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Table S1. Chemical family and physical properties of the investigated compounds in this work. 

𝑽𝑶𝑪𝒊 (CAS n°) Chemical family Properties 

Benzene 

(71-43-2) 

Aromatic MWa (g/mol): 78.11 

MPb (°C): 5.5 

BPc (°C): 80.08 

VPd (mmHg): 94.8 

de (g/cm3): 0.879 

(E)-2-hexenal 

(6728-26-3) 

Aldehyde MWa (g/mol): 98.14 

MPb (°C): –78 (estimate) 

BPc (°C): 146.5 

VPd (mmHg): 4.11 

de (g/cm3):0.8491 

2-methyl-1-butanol 

(78-92-2) 

Alcohol MWa (g/mol): 88.15 

MPb (°C): –117.2 

BPc (°C): 127.5 

VPd (mmHg): 3.13 

de (g/cm3): 0.8152 

D-limonene 

(5989-27-5) 

Monoterpene MWa (g/mol): 136.23 

MPb (°C): –74 

BPc (°C): 177.6 

VPd (mmHg): 2.33 

de (g/cm3): 0.841 

amolecular weight, bmelting point, cboiling point, dvapor pressure at 25 °C, edensity at 20 °C. 

Table S2. Effective carbon numbers (ECN) and relative response factors (RF) for the investigated compounds calculated relative 

to the response factor of the reference compound for TD-GC-FID calibration, i.e., benzene. ECN reduction factor data were retrieved 

from Sternberg et al. (1962). 

𝑽𝑶𝑪𝒊 Carbon 

number 

Theoretical 

𝑬𝑪𝑵𝑽𝑶𝑪𝒊
 

𝑬𝑪𝑵𝑽𝑶𝑪𝒊
 

reduction factor 

𝑹𝑭𝑽𝑶𝑪𝒊
 

Benzene 6 6 0 1 (𝑅𝐹𝑟𝑒𝑓 ) 

(E)-2-hexenal 6 4.95 –1 (carbonyl) 

–0.05 (olefinic) 

1.52 

2-methyl-1-

butanol 

5 4.4 –0.05 (olefinic) 1.54 

D-limonene 10 9.85 –0.05 (olefinic) 1.12 

 



 

Figure S1. Time profiles of the generated concentrations at a total flow rate of 288 mL min–1 and their stabilization after a window 

of 2000 min (≈1.4 days) for three target VOCs at 35 °C (benzene, (E)-2-hexenal, and 2-methyl-1-butanol) during repeated TD-GC-

FID cycles over several days. 
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Figure S2. Temporal evolution of the generated concentrations at different total flow rates and different permeation oven 

temperatures of a) 30 °C for benzene, 2-methyl-1-butanol, and (E)-2-hexenal and 90 °C for D-limonene, b) 35 °C for benzene, 2-

methyl-1-butanol, and (E)-2-hexenal and 110 °C for D-limonene, c) 40 °C for benzene, 2-methyl-1-butanol, and (E)-2-hexenal and 

100 °C for D-limonene, d) 45 °C for benzene, 2-methyl-1-butanol, and (E)-2-hexenal and 120 °C for D-limonene, and e) 50 °C for 

benzene. Reproducibility in terms of replicates of each total flow rate differs from one temperature to another (n(a), n(e) = 3, n(b), n(c), 

n(d) = 1). Shaded areas correspond to the total dilution flow rates of dry zero-air controlled by the three mass flow controllers 

(rounded values for clarity: red for 288- or 200-mL min-1, light green for 387- or 314-mL min–1, and blue for 536- or 468-mL min–

1). Blank measurements (n≥4) were acquired between continuous measurements of the generated gas mixture from the permeation 

ovens (n = 8). 
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Figure S3. Temporal evolution of the generated concentrations of D-limonene at different total flow rates and permeation oven 

temperatures of a) 35 °C, b) 40 °C, c) 45 °C, and d) 50 °C. Reproducibility in terms of replicates of each total flow rate differs from 

one temperature to another (n(a), n(d) = 3, n(b) = 2, n(c) = 1). Shaded areas correspond to the total dilution flow rates of dry zero-air 

controlled by the three mass flow controllers (rounded values for clarity: red for 288- or 200-mL min–1, light green for 387- or 314-

mL min-1, and blue for 536- or 468-mL min–1). Blank measurements (n≥4) were acquired between continuous measurements of the 

generated gaseous D-limonene from the permeation oven (n = 8). 

