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Abstract: Monoterpenes (MTs) represent an important family of biogenic volatile organic 
compounds (BVOCs) in terms of amount and chemical diversity. This family has been extensively 
studied using gas chromatography (GC) and proton transfer reaction-mass spectrometry (PTR-MS). 
Upon recent advances with Fast Gas Chromatography (FastGC), it was also commercialized with 
proton transfer reaction-time of flight-mass spectrometry (PTR-ToF-MS) instruments. The 
combination of both techniques showed promising results in the near real-time separation of 
isomers, with the need of further improvements. In this study, a FastGC prototype was coupled to 
a conventional PTR-MS (PTR-QuadMS). Extensive laboratory experiments were performed, in 
order to test the system’s performance and to optimize its operational parameters for MT separation. 
The detection limit was determined to be around 0.8–1.7 ppbv, depending on the MT. The system 
was afterwards deployed during a three-week field campaign in a mixed holm oak (Quercus ilex) 
forest known for its important MT emissions. MTs were measured in the incoming and the outgoing 
air of dynamic enclosures installed on the branches of four different trees. Three chemotypes of 
holm oak trees could be distinguished showing consistently different proportions of the emitted 
MTs throughout the measurement campaign: pinene-type, myrcene-type and limonene-type. 
Measurements showed a systematic diel variation in emissions typical of light and temperature-
dependent, de novo-synthesized VOCs. The results demonstrated the feasibility of the FastGC/PTR-
MS system for continuous measurements from dynamic chambers in the field, whereas further 
improvements would be necessary to lower the detection limit for ambient air measurements. 
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1. Introduction 

Terrestrial vegetation, including forests, crops, grasslands and shrubs, represents the dominant 
source of volatile organic compounds (VOCs) released in the atmosphere. With annual global 
emissions estimated to be 750–1150 TgC yr−1, biogenic VOCs (BVOCs) account for about 90% of total 
VOC emissions [1,2]. Plant-produced VOCs are of particular interest, seeing their abundance and 
their considerable role in gas phase and heterogeneous chemistry of the troposphere. They are subject 
to photochemical processes, involving atmospheric oxidants like OH, O3 and NO that lead to the 
formation of a harmful tropospheric ozone and secondary organic aerosols (SOAs) [3,4]. Despite the 
considerable effort invested to better understand BVOC-mediated tropospheric photochemistry, 
substantial uncertainties still exist. These uncertainties are highlighted by discrepancies often 
observed between measured total OH reactivity and the estimated OH reactivity derived from 
simultaneous VOC measurements. The total OH reactivity is defined as the sum of the concentration 
of each compound, multiplied by the respective rate coefficient of the reaction with OH. These 
differences, noted as missing OH reactivity, are due to unmeasured or unidentified primary emitted 
and/or secondary formed reactive species. They highlight the need for a more detailed 
characterization of BVOCs, especially in forest environments where higher values of OH reactivity 
and missing OH reactivity were reported [5–11]. 

In natural ecosystems, VOCs are emitted from all plants’ organs, most importantly from foliage, 
with a large chemical diversity. Their amount as well as their chemical composition depend 
inherently on the plant’s genotype as well as on external biotic (plants, animals, microorganisms) and 
abiotic factors such as temperature, light and water availability [12]. The most prominent compound 
groups are isoprene and monoterpenes (MTs), estimated to represent 61–70% and 11–12%, 
respectively, of BVOCs’ global estimated flux [2,13]. While isoprene has a single known rate 
coefficient with respect to atmospheric oxidants, MTs consist of multiple structural isomers with 
greatly varying reactivity [14]. Furthermore, they contribute to SOA formation with variable yields 
depending on environmental conditions, but also strongly on the BVOC structure [15]. Therefore, it 
is of great interest to quantify each individual MT isomer in order to achieve a better characterization 
of BVOCs’ impact on aerosol loading and their implication in the oxidative capacity of the 
atmosphere. In addition, MTs were reported to be dominant in some forest ecosystems such as boreal 
coniferous forests or Mediterranean evergreen vegetation [16]. Given their variable emission rates 
and their relatively high reactivity, ambient air concentrations of MTs can show significant short-
term variations, which require high time resolution measurement techniques. 

Several analytical techniques have been used to characterize MT emissions from plants. 
Conventional gas chromatography (GC), providing detailed information regarding the chemical 
composition, is one of them. GC methods allow separation and quantification of MT isomers with a 
frequency of one measurement every 30 min to 1 h 30 min. Proton transfer reaction-mass 
spectrometry (PTR-MS) is a technique allowing real-time determination of MTs at low atmospheric 
levels (ppbv-pptv). However, PTR-MS is limited by its inability to distinguish compounds with the 
same molecular mass and hence MT isomers [17]. In order to combine the advantages of both 
techniques, GC columns were coupled to PTR-MS instruments, so different isomers could be 
separated [18,19]. More recently, a FastGC add-on for PTR-MS instruments was developed and 
deployed in the fields of food [20] and atmospheric sciences [21–23]. Indeed, PTR-MS provided real-
time measurements of total MTs and the integration of the FastGC module allowed the identification 
and the quantification of each isomer. While Romano et al. (2014) [20] were the first to test a FastGC 
prototype coupled to a proton transfer reaction-time of flight-mass spectrometry (PTR-ToF-MS) 
instrument on wine, proving that the technique extended the analytical capabilities of the PTR-MS, 
Materić et al. (2015) [21] deployed the system to investigate MT emissions from plants. In their study, 
laboratory experiments on MT standards, Scots pine, black pine and Norway spruce samples 
(emissions from a small part of harvested branches or from a pair of needles) showed that this method 
can perform rapid separation and identification of most abundant MTs, even at low concentrations 
(i.e., 4–6 ppbv per individual MT from spruce). Later on, Pallozi et al. (2016) [23] used the commercial 
FastGC coupled to a PTR-ToF-MS to characterize individual MT emissions from young Quercus ilex 
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and Eucalyptus camaldulensis saplings. Their system appeared to be quite sensitive (detection limit 
around 68.15 µg m−3, corresponding to 12.2 ppbv) but not sufficiently selective, since sabinene and β-
pinene co-eluted and D-limonene and cis-β-ocimene were only partially separated. These studies 
showed that the FastGC/PTR-MS system is a promising technique for the near real-time 
characterization of individual MTs. They also confirmed the need for a further optimization in order 
to achieve a fast separation with a good resolution. 

