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Abstract: High quantities of biomass produced in greenhouses create environmental problems, as this side
stream and its downgraded products are not further used in the production cycle. The aim of our research was
the identification and semi-quantification of molecules extracted from vegetative tomato plant residues with
sustainable green alternative solvents using vacuum-assisted soxhlet and solid-liquid extraction to evaluate
the possibilities for high-value applications. To identify compounds, GC-MS analysis, and the Folin-Cioalteau
method was used. In sum, 285 different compounds have been assigned to 383 detected peaks using GC-MS
analysis. The solvents 2-MTHF and ethyl acetate, compared to ethanol and hexane, provided better results with
a maximum number of 99 + 8.83 compounds, a maximum total concentration of 5,894.82 + 586.48 and 3,363.02
+71.14 mg NEQ kgaw! and a total phenolic content of 2,143.25 + 155.17 and 1,605.92 + 66.46 mg GAE kgaw,
respectively. With 781.2 + 112.66 and 718.25 + 54.89 mg NEQ kgaw! the compound neophytadiene was the most
common terpene in ethyl acetate and 2-MTHEF extracts, respectively. It can be concluded that vegetative tomato
plant residues contain a high variety of bioactive molecules. Green solvents, such as 2-MTHF and ethyl acetate,
enhance the extraction of these molecules from the solid matrix.

Keywords: tomato; residue; extraction; sustainability; green chemistry; bioactive; molecules;
biorefinery; profile

1. Introduction

Tomato (Solanum lycopersicum) counts same as e.g. potato, pepper, and eggplant to the
Solanaceae family. Vegetables from this plant family are by far the most consumed once in the world
[1]. After potatoes, tomatoes are the second most produced and consumed vegetable crop. In 2021
almost 189 million tonnes of fresh tomato on a global area of 5.16 million hectares were produced.
The main production path is the cultivation in greenhouses. Each ton of produced fresh tomato leads
to up to 1.34 t residues consisting of stems, leaves, and green cull tomatoes [2-5]. Worldwide hence
253 million tons of tomato plant residues are produced, which are often dumped in landfills or the
landscape, which can cause problems such as blocking riverbeds. Uncontrolled burning or
decomposition of the residues leads to a high amount of greenhouse gas emissions. Further, the
tomato plant residues do have poisoning capacities for cattle and sheep, and they can cause
environmental problems by spreading persistent pathogens, which infest the tomato plant at the end
of the life cycle [5,6].

It seems obvious to develop an added value processing from tomato plant residues. Composting
and vermicomposting are two used methods to downgrade plant residues and generate fertile soil.
Due to the low C:N ratio and comparably high lignin content in the fibers of tomato residues,
microbial composting is not an easy task [5]. Furthermore, compost is mostly not needed in
greenhouse cultivation as the plants are growing on substrates with a controlled nutrient supply. To
make use of the tomato plant residues, anaerobic co-digestion can be used for the production of
biogas. In the case of tomato biomass, it is hindered by the C:N ratio, which can be fixed by the
addition of dairy manure and corn stover, which generates high logistic efforts and reduces thereby
the environmental benefits to a certain point [7].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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High amounts of terpenes and terpenoids, polyphenolic compounds, and fatty acids in fruits
and vegetables, as well as their pharmaceutical and health-promoting effects, are well-documented
[8,9]. The antioxidative and antibacterial effects of polyphenol compounds, terpenes, and fatty acids
were investigated in literature from a high variety of fruits and vegetables [9-13].

Especially for tomato seeds and peels, which are generated as by-products during tomato
processing, the constituents, as well as the content of polyphenols and their effects, are well-
researched [14,15]. Not only the fruits but also the tomato plant residues contain bioactive
compounds, which are produced as by-products of primary metabolic processes or for environmental
benefits, e.g. protection against fungi, bacteria, and viruses or as attractants for insects [2]. The
bioactive compounds can be isolated via solvent extraction, however, most of the literature uses
therefore non-green or toxic solvents, such as methanol, acetone, hexane, or dimethylformamide
[8,16,17]. Further, there is no literature available summarizing which molecules are in general present
in the vegetative plant matter of tomatoes. The present study investigates the extraction of contained
molecules in tomato plant residues by using conventional and green solvents. The extracts are then
analyzed wusing gas chromatography coupled with mass spectrometry (GC-MS) and
spectrophotometry.