 

 

 

 



Table S3. Average generated concentrations of benzene at the investigated permeation oven temperatures (25, 30, 35, 40, 45, and 

50 °C) and total dilution flow rates of MFC1, MFC2, and MFC3 (288.2-, 387.0-, and 536.4-mL min–1). The table reports the mean 

concentration, relative standard deviation (RSD), and the total number of measurements for each operating condition (ntotal). The 

reported ntotal includes all the measurements acquired over multiple experimental days (intermediate precision). 

Flow 288.2 387.0 536.4 

Temperature 

(°C) 

[benzene] 

(ppb) 

RSD ntotal [benzene] 

(ppb) 

RSD ntotal [benzene] 

(ppb) 

RSD ntotal 

25 353.7 0.7% 24 226.7 4.7% 24 149.9 3.9% 24 

30 347.8 5.8% 24 228.5 3.4% 24 172.9 2.3% 24 

35 562.5 5.6% 24 362.6 8.9% 24 271.6 13.5% 24 

40 1013.7 2.9% 16 668.7 1.7% 16 486.6 1.5% 16 

45 1047.4 4.6% 16 706.2 2.0% 16 526.2 1.3% 16 

50 1358.3 2.2% 24 902.1 0.8% 24 661.6 0.1% 24 

 

Table S4. Average generated concentrations of (E)-2-hexenal (a) at the investigated permeation oven temperatures (25, 30, and 40 

°C) and total dilution flow rates of MFC1, MFC2, and MFC3 (288.2-, 387.0-, and 536.4-mL min─1); and (b) at 35 °C and total 

dilution flow rates of MFC1, MFC2, and MFC3 (200.0-, 314.0-, and 468.5-mL min─1). The table reports the mean concentration, 

relative standard deviation (RSD), and the total number of measurements for each operating condition (ntotal). The reported ntotal 

includes all the measurements acquired over multiple experimental days (intermediate precision). 

Flow 288.2 387.0 536.4 

Temperature 

(°C) 

[(E)-2-

hexenal] 

(ppb) 

RSD ntotal [(E)-2-

hexenal] 

(ppb) 

RSD ntotal [(E)-2-

hexenal] 

(ppb) 

RSD ntotal 

25 1000.9 6.2% 24 675.6 5.9% 24 495.8 5.3% 24 

30 1296.3 21.5% 24 828.02 10.6% 24 599.9 6.32% 24 

40 1723.5 3.6% 16 1211.0 1.2% 16 955.5 1.3% 16 

(a) 

Flow 200.0 314.0 468.5 

Temperature 

(°C) 

[(E)-2-

hexenal] 

(ppb) 

RSD ntotal [(E)-2-

hexenal] 

(ppb) 

RSD ntotal [(E)-2-

hexenal] 

(ppb) 

RSD ntotal 

35 2134.1 2.6% 16 1308.8 1.2% 8 910.5 3.6% 8 

(b) 

Table S5. Average generated concentrations of 2-methyl-1-butanol (a) at the investigated permeation oven temperatures (25, 30, 

40, and 45 °C) and total dilution flow rates of MFC1, MFC2, and MFC3 (288.2-, 387.0-, and 536.4-mL min─1); and (b) at 35 °C 

and total dilution flow rates of MFC1, MFC2, and MFC3 (200.0-, 314.0-, and 468.5-mL min─1). The table reports the mean con-

centration, relative standard deviation (RSD), and the total number of measurements for each operating condition (ntotal). The re-

ported ntotal includes all the measurements acquired over multiple experimental days (intermediate precision). 