Herein, we present the adaptation of a new FastGC prototype on a conventional PTR-MS and its 
field deployment to measure MT emissions from Quercus ilex L. (holm oak). Q. ilex is an evergreen 
oak abundant in the Mediterranean area. It is known as a strong emitter of MTs, contrary to many 
deciduous oak species emitting large amounts of isoprene. The short-term control of MT emissions 
involve not only temperature but also light [24]. These conclusions were confirmed by other 
observations demonstrating that MTs from Q. ilex are formed in the chloroplast from photosynthesis 
intermediates, and that they are immediately emitted after synthesis without being accumulated 
inside leaves [25]. Using chromatographic techniques, these pilot studies showed that α-pinene, 
sabinene and β-pinene are the main emitted MTs, representing about 80% of total MTs [26]. However, 
later studies that investigated the intraspecific variability of emissions in various natural holm oak 
populations observed the existence of other chemotypes with a dominance of limonene or myrcene 
in their emission profiles [27,28]. 

The first section of this study presents the laboratory optimization phase of MTs measurements 
with the FastGC/PTR-MS, under different operational parameters. The second section describes the 
deployment of the system in a three-week field experiment aiming to characterize the intraspecific 
and diurnal variability of MT isomer emissions from Q. ilex foliage. Finally, the performance of the 
system is discussed including improvements and challenges, and the main results are compared to 
previous studies on MT emissions from Q. ilex. 

2. Materials and Methods 

2.1. Description of the FastGC System and Mode of Operation 

In order to achieve a rapid separation of MT isomers in fast chromatographic runs (tens of 
seconds), a prototype version of the FastGC add-on (IONICON Analytik, Innsbruck, Austria), 
presented in Figure 1, was coupled to a conventional PTR-MS (IONICON Analytik, Innsbruck, 
Austria). This prototype is a modified version of the setup used by Ruzsanyi et al. (2013) [29] and 
Romano et al. (2014) [20]. It is described in Malásková et al. (2019) [30]. Briefly, a 10 m nonpolar 
dimethyl polysiloxane column (MXT1, RESTEK, Bellefonte, PA, USA) with an internal diameter (I.D.) 
of 0.53 mm and an active phase of 0.25 µm was resistively heated via a laboratory power supply (PSI 
5000 A, EPS Stromversorgung GmbH, Augsburg, Germany). The latter was controlled by a 
microcontroller (Arduino UNO ref3, Arduino, USA). The samples were injected into a 0.5 mL sample 
loop made of passivated stainless steel. A two-position 10-port diaphragm valve (VICI AG, Schenkon, 
Switzerland) combined with a 3-way solenoid valve as the actuator, provided rapid switching 
between real-time measurements and chromatographic runs. The switching process was performed 
fully automated via the PTR-MS Control v2.7 software (IONICON Analytik, Innsbruck, Austria). 
Make-up gas was injected into a custom made 5-port virtual valve (FastGC inlet, Figure 1), to ensure 
that only the sample introduced by the carrier gas flow entered the drift tube. The major improvement 
in the present prototype is the replacement of the inlet valve system by a single multiport valve. This 
change did not only reduce the internal dead volume, but also enabled the column back-flushing 
during real-time measurements, since the column could be decoupled from the PTR-MS. Chemical 
background and memory effects were thus greatly reduced. Optimization of the materials used 
improved these aspects even more, resulting in a better limit of detection (LoD) and an enhanced 
resolution. It is worth noting that using a conventional PTR-MS gives the possibility to introduce 
helium (He) as the carrier gas. Indeed, the relatively high flows inside the PTR-MS drift tube ensures 
that the sample matrix is predominantly composed of nitrogen (N2), so the effect of He would remain 
negligible on the ion chemistry. Finally, with coupling the FastGC to the conventional PTR-MS, came 
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some technical challenges. They included the need of very low dwell times narrowing the amount of 
monitored masses, the higher dilution due to the higher flow inside the PTR-MS drift-tube and the 
necessity to adapt a number of control elements, since the normal PTR-ToF-MS input/output system 
is not available. The latter was the main adaptation made in this setup, compared with the one 
described in Malásková et al. (2019) [30], where this FastGC prototype was coupled to a PTR-ToF-
MS. 

 
Figure 1. Schematic drawing of a proton transfer reaction-mass spectrometry (PTR-MS) instrument 
inlet system with a fast gas chromatography (FastGC) setup including a capillary column, a sample 
loop and a 10-port valve allowing the switching between real-time and FastGC measurements 
(Source: IONICON, Analytik, Innsbruck). 

