than 4 hours of 
distillation. This is the case 
for camphene hydrate, the 
major monoterpenol in this 
essential oil.Figure 1. GC-FID chromatograms of essential oil obtained from uncrushed branches focused on the 

sesquiterpenols retention times. The blue line corresponds to the first hour of distillation, the grey
 ones correspond to 2, 3 and 4 hours of distillation.
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Figure 2. GC-FID chromatograms of essential oil obtained from uncrushed branches focused on the 
sesquiterpenes retention times. The blue line corresponds to the first hour of distillation, the grey 

ones correspond to 2, 3 and 4 hours of distillation.

Figure 3. GC-FID chromatograms of essential oil obtained from uncrushed branches focused on the 
monoterpenols retention times. The blue line corresponds to the first hour of distillation, the grey 

ones correspond to 2, 3 and 4 hours of distillation.

Finally, we may expect 
non-oxygenated monoter-
penes to be distilled very 
quickly, as they are the 
most volatile compounds 
of the plant. This is true for 
some of them but not in 
all cases. For example, the 
proportion of camphene 
in the oil keeps increas-
ing over time. Also, the 
most volatile compounds, 
tricyclene and santene (a 
nor-monoterpene, which is 
a monoterpene-based com-
pound with a missing car-
bon) are much less relative-
ly concentrated if we stop 
the distillation after one 
hour (Table 1 and Figure 4). 
We could think they mainly 
are found in the wood and 
that they need time to get 
out of it, but these com-
pounds are in fact almost 
absent in needleless wood 
oil. As with the conflicting 
patterns for sesquiterpenes, 
the explanation remains to 
be found. We just observed 
noticeable differences in a 
given compound class.

Conclusion                                                                                                                                            
In Black Spruce (and sup-
posedly other conifers 
featuring resiniferous, and 
thus odorant, wood) the 
chipping of branches prior 
to distillation seems to 
have a noticeable impact 
on yield and composition. 
In the case we studied, 
it increased the yield in 
essential oil (especially for 
short distillations) but at 
the same, it decreased the 
concentration of bornyl 
acetate, which is generally 
monitored as a parameter 

Figure 4. Chromatograms of essential oil obtained from uncrushed branches focused on the 
monoterpenes retention times. The blue line corresponds to the first hour of distillation, the grey 

ones correspond to 2, 3 and 4 hours of distillation.
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of quality in the industry. Crushing the branches in-
creased the concentration of various volatile com-
pounds such as pinenes and d-3-carene. A distiller/
practitioner looking for the highest concentration 
of bornyl acetate in Black Spruce essential oil would 
thus be advised not to crush the branches prior to 
distillation and distill long enough to compensate for 
the ensuing slower yield buildup.

These results regarding the effect of distillation 
time are in accordance with general literature on 
the subject (Cannon et al., 2013) as well as a study 
performed on Pinus ponderosa (Zheljazkov, 2012b). 
We globally observed that heavier compounds of the 
essential oil distill slower than the lightest ones, but 
the distillation kinetics for all individual compounds 
do not only follow a simple rule based on volatility. 
Some sesquiterpenes (b-caryophyllene, a-humulene 
and (E)-a-bisabolene) are less concentrated in the 
essential oil after four hours than after one hour of 
distillation, and we observe the opposite for some 
mono- and even nor-monoterpenes (santene and 
tricyclene). For the moment, we cannot explain 
this phenomenon. For monoterpenes, it seems that 
the polarity has a positive impact on the distillation 
kinetics: camphene hydrate distills faster than cam-
phene even if it is less volatile. This has already been 
described and an interpretation would be that during 
distillation, water penetrates the plant tissues and 
dissolves a part of the extractable compounds. This 
would help the most water-soluble compounds to 
diffuse out of the plant tissues and would explain why 
the oxygenated monoterpenes globally distill faster 
than the non-oxygenated ones, even if they are less 
volatile (Koedam et al., 1979). For sesquiterpenes, the 
effect of oxygen is less clear, but the particular kinetic 
we observe for PIMA XVIII, presumably bearing two 
atoms of oxygen instead of one based on mass spec-
trometric data and thus being more polar, goes in the 
same direction as oxygenated monoterpenes. Finally, 
we observe compounds in the same class that have 
very different distillation kinetics and we were not 
able to clearly link these differences to any structural 
features. However, it should be mentioned that the 
distillation of a plant is not the distillation of a mix-
ture of more or less volatile compounds. Unless the 
plant is crushed in very fine dust or paste so that all 
oil-bearing structures are completely broken, volatile 
compounds have to diffuse out of these structures 
and plant tissues before being distilled. This diffusion 

speed may be affected by several parameters of the 
volatile compounds themselves (molecular weight, 
volatility, polarity, water solubility, etc.), the plant part 
they come from (diffusion out of a needle cuticle is 
probably not easy compared to the diffusion out of 
external secretory glands, but much easier than the 
diffusion through an uncrushed piece of wood) and 
the process (chipping, soaking, temperature, humid-
ity, etc.). It seems that the distillation kinetic of each 
compound depends on a complex combination of 
intrinsic properties and extrinsic conditions. And 
to add a little more complexity, some volatile com-
pounds may be formed during the distillation (Vuore-
la, et al., 1989) and some others may partially disap-
pear (Kiran and Singh, 2010). But even if we do not 
know all the reasons why some specific compounds 
distill faster than others, the distiller can use these 
observations to slightly modulate the composition 
of an essential oil distilled for a specific therapeutic 
use. Also, many other distillation parameters could be 
explored by comparative tests and some tests such 
as very fine crushing of the plant to release as many 
volatile compounds as possible from the bearing 
structures would presumably help to get a better 
understanding of the phenomena we observed and 
described in the present study. 
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