Flow 288.2 387.0 536.4 

Temperature 

(°C) 

[2-

methyl-1-

butanol] 

(ppb) 

RSD ntotal [2-

methyl-1-

butanol] 

(ppb) 

RSD ntotal [2-

methyl-1-

butanol] 

(ppb) 

RSD ntotal 

25 381.1 16.1% 24 227.7 9.5% 24 158.4 6.7% 24 

30 673.3 42.7% 24 359.3 24.3% 24 240.4 16.6% 24 

40 1058.1 1.4% 8 607.0 1.9% 8 549.1 3.6% 8 

45 1091.4 1.4% 8 678.2 0.4% 8 482.7 0.3% 8 



(a) 

Flow 200.0 314.0 468.5 

Temperature 

(°C) 

[2-methyl-

1-butanol] 

(ppb) 

RSD ntotal [2-methyl-

1-butanol] 

(ppb) 

RSD ntotal [2-methyl-

1-butanol] 

(ppb) 

RSD ntotal 

35 1064.8 1.4% 16 614.4 0.9% 8 396.7 0.3% 8 

(b) 

Table S6. Average generated concentrations of D-limonene (a) at the investigated permeation oven temperatures (35, 40, 45, 50, 

80, 90, 100, and 120 °C) and total dilution flow rates of MFC1, MFC2, and MFC3 (288.2-, 387.0-, and 536.4-mL min─1); and (b) 

at 90 and 110 °C and total dilution flow rates of MFC1, MFC2, and MFC3 (200.0-, 314.0-, and 468.5-mL min─1). The table reports 

the mean concentration, relative standard deviation (RSD), and the total number of measurements for each operating condition 

(ntotal). The reported ntotal includes all the measurements acquired over multiple experimental days (intermediate precision). 

Flow 288.2 387.0 536.4 

Temperature 

(°C) 

[D-

limonene] 

(ppb) 

RSD ntotal [D-

limonene] 

(ppb) 

RSD ntotal [D-

limonene] 

(ppb) 

RSD ntotal 

35 2.07 13.94% 32 1.52 11.31% 32 1.19 12.61% 24 

40 2.76 5.51% 16 1.92 3.45% 16 1.46 5.56% 16 

45 3.80 1.12% 8 2.69 1.32% 8 2.02 1.12% 8 

50 5.93 1.07% 24 4.12 0.70% 24 3.14 1.33% 24 

80 79.0 4.10% 24 54.2 2.52% 24 41.0 2.96% 24 

90 145.9 3.04% 24 101.1 2.25% 24 76.9 1.61% 24 

100 292.6 1.49% 8 198.9 2.05% 8 156.9 0.95% 8 

120 1018.1 2.03% 8 706.1 1.99% 8 550.2 1.82% 8 
(a) 

Flow 200.0 314.0 468.5 

Temperature 

(°C) 

[D-

limonene] 

(ppb) 

RSD ntotal [D-

limonene] 

(ppb) 

RSD ntotal [D-

limonene] 

(ppb) 

RSD ntotal 

90 n.a. n.a.  n.a. 139.1 2.12% 8 97.6 1.28% 8 

110 829.5 1.80% 8 512.7 1.55% 8 341.2 2.14% 8 

(b) 
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Figure S3. Mean generated concentrations (in ppb) by a) benzene, b) (E)-2-hexenal, c) 2-methyl-1-butanol, and d) D-limonene 

(left) permeation tubes measured by online TD-GC-FID method at varying flow rates of 200-, 314-, and 469-mL min─1 (at 

corresponding temperatures of 35, 90, and 110 °C) and flow rates of 288-, 387-, and 536-mL min─1 (at corresponding temperatures 

of 25, 30, 40, 45, 50, 80, 100, and 120 °C, rounded values for clarity), respectively. Inset of the data between 35 and 50 °C is 

enlarged in (d) for D-limonene (right). Linear regression was fitted for each temperature as a function of the inverse of the total 

applied flow rates according to the rearranged form of Eq. (6): 𝐶𝑉𝑂𝐶𝑖
 (𝑝𝑝𝑏) =  𝐸𝑅𝑉𝑂𝐶𝑖

(𝑇)/(𝐹𝑇 ×
𝑀𝑉𝑂𝐶𝑖

24.04 ×103) . The slope, expressed 

in units of 10─3 ppb mL min─1, is proportional to the emission rate. Vertical error bars correspond to the uncertainty calculated from 

the propagated error of the combined MFC1, MFC2, and MFC3 flow rates. 
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Figure S4. Mean generated concentrations (in ppb) of a) benzene, b) (E)-2-hexenal, c) 2-methyl-1-butanol, and d) D-limonene 