In gas chromatography, the efficiency of the separation and the quality of the resulting 
chromatograms can be influenced by several operational parameters, such as temperature and carrier 
gas flow rates. Extensive laboratory experiments were performed prior to the campaign, in order to 
assess the performance of the FastGC/PTR-MS system. Tests are described in the following section 
and their outcome are summarized in the results in Section 3.1. 

2.2. Laboratory Tests and Parameters Optimization 

In order to achieve a fast and satisfying separation of MTs, three main parameters were tuned: 
(i) the column temperature program (voltage ramp of resistance heating), (ii) the nature and (iii) the 
flow rate of the carrier gas. This section presents the standards used for the laboratory tests and gives 
an overview of the tests performed to achieve the optimal operational parameters. 

2.2.1. Standards 

We sampled from the headspace of individual and a mixture of five MT solutions: α-pinene (98% 
Sigma-Aldrich), myrcene (100%, Sigma-Aldrich), Δ3-carene (90%, Sigma-Aldrich), limonene (99%, 
Sigma-Aldrich) and γ- terpinene (98.5%, Sigma-Aldrich). For individual MT samples, one to two 
drops of each standard were placed in a separate 2 mL glass vial, closed with a PTFE septum cap and 
left for a couple of minutes to equilibrate. Each vial was placed in a 1000 mL glass bottle closed with 
a 2-port screw cap, through which circulated zero air. A dilution system was built as shown in 
Supplementary Materials Figure S1. For sampling a mixture of MTs, the vials of individual MTs were 
placed in the same glass bottle. Another way consisted of preparing a MT gas mixture by injecting 
headspace samples (0.5–1 mL) of α-pinene, myrcene, Δ3-carene, limonene and γ-terpinene in an 
empty clean gas canister, previously filled with ≈ 1 bar of zero air and completed with ≈ 4 bars of N2. 
A gas mixture from the National Physical Laboratory (NPL, Teddington, UK) containing 6 MTs: α-
pinene (2.25 ± 0.07 ppbv), β-pinene (2.13 ± 0.11 ppbv), myrcene (2.49 ± 0.12 ppbv), Δ3-carene (2.34 ± 
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0.12 ppbv), cis-β-ocimene (2.27 ppbv) and limonene (2.24 ± 0.11 ppbv), and an α-pinene gas standard 
(10 ppmv) were also used, mainly for quantification. 

2.2.2. Overview of the Tests Performed at the Laboratory 

Column temperature and carrier gas flow rates are the operational parameters that could be 
easily tuned for a better separation and a short analysis time, hence several combinations of these 
two parameters were tested (see Supplementary Materials Table S2). Briefly, a first set of experiments 
aimed to evaluate the effect of the temperature program on the peak shape and on each compound’s 
retention time. Tests were initially performed with individual MT samples, and afterwards with the 
mixture. Each injection was repeated several times in isothermal conditions, where a constant voltage 
was applied (ranging between 35 and 60 V), or with the application of a temperature ramp obtained 
by applying a voltage gradient (“Tramp I” shown in Supplementary Materials Table S1, was initially 
tested). In a second set of experiments, different flow rates (ranging between 3 and 15 sccm) of N2 as 
the carrier gas were tested with different temperature ramps. Helium (He) was also tested as an 
alternative carrier gas, which generally leads to a better separation and peak shape. Finally, a 
quantitative analysis was performed, using the NPL gas standard. 

2.3. Field Campaign 

2.3.1. Description of the Measurement Site 

The ADEME-COV3ER field campaign was conducted between 20 June and 11 July 2018 at the 
Integrated Carbon Observing System (ICOS) Puechabon experimental site (FR-Pue), located 35 km 
northwest of Montpellier, South of France (43°44′30′′ N, 3°35′40′′ E). The forest is dominated by Q. ilex 
which represents more than 80% of the vegetation. The average tree height is about 5.5 m and the 
density of stems is around 4700 stems ha−1 (2015). The main species composing the understory are 
Buxus sempervirens L., Phyllirea latifolia L., Pistacia terebinthus L. and Juniperus oxycedrus L. The area is 
characterized by a Mediterranean climate, with rainfalls during autumn and winter and dry 
conditions during summer [31]. 

2.3.2. Branch Enclosure System 
In order to monitor the intra-specific diversity and diel (denoting a period of 24 h) variability of 

MTs emissions from Q. ilex foliage, two custom-made dynamic chambers were installed subsequently 
on small terminal branches of four different adult trees (Figure 2). The branches were located at 2 to 
3 m height at the eastern and southern part of the tree crown and were composed of current-year 
(2018) and last-year (2017) leaf cohorts in variable proportions. The chambers had a cylindrical shape 
with a 15 cm diameter and a volume of approximatively 3 L. Each chamber consisted of two acrylglas 
rings interconnected with 3 thin metal braces that were adjusted in length to suit the branch size. 
Unfiltered ambient air was drawn through the chambers at flows kept between 7 and 11 L min−1. A 
small fan with PTFE blades (motor outside) allowed the mixing of the chamber air and sustained heat 
exchange. Temperature and photosynthetically active radiation (PAR) were monitored continuously 
using a thermocouple placed inside and a quantum probe (PAR-SB 190, LI-COR, Lincoln, NE, USA) 
placed outside of the chamber, respectively. Further details can be found in Staudt et al. (2019) [32]. 
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Figure 2. Photo of the branch chamber used during the Puechabon field experiment. 