2. Results & Discussion

2.1. GC-MS Results of Extracts

The main aim of the study is to determine the volatile species (extractables) and the content
therefrom in the vegetative plant matter of tomato plants using green (vacuum soxhlet extraction
(VSOX) and solid-liquid extraction(SLE) as extraction techniques. The extractables are classified into
five groups, namely hydrocarbons, fatty acids/esters, terpenes/terpenoids, phenolic compounds, and
uncategorized compounds. After integration and comparison of the chromatograms of all solvents,
383 peaks, including 46 solvent-related impurities are detected, the results are summarized in Table
S1in the supplementary materials. Linking these peaks to three NIST libraries, and taking the solvent
impurities and double detected species into account, 285 different compounds are identified (42
hydrocarbons, including alkanes and waxes, 6 phenolic compounds, 63 fatty acids/ester, and 34
terpenes/terpenoids and 140 uncategorized). In Table S1 the compounds extracted with a respective
solvent are grouped according to type and retention time. The impurities of the used solvents are
excluded from tables and concentration determination. In Table 1 the extraction method, the used
solvents, the extracted number of compounds, and the total and individual group concentrations are
presented. With hexane 25 to 40 compounds can be extracted with VSOX and SLE, respectively. In
hexane overall 938.45 + 103.64 NEQ kgaw1 in the VSOX and 1171.41 + 58.36 mg NEQ kgaw in the SLE
are determined. Comparing hexane, the most non-polar solvent to the most polar solvent, ethanol,
the differences in the number of compounds as well as the concentrations in VSOX and SLE are
significant. With ethanol, 240% and 159% more compounds by number in VSOX and SLE are
extracted, and the overall concentration increases to 1814.62 + 92.87 mgNEQ kgaw!and 2068.48 + 47.98
mgNEQ kgaw!, which represent an increase of 93.36% and 76.47%, respectively.
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Table 1. Mean number, total and group concentrations for vacuum-assisted soxhlet (VSOX) and solid-liquid (SLE) extraction at 50 °C for hexane, 2-methyl-tetrahydrofuran (2-MTHF),

ethyl acetate, 1:1 (v:v) mixture of hexane and ethanol, and ethanol. Concentrations are expressed as mg naphthalene equivalent (NEQ) per kg of dry weight (kgaw).

E(et:;:;téon Solvent Number of compoundsTotal concentrationHydrocarbon Phenolic compoundFatty acid/ester Terpene / TerpenoidUncategorized
# [mgNEQ kgaw]

VSOX Hexane 25+0 938.45 +103.64 244.53 +14.95 0+0 265.58 +8.75 37.53+1.8 623.76 + 36.47
2-MTHF 99 +8.83 5894.82 +586.48  177.99 +43.76 0+0 2609.56 +109.19  1270.98 + 258.14 2203.7 +140.41
Ethyl acetate 99+3 3363.02+71.14 442.47 +146.61  46.15+28.15 694.78 £ 176.47  1526.1 +279.57 653.51 +£210.13
Hexane / Ethanol 72+3 1288.23 £170.31  363.52 +39.16 6.33 +4.12 146.06 + 8.34 686.11 + 124.5 86.21 +10.87
Ethanol 60+3 1814.62 + 92.87 54.59 +5.41 1.23+1.23 144.45 + 8.66 1153.48 + 13.61 460.87 + 81.28