(left) measured by online TD-GC-FID method at varying flow rates of 200-, 314-, and 469-mL min─1 (at corresponding temperatures 

of 35, 90, and 110 °C) and flow rates of 288-, 387-, and 536-mL min─1 (at corresponding temperatures of 25, 30, 40, 45, 50, 80, 

100, and 120 °C, rounded values for clarity), respectively. Inset of the data between 35 and 50 °C is enlarged in (d) for D-limonene 

(right). An inverse first-order plot was fitted for each temperature according to the rearranged form of Eq. (6): 𝐶𝑉𝑂𝐶𝑖
 (𝑝𝑝𝑏) =

 𝐸𝑅𝑉𝑂𝐶𝑖
(𝑇)/(𝐹𝑇 ×

𝑀𝑉𝑂𝐶𝑖

24.04 ×103) . The slope, expressed in units of ppb mL min─1, is proportional to the emission rate. Vertical error 

bars correspond to the uncertainty calculated from the propagated error of the combined MFC1, MFC2, and MFC3 flow rates. 
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Equation S1. Relative uncertainties on the 3 MFCs flow rate measurements. 

∆𝐹1

𝐹1
= (0.34% × 𝐹𝑅𝑆1)+(1% × 𝐹𝐹𝑆1) 

∆𝐹2

𝐹2
= (0.26% × 𝐹𝑅𝑆2)+(1% × 𝐹𝐹𝑆2) 

∆𝐹3

𝐹3
= (0.5% × 𝐹𝑅𝑆3)+(1% × 𝐹𝐹𝑆3) 

where 
∆𝐹1

𝐹1
, 

∆𝐹2

𝐹2
 and 

∆𝐹3

𝐹3
  are the relative uncertainties on the 3 MFCs flow rates, 𝐹𝑅𝑆1, 𝐹𝑅𝑆2, and 𝐹𝑅𝑆3 

are the flow rates of MFC1, MFC2, and MFC3, respectively at reading-scale of the corresponding 

MFC, 𝐹𝐹𝑆1, 𝐹𝐹𝑆1, and 𝐹𝐹𝑆3 are the flow rates of MFC1, MFC2, and MFC3, respectively, at full-scale 

of the corresponding MFC. 

 

Table S10. Arrhenius regression parameter values for the investigated permeation tubes, including the fitted slope, apparent 

activation energies, and pre-exponential Arrhenius factors. 

Compound 𝑩 𝑬𝒂 (kJ mol─1) 𝑨′′ 
Benzene –6001±1608 49.9±13.4 (1.37×1011)±(1.71×102) 

(E)-2-hexenal –3124±196 25.9±1.7 (4.36×107)±(1.89) 

2-methyl-1-butanol –5059±1694 42.1±14.1 (9.18×109)±(2.4×102) 

D-limonene –9225±270 76.7±2.2 (2.58×1013)±(2.18) 
 

Table S11. Range of extrapolated generated concentrations (in ppb) calculated according to the linear regression plots according to 

their investigated temperature ranges and compounds (benzene, (E)-2-hexenal, 2-methyl-1-butanol, and D-limonene). 

Temperature (°C) Benzene (E)-2-hexenal 2-methyl-1-

butanol 

D-limonene 

25 78.3–680.9 263.2–2287.9 83.4–725.4 n.a. 

30 80.3–697.7 318.7–2770.6 136.3–1184.6 n.a. 

35 125.7–1092.8 373.0–3242.1 174.6–1517.4 0.5–4.6 

40 224.2–1948.9 438.4–3810.6 246.1–2139.4 0.7–6.2 

45 233.0–2025.3 n.a. 246.5–2143.1 0.9–8.3 

50 293.1–2547.6 n.a. n.a. 1.5–12.8 

80 n.a. n.a. n.a. 19.4–168.7 

90 n.a. n.a. n.a. 37.8–328.9 

100 n.a. n.a. n.a. 72.4–629.4 

110 n.a. n.a. n.a. 143.6–1248.2 

120 n.a. n.a. n.a. 254.2–2209.9 
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