2.3.3. FastGC/PTR-MS Sampling System 

The air going in and the air going out of the dynamic chambers were sampled through two 7 m 
long, ¼” OD Teflon lines. The inlet air was sampled from an independent line located close to the 
chambers and the outlet air was taken from the main line drowning air through the chambers. Both 
lines were connected to a VICI 4-port valve (V1 in Figure 3, VICI AG, Schenkon, Switzerland), 
allowing quick switches between the inlet and the outlet air of the chambers. While measuring in one 
line, the other line was continuously flushed using an extra pump (P1 in Figure 3) and vice versa. The 
air flow through the lines was around 1 to 1.2 L min−1. Background measurements were performed 
using the gas calibration unit (GCU, IONICON, Analytik, Innsbruck, Austria). 

 
Figure 3. Schematic of the sampling system connecting a dynamic branch chamber to the 
FastGC/PTR-MS. Po and Pi stand for the pumps drowning the outlet and inlet air, respectively. P1 
and P2 represent the flushing pumps connected to the valves V1 and V2, respectively. CIn and COut 
represent the incoming and the outgoing chamber air, respectively. 

2.3.4. Measurement Program and Sequences 

Continuous monitoring of MTs from holm oak branches was made during the period from 29 
June to 2 July and from 6 to 8 July, 2018. Each branch emission was monitored for at least 24 h with a 
sequence of 10 min inlet air and 50 min outlet air measurements each hour. Each 10 min of 
measurements included around 7 min of real-time measurements with the PTR-MS mode and 2 min 
40 s of chromatographic separation in the FastGC mode. The chromatographic run was slightly 
extended during the second half of the campaign, to be around 2 min 50 s. 
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2.3.5. FastGC/PTR-MS Operating Conditions during the Campaign 

During the field experiment, the PTR-MS operational parameters were as follows: 2.2 mbar drift 
pressure, 600 V drift voltage and 60 °C drift tube temperature, resulting in a reduced electric field 
(E/N) of 131 Td (1 Td = 10−17 V/cm²). The inlet line consisted of a PEEK capillary heated up to 60 °C 
and the inlet flow was around 100 sccm. For the FastGC, 4.2 sccm of He and 15 sccm of N2 were used 
as the carrier and make-up flow, respectively. The voltage was initially ramped from 5 to 50 V within 
160 s. In the second half of the campaign (for the Q. ilex III and IV measurements), the voltage ramp 
was extended to 75 V in 170 s (Table 1) in the aim to detect further potential isomers. 

The FastGC mode was limited to m/z 21 (50 ms), m/z 32 (10 ms) and m/z 81 (200 ms) with an 
acquisition frequency of 3.8 Hz. MTs were monitored at m/z 81 (fragment of MTs) instead of m/z 137, 
given the PTR-MS higher transmission in this m/z range (Supplementary Materials Figure S3). Real-
time mode measurement was on the following m/z: m/z 21 (100 ms), m/z 25 (100 ms), m/z 30 (100 ms), 
m/z 32 (100 ms), m/z 37 (100 ms), m/z 55 (100 ms), m/z 33 (500 ms), m/z 45 (500 ms), m/z 59 (500 ms), 
m/z 69 (1000 ms), m/z 71 (500 ms), m/z 73 (500 ms), m/z 81 (1000 ms), m/z 109 (500 ms) and m/z 137 
(1000 ms), resulting in an acquisition frequency of 0.15 Hz. 

Table 1. Voltage ramp (estimated temperature ramp) applied for field FastGC/PTR-MS 
measurements. In grey, the ramp applied during the Q. ilex I and II measurements and the total ramp 
is the extended version applied for the Q. ilex III and IV measurements. 

Time (s) 0 10 100 150 160 170 171 
Voltage (V) 5 35 45 50 50 75 0 

Temperature (°C) * 63 94 111 111 223 --- 
* The ramp started at ambient temperature. 

2.3.6. System Calibration 

During the campaign, the PTR-MS was calibrated for real-time measurements, and for MT 
chromatographic separation using the NPL standard mentioned in Section 2.2.1. The undiluted NPL 
gas mixture was injected daily, in order to check the retention time of each MT and their potential 
shifts. The sensitivity obtained for m/z 81 in the real-time measurements with the PTR-MS was 4.09 
ncps/ppbv and the sensitivity ranges obtained for individual MTs in the FastGC mode (always for 
m/z 81) were as follows: 1.65–2.02 ncps/ppbv for α-pinene, 1.82–2.23 ncps/ppbv for β-pinene, 0.88–
1.00 ncps/ppbv for myrcene, 1.38–1.72 ncps/ppbv for Δ3-carene and 1.51–2.21 ncps/ppbv for 
limonene/ocimene. Since the NPL standard does not contain sabinene, a mean coefficient calculated 
from the obtained coefficients of α-pinene, β-pinene, myrcene, Δ3-carene and limonene/ocimene was 
calculated to be 1.57–1.69 ncps/ppbv. 

2.3.7. Data Analysis 

Chromatograms were analyzed with custom written Matlab scripts (MATLAB R2019a, 
MathWorks). Since the signals recorded by the PTR-MS are rather noisy at the short dwell times used, 
signals were first smoothed with a 5-point Savitzky Golay filter. To account for fluctuations in the 
starting temperature and small delays in the automated starting of the ramp, chromatograms were 
aligned on the O2+ peak. O2 traverses the column without interactions and is thus a good reference 
point. Signals were further baseline-corrected and peaks were identified with Matlab’s “findpeaks” 
function. The threshold for peaks was set to 3-times the standard deviation plus the average obtained 
from the first 100 datapoints of the chromatogram. Peaks were fitted using the custom peakfit.m 
function assuming a Gaussian peak shape. 