SLE Hexane 36.5+6.5 1171.41 + 58.38 42.94 +18.55 0+0 720.45 = 80.9 165.31 £ 6.06 9.75+1.87
2-MTHF 102 + 6.38 4885.21+194.32  256.85+61.55 0+0 2230.31+23.79  1407.97 +22.61 990.07 +154.39
Ethyl acetate 67 +2 1979.22 £103.59  137.5+13.48 545+0.7 650.23 +136.51  949.85 + 167.84 236.19 +122.14
Hexane / Ethanol 49.5+1.5 1684.7 +217.37 164.87 £+104.04 4.15+1.25 204.1+£32.91 1235.25 +132.17 76.33 £12.82
Ethanol 58 + 0 2068.48 + 47.98 13.06 + 0.93 6.02+1.34 163.4 + 20.73 1354.7 +5.54 531.3 +32.39



https://doi.org/10.20944/preprints202406.0246.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 June 2024 d0i:10.20944/preprints202406.0246.v1

Figure 1 shows the total concentration of all substances as a sum parameter in mgNEQ kgaw of
all used solvents at 50 °C, the 1:1 (v:v) mixture of hexane and ethanol fits with 1288.23 mgNEQ kgaw"
T and 1684.7 mgNEQ kgaw! into the trend line between the pure solvents for VSOX and SLE,
respectively. 2-MTHF 2-methyl-tetrahydrofuran
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Figure 1. Total concentrations of the extracted compounds at 50 °C for VSOX (blue) and SLE (red) for
hexane, 2-methyl-tetrahydrofuran (2-MTHE), ethyl acetate, 1:1 (v:v) mixture of hexane and ethanol,
and ethanol. Sorted by polarity. Each result is expressed as mean value + standard deviation.

Compared to pure hexane, the mixture of EtOH and hexane shows a concentration increase of
37% in VSOX and 44% in SLE, while compared to pure ethanol as solvent, the concentration decreases
by 29% and 81% for the mixture in VSOX and SLE, respectively. This results indicate a much higher
affinity of the compounds to polar and semi-polar solvents. The extracts using 2-methyl-
tetrahydrofuran (2-MTHF) and ethyl acetate (EA) as solvents confirm with up to 102 compounds and
5894.82 mgNEQ kgaw! that semi-polar solvents, due to their better ability to dissolve polar and non-
polar compounds, are preferable to pure hexane or ethanol.

The results of ethanol and its mixture further show, that vacuum has a positive effect on the
number of extracted compounds. Under reduced pressure, 3% and 45% more with ethanol and the
mixture with hexane are extracted based on the number of substances. At the same time, the
application of light vacuum in a range of 510 to 260 mbar, according to the boiling point of the solvent
at 50 °C (see Table 3), in the extraction leads to a high loss of compounds, which can be noted by the
decreasing total concentration. Hence, two different effects are working against each other. On the
one hand, the vacuum enhances the extraction by disrupting the cell walls for better penetration of
the solvent [18], on the other hand, the reduced pressure compared with the solubility of the
compounds in the respective solvent leads to a loss of components due to vapor pressure and flow
regime. It can be noted that only for hexane, the worst working solvent in our experiments, the effect
of the vacuum on the number of extracted compounds is negative. The correlation between the
solubility and the vacuum loss can also be seen in the total concentration in Figure 1. Although it was
expected that VSOX extracts the highest concentration, for hexane, ethanol, and the mixture
therefrom, which were the three solvents with the lowest extract concentration, a decrease of the total
concentration for VSOX compared to SLE can be seen. Only VSOX for 2-MTHF and EA extracts
overall show a higher total extract concentration compared to SLE. When hexane, ethanol, and the
mixture with increasing polarity are compared, the differences between VSOX and SLE decrease.
Especially for terpenes and terpenoids, and fatty acids and esters this is prominent. While for hexane
the total concentration decreases by 78% and 64%, it decreases by 45% and 39% for the mixture of
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hexane and ethanol and by 15% and 12% for ethanol, respectively. Only hydrocarbons, including
alkanes and waxes, show a higher concentration in hexane samples using VSOX. This also shows that
the solubility of compounds in a respective solvent influences the total concentration. In our
experiments, SLE leads to a 14% higher total concentration than VSOX for ethanol as solvent, 20%
higher for hexane as the solvent, and 31% for the mixture of ethanol and hexane- Taticchi et al. also
report losses of up to 71.3% for aldehydes, 51.9% for alcohols, and 64.4% for esters [19]. With a low
solubility of compounds in the solvent, the applied vacuum has a higher influence on the total
concentration, and the loss of compounds, which are not condensed in cooling traps anymore. The
higher solubility of compounds in 2-MTHF and EA results in a higher yield in terms of the number
and concentration of compounds in the VSOX than in the SLE experiments, and hinders a relative
decrease of the total and individual group concentration.