2.3.8. Emission Rate Calculation 

In order to compare the total quantity of MTs emitted by the four branches, emission rates were 
calculated using Equation (1): 
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F = C 𝑀𝑇𝑠 − C 𝑀𝑇𝑠 × Q𝐷𝑊        (1) 

where F is the MT emission rate expressed in µg g−1 (biomass dry weight) h−1, Cout(MTs) and Cin(MTs) 
are the outlet and inlet total MT concentrations in µg m−3, DW is the dry biomass (g) of the leaves 
inside the enclosure (determined after 2 days at 60 °C) and Q is the air flow rate in m3 h−1. The emission 
rates per projected leaf area ng m−2(total leaf area) s−1 were also determined based on Equation (1), 
replacing DW (g) with leaves total area in m2 (determined from the analysis of scanned leaves images 
with the Image J software) and expressing Cout(MTs) and Cin(MTs) in ng m−3 and Q in m3 s−1. For each 
one hour of measurements, Cout was sampled for 50 min and Cin for 10 min. The concentrations were 
therefore interpolated at common time steps prior to compute the rates. 

3. Results 

3.1. Optimization Phase 

Extensive laboratory experiments allowed us to determine the optimal parameters for individual 
MT measurements with the described FastGC/PTR-MS system. The application of a voltage ramp, 
showed to be advantageous on the quality of the chromatographic separation, compared with 
isothermal conditions. Even though the latter conditions resulted in faster GC runs, it was at the 
expense of the peak shape quality. Indeed, some MTs such as α-pinene (Supplementary Materials 
Figure S2) exhibited a larger peak width and lower peak height at a constant voltage (i.e., constant 
temperature), reducing the resolution. Comparing tests with the same voltage program, a better 
separation was demonstrated using lower carrier gas flow rates in the investigated range of flows. 
However, lower flow rates lead to longer GC runs. This said, a compromise had to be found between 
a satisfying peak resolution and the duration of the GC run. Among the different tests performed 
with different combinations of temperature programs and carrier gas flow rates, satisfying results 
were obtained by applying the temperature ramp shown in Figure 4a with a carrier gas (N2) flow rate 
of 3 sccm. This voltage ramp was adopted and slightly tuned for the field campaign measurements, 
as shown in Table 1 (Section 2.3.5) and Figure 4b. Using the optimized flow rate (3 sccm) and applying 
the optimized voltage ramp, a good peak shape and a faster chromatographic run were obtained with 
He as the carrier gas (Figure 4b), compared with the use of N2. This was expected given that the 
optimal point in the van Deemter curve is at higher linear velocities for He compared with N2, 
allowing higher flows for the optimum separation [33]. Therefore, He was selected as the carrier gas 
to use during the field campaign. It is worth noting that in a mass flow controller calibrated for N2, a 
displayed flow rate of 3 sccm of He means an actual flow rate of 4.2 sccm, knowing the public 
standard conversion factors of 1.00 and 1.40 for N2 and He, respectively. Regarding the limit of 
detection (LoD), it was as follows during the measurement campaign: 0.9 ppbv for α-pinene and 
limonene/ocimene, 0.8 ppbv for β-pinene, 1.0 ppbv for sabinene and 1.7 ppbv for myrcene. These 
values of LoD were determined as the 3σ on 10 runs of the background which correspond to the 
initial part of the considered chromatograms, where no peaks are expected. 
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Figure 4. Chromatograms obtained when sampling (a) from the homemade MTs gas mixture, using 
3 sccm of N2 as the carrier gas and applying the optimal voltage ramp and (b) from the National 
Physical Laboratory (NPL) gas standard with 4.2 sccm of He as the carrier gas and applying the 
optimal, extended voltage ramp (Table 1). 

3.2. Results from the Field Campaign 

3.2.1. MTs Chemical Speciation 

Figure 5 shows four FastGC chromatograms obtained from branches of the four studied trees at 
the same hour of different days (around 12:45 UTC). In total, six different peaks could be separated 
by the FastGC/PTR-MS system. Five of them were identified, from the first eluted to the last eluted 
peak, as α-pinene, sabinene, β-pinene, myrcene and limonene, while the last one remained unknown. 
However, it should be noted that the limonene peak could also have included ocimene (more 
specifically cis-β-ocimene), since limonene and ocimene could not be separated. Meanwhile, α-
pinene, β-pinene, myrcene and limonene/ocimene were detected based on their retention times found 
by injecting the NPL standard mixture (Section 2.2.1), and the sabinene peak was identified based on 
the comparison with previous studies, where sabinene was reported to be among the major emitted 
MTs. When comparing the four chromatograms, we can clearly see that the main MTs were emitted 
in different proportions (Table 2). While the emissions of Q. ilex I exhibited a major peak of myrcene, 
those of Q. ilex II were dominated by α-pinene, β-pinene and sabinene in similar proportions. By 
contrast, the emission profiles of Q. ilex III and IV showed important peaks of limonene (+ocimene). 
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Figure 5. FastGC/PTR-MS chromatograms from the four Q. ilex branch enclosures at the same hour 
of different days (around 12:45 UTC). In bold are the dominant MTs for each tree. 

The integration of the resulting chromatograms (six chromatograms/hour among which five 
corresponded to outgoing air samples and one to an incoming air sample) allowed us to quantify the 
identified individual MTs for each branch chamber. Figure 6 presents the variability of individual 
MT mixing ratios in the outgoing chamber air, together with the total MTs (ppbv) measured in the 
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real-time mode and PAR data (µmol m−2 s−1). All individual MTs followed the solar radiation profile 
and exhibited higher levels with higher PAR. When the branch was in the shade (i.e., branch chamber 
I around 11:00–12:00 UTC), all MT mixing ratios dropped down. They reached minimum levels at 
night. The sum of the five individual MTs (FastGC/PTR-MS) was compared to the real-time total MTs 
measurements (PTR-MS), showing that the detected MTs closed the budget of total MTs for Q. ilex I, 
whereas they represented around 69 ± 10%, 79 ± 8% and 76 ± 19% of total MTs for Q. ilex II, III and 
IV, respectively, indicating a missing fraction. 

 
Figure 6. Diurnal variations of photosynthetically active radiation (PAR) and mixing ratios of 
individual MTs in the chamber air of the four studied trees. No PAR data are available for Q. ilex IV. 

As mentioned before, Q. ilex I was characterized by a higher level of myrcene compared with 
pinenes. In fact, myrcene represented around 55% of the sum of MTs for this branch followed by α-
pinene (16%), sabinene (11%), β-pinene (10%) and limonene (7%). For Q. ilex II, α-pinene was 
dominant almost all day long (40% of the sum of MTs) with similar levels of β-pinene and sabinene 
(28% and 32%, respectively). Interestingly, two different behaviors were observed for the two oak 
branches with high levels of limonene. For Q. ilex III, limonene/ocimene and α-pinene had close 
values (27% and 25%, respectively), with slightly higher levels of limonene/ocimene at maximum 
PAR (Figure 6), whereas for Q. ilex IV, limonene/ocimene was by far the most dominant MT (42% of 
the sum of MTs). A summary is presented in Table 2. These proportions generally remained similar 
all day long. 

Regarding total MTs in the incoming chamber’s air (ambient air), their levels were quite low (2.1 
± 1.9 ppbv on average for the whole real-time measurement period), most probably due to efficient 
mixing and dilution in the atmosphere. Accordingly, individual MT levels were also quite low and 
generally below the FastGC/PTR-MS detection limit. Thus, single MTs could hardly be detected and 
quantified in ambient air. 

3.2.2. Q. ilex Total MTs Foliar Emissions 

As for individual MTs, the total MTs emissions exhibited a clear diurnal cycle, showing the 
maxima during day-time and no emissions during night-time, following temperature and light cycles 
(see example for Q. ilex II in Figure 7 and for the other branches in S4, S5 and S6). Two day-time peaks 
of emission rates were generally observed for each branch, similarly to the PAR variation recorded 
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nearby the branches. At night, total MT mixing ratios were close to the limit of detection with similar 
values recorded in the outgoing and the incoming air (ambient air). Hence, as expected, no emissions 
occurred from the leaves in the dark (Figure 7). During sunrise around 04:00 UTC, MT emission levels 
started to increase together with incident light intensity and temperature, reached a maximum 
around midday and decreased subsequently in the afternoon and evening until 17:00–18:00 UTC. 
Even though high MTs emission rates were always recorded during day-time, their maxima occurred 
at slightly different moments for the different branches due to the variable position of the branches 
in the canopy resulting in variable shading. Table 2 summarizes the operational conditions, 
meteorological parameters, the maximum and average emission rates (µg g−1 h−1 and ng m−2 s−1) 
recorded for each enclosure with the proportions of individual MTs. Their 24-h average emissions 
ranged between 6 and 15 µg g−1 h−1 (330–812 ng m−2 s−1) with a maximum reaching 68 µg g−1 h−1 (3648 
ng m−2 s−1) for oak III. Oak III had the highest daily mean emission rate (15 µg g−1 h−1) followed by oak 
IV (9 µg g−1 h−1) and II (8 µg g−1 h−1) and the lowest emissions were recorded for oak I (6 µg g−1 h−1). 

 
Figure 7. Diurnal variation of total MT emission rates with PAR and chamber temperature for Q. ilex 
II branch enclosure. 

Table 2. Summary of the operational conditions, meteorological parameters, mean and maximum 
emission rates of total MTs and the proportions of individual MTs for the four branch chambers. 

Branch Chamber I II III IV 

Measurement period 29/06–
01/07 

01/07–
02/07 

07/07–
08/07 

06/07–
07/07 

Oak chemotype Myrcene Pinene Limonene Limonene 

Flow rate (L min−1) 10 10 8.3 8.3 
Total leaf dry mass (g) 1.85 2.73 2.22 2.78 

Leaf projected area (cm2) 94 115 115 153 
Temperature (°C) 15–36 16–36 16–39 15- 38 

PAR (µmol m−2 s−1) 0–1691 * 0–1711 * 0–2009 # ---- 

Emission rate (µg g−1 

h−1) 

Day-time 
maximum 

50 44 68 63 

Day-time average 7 12 23 14 
24-h average 6 8 15 9 
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Emission rate (ng m−2 

s−1) 

Day-time 
maximum 2739 2908 3648 3178 

Day-time average 378 770 1216 697 
24-h average 330 521 812 465 

MTs proportions (%) 

α-pinene 16 ± 5 40 ± 4 25 ± 2 18 ± 4 
sabinene 11 ± 3 32 ± 4 21 ± 3 ----- 
β-pinene 10 ± 3 28 ± 4 18 ± 3 19 ± 4 
myrcene 55 ± 10 ----- 9 ± 3 20 ± 3 

limonene/ocimene 7 ± 3 ----- 27 ± 3 42 ± 8 
* Recorded at oak branch I. # Recorded at oak branch III. Day-time: PAR ≠ 0 between 4:00 and 20:00 
UTC. MTs proportions were calculated as the ratio of each MTs mixing ratio over the sum of all MTs 
detected and quantified with the FastGC/PTR-MS. These proportions correspond to the average 
proportion calculated for data points for when all MTs exist (measurements when one or more MTs 
were missing, were not considered). 

4. Discussion 

4.1. Evaluation of the System’s Efficiency to Separate MTs with a Higher Time Resolution 

Calibrations and tests performed prior to the campaign, as well as those done daily during the 
field experiment were consistent in showing the ability of the new FastGC prototype coupled to a 
PTR-MS, to separate most of the main emitted MTs with fast chromatographic runs (≈ 160 s). In 
particular, the separation of sabinene and β-pinene which appeared to be quite challenging in a 
previous laboratory study [23], was well achieved here. However, our experiments also confirmed 
an insufficient resolution to separate limonene and ocimene (cis-β-ocimene) which co-eluted, 
producing one intense peak. This limitation in peak resolution is most probably due to the short 
column, its high initial temperature (30–35 °C) and the absence of a cryofocusing unit, which is useful 
to limit the excessive spreading of the injection band [23]. Regarding the sensitivity, it was 
satisfactory, given the relatively low injected sample volume (sample loop volume of 0.5 mL) 
compared with conventional GC instruments. The minimum detected amount of a MT peak was 
about 800 pptv, slightly better than the detection limit obtained in the study of Materić et al. (2015) 
[21], which ranged between 1.3 and 1.7 ppbv (for m/z 137) depending on the MT, using the FastGC 
add-on (Version 1.04) with a PTR-ToF-MS (IONICON Analytik, Innsbruck, Austria). However, some 
MTs in trace amounts could not be detected in the outgoing chamber air, and all MTs were hardly 
measured in the ambient air, which highlights this system’s limitation. This limitation prevented us 
to monitor the diurnal concentration variations of the individual MTs in the forest air and hence to 
precisely calculate the individual emission rates. Several approaches could be considered to improve 
the detection limit of the FastGC/PTR-MS system. At the PTR-MS level, reducing measurement 
frequencies (applying longer dwell times) would be one of them, leading to a lower noise. However, 
this should be considered with care, since it can compromise the resolution and the peak shape. 
Another way to improve the detection limit would be by reducing the inlet flow of the PTR-MS, 
leading to less dilution of the carrier gas by the make-up gas. A more straightforward suggestion 
would consist of using a PTR-ToF-MS instrument, allowing to work at high frequencies with a lower 
noise compared with a conventional PTR-MS and providing an inlet flow that is ~1/3 of that of the 
PTR-MS, leading to a lower sample dilution. Changes can be made on the FastGC level too. The 
carrier gas flow rate could be increased; however, this would affect the resolution, as seen in our 
laboratory tests. The column could be replaced by a longer one, providing a higher number of 
theoretical plates, which would lead to higher peaks for the same injected amount, as discussed in 
Pallozi et al. (2016) [23]. Finally, preconcentration via a cyrofocusing device can be considered which 
would increase both the LoD and resolution [34]. Regarding the measurements’ time resolution, one 
FastGC data point could be obtained every 10 min during the COV3ER-2018 field campaign, 
including ≈ 2 min 40 s to 2 min 50 s of chromatographic separation and ≈ 7 min of real-time 
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measurements with the PTR-MS, during which the column was cooled down to ambient 
temperatures. 

4.2. MTs Chemical Diversity and Q. ilex Chemotypes 

We detected predominantly α-pinene, sabinene, β-pinene, myrcene and limonene in the Q. ilex 
branch emissions. These compounds were already reported to be the main emitted MTs from Q. ilex 
leaves, where they can account for up to 90–100% of total MTs released [26–28,35–38]. Other MTs 
were reported to be emitted at low rates including α-thujene, camphene and γ-terpinene [25,28]. 
These compounds were not detected in our study by FastGC/PTR-MS, most probably due to their 
release in trace amounts. However, one of them could be the unknown/ unidentified extra compound 
detected in the Q. ilex III and IV foliar emissions. Based on boiling points, the most likely candidate 
is γ-terpinene. 

Comparison of the MT emission signatures between the four enclosed oak branches showed 
differences with respect to the proportions of the five major compounds, allowing to distinguish 
between three main chemotypes known for holm oak and other MT emitting oak species [27,28,39]. 
In addition to the myrcene-type, the limonene-type and the pinene-type, an intermediate 
pinene/limonene-type has been observed in diverse oak populations (e.g., [27]), whose profile 
resembles to that of Q. ilex III. Biochemical studies have shown that different isomers of MT synthases 
exist in Q. ilex foliage, each one producing a specific blend of MTs [40,41]. Furthermore, diverse field 
and laboratory investigations demonstrated that the terpene composition produced in vitro or in vivo 
by the leaves of a given Q. ilex tree changes little with temperature or light treatments [35,42], drought 
and seasons [43–45] and leaf age or leaf position [28], emphasizing that the different chemical profiles 
released by trees are largely under genetic control. Individual MTs proportions for each chemotype 
were close to the ranges reported by previous studies [26,27,45]. 

Finally, and as demonstrated in the graphs of Figure 6, the sum of individual MTs detected by 
the FastGC was in the same order of magnitude of total MTs measured by the PTR-MS, with a closed 
budget for Q. ilex I and a missing fraction (25% on average) for Q. ilex II, III and IV. It should be kept 
in mind that the sensitivity obtained for myrcene was much lower than those of the other MTs. This 
could be explained by the linear structure of myrcene, compared with the other MTs having a C6 
ring. The latter produces an m/z 81 ion after fragmentation, whereas Kari et al. (2018) [46] reported a 
lower fragmentation at m/z 81 for myrcene compared with α- and β-pinene, in the PTR-ToF-MS, 
which would probably be also the case in our PTR-MS. Alternatively, the pinene and limonene 
chemotypes produce a larger number of minor overseen MTs than the myrcene chemotype, or other 
BVOCs such as sesquiterpenes or oxygenated BVOCs (hexenal, eucalyptol) that are reported to 
fragment at m/z 81 [46,47]. For Q. ilex III and IV, we tried to consider the unknown detected isomer 
in the calculation of the sum of MTs by FastGC/PTR-MS, using sabinene’s estimated sensitivity 
coefficient. This extra compound could explain 7% and 11% of the missing fraction of total MTs, for 
Q. ilex III and IV, respectively, showing that the FastGC/PTR-MS measurements are covering the 
main emitted compounds by Q. ilex (which represent 90–100% of MTs emissions). 

4.3. MTs Emission Rates 

MT emissions exhibited a clear diurnal cycle following light and temperature profiles. This 
observation is a clear evidence that MT emissions from holm oak leaves are light- and temperature-
dependent, which is in agreement with many previous studies on Q. ilex [26,38]. This light-
dependency is due to the de novo synthesis of MTs from photosynthetic products inside the 
chloroplasts, and due to the absence of specialized structures for terpene storage, contrary to most 
MT-emitting plants [25]. On a leaf-dry mass basis as well as on a leaf-area basis, the mean emission 
and maximum emission rates observed in our study are in the range of those reported in previous 
studies on Q. ilex [28,44]. Finally, differences were noted in MTs emission rates, between the four 
studied branches. These differences could be linked to genotypic and phenological factors, specific 
for each branch and/or tree as well as to external factors, in this case temperature and solar radiation 
received by the branches. 
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5. Conclusions 

Using a conventional PTR-MS, an adapted prototype of a FastGC was added and optimized for 
the separation of MT isomers and tested under real field conditions to monitor, with a fine time 
resolution, MTs emissions from holm oak foliage. The results highlight the ability of the FastGC/PTR-
MS system to provide an online separation and detection of individual MTs. Using helium as the 
carrier gas and an optimized voltage ramp (temperature program), we were able to monitor the 
temporal variation of five MTs: α-pinene, sabinene, β-pinene, myrcene and limonene (+ocimene) with 
a data point every 10 min. However, even though our system was able to separate sabinene and β-
pinene, which was an issue in a previous study [23], the resolution could be further improved, since 
limonene still co-eluted with at least one ocimene isomer. In addition, the FastGC/PTR-MS used in 
this study had a relatively high detection limit, and therefore hardly detected low levels of individual 
MTs in ambient air. Despite these limitations, near real-time chromatographic separation allowed to 
monitor fast changes in individual MT emissions from enclosure systems and revealed the presence 
of three different chemotypes: (i) pinene-type for which MT emissions are dominated by α-pinene, 
β-pinene and sabinene; (ii) myrcene-type, for which myrcene is the major emitted MT and (iii) 
limonene-type, exhibiting higher levels of limonene. These results agree with previous observations 
showing that the compositional fingerprint of MT emissions from Q. ilex is largely genetically fixed, 
while the released quantities undergo strong diurnal variations driven by temperature and the solar 
radiation received by the leaves. 

In its present state, the FastGC/PTR-MS system demonstrated a good performance regarding 
MTs measurements from dynamic enclosures. Therefore, it could be deployed in parallel with OH 
reactivity measurements conducted on a chamber scale, providing high time resolution data on 
individual MTs. This can lower the uncertainties related to the MTs reactivity calculation, allowing a 
more precise estimation of the missing OH reactivity. However, the performance of the system 
should be further optimized in order to gain in sensitivity and resolution, so it could also be deployed 
in the measurement of individual ambient MTs profiles, for example. Improvement can be made by 
changing the column (length, internal diameter, the type and thickness of the stationary phase) and 
developing new FastGC (carrier gas flow rates, temperature ramps, etc.) and PTR-MS methods 
(longer dwell times, less sample dilution, etc.). 

Supplementary Materials: The following are available online at www.mdpi.com/2073-4433/11/7/690/s1, Figure 
S1. Schematic of the sampling system built for laboratory FastGC/PTR-MS experiments on MT standards, Table 
S1. Summary of the tested voltage ramps (temperature programs), Table S2 Summary of the different 
combinations of voltage ramps and carrier gas flow rates tested during laboratory tests, Figure S2 FastGC/ PTR-
MS chromatograms after the injection of an α-pinene sample. m/z 32 and m/z 137 refer to O2 and α-pinene, 
respectively, Figure S3. Mass transmission from the injection of the GCU gas standard with the fitting curve by 
an exponential function. Figure S4. Total MTs emission rate for Q. ilex I branch chamber, Figure S5. Total MTs 
emission rate for Q. ilex III branch chamber, Figure S6 Total MTs emission rate for Q. ilex IV branch chamber. 
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