Both solvents, 2-MTHF and EA, have been tested as green solvents, as both can be produced
sustainably and offer a semi-polar behavior, ranging between pure hexane, and pure ethanol with
0.179 and 0.228, respectively. This might also be the reason for the good solvent properties, as polar
and non-polar compounds can be extracted. As can be seen in Table 2 both solvents used in the VSOX
extraction had 99 £ 3 (EA) and 99 + 8.83 (2-MTHF) different compounds and 5894 + 586.48 and 3363.02
+71.14 mg NEQ kgaw! for 2-MTHF and EA respectively. As can be seen in Table 1 the slight pressure
drop from 1 atm down to 350 mbar led to a significant increase of compounds with 48% and
concentration with 70% that can be extracted from the tomato plant residues with EA.

As shown in Table 1 the major groups of the extracts are fatty acids and esters, terpenes and
terpenoids, and uncategorized compounds. Especially terpenes and terpenoids, and polyphenolic
compounds are interesting for their bioactive properties.

2.1.1. Fatty Acids and Esters

Fatty acids are the primary compounds of cell membranes, regulating and signaling the activity
of various proteins or acting as an energy source. They can be present in saturated or unsaturated
form. Following the principle of solvent extraction, polar compounds are better soluble in polar
solvents and vice versa, polar lipids, such as glycolipids, are more soluble in solvents such as ethanol,
non-polar lipids, such as triacylglycerols are more soluble in non-polar solvents like hexane. The
coexistence of polar and non-polar compounds is supported by the gathered results. During solvent
extraction, the solvents 2-MTHEF, ethyl acetate, and the mixture therefrom, offering a semi-polarity,
lead to high numbers of fatty acids extracted. The highest fatty acid concentration was measured for
2-ethyl-2-methylbutanoic acid in 2-MTHF with 1985.9 + 417.08 mg NEQ kgaw?, which accounts for
76% in VSOX and 89% in SLE of the total fatty acid and ester concentration in the extracts. While
ethyl propionate is present in EA as the major compound with 519.57 + 59.5 mg NEQ kgaw, the
content in the other solvents is with 0.92 + 0.16 up to 8.88 + 2.24 mg NEQ kgaw?! comparably low-
Studies for propionate indicate, that it is an effective inhibitor of cholesterol synthesis [20]. Ethyl
butyrate is primarily extracted by hexane with a concentration of up to 683.17 + 39.29 mg NEQ kgaw
1in SLE (58.83% of fatty acids and esters), with 140.52 + 16.24 mg NEQ kgaw! it is extracted in a smaller
concentration by 2-MTHF and with 93 + 12.77 mg NEQ kgaw" by using EA as solvent. In hexane
extracts from VSOX extraction dimethylamino ethyl palmitate is present in a concentration of 112.91
+5.36 mg NEQ kgaw, this is related to 50% of the fatty acids and esters in the hexane VSOX extract.
Ethanoic extracts contained 6.14 + 0.13 mg NEQ kgaw! and 37.51 + 4.18 mg NEQ kgaw! comparably
small quantities of ethyl butyrate and dimethylamino ethyl palmitate. The main compound found in
ethanol extracts is with 115.05 + 1.39 mg NEQ kgaw! 2-mono palmitin. Minor compounds in ethanol,
but richer than in other solvents, are linolenic acid, palmitic acid, and ethyl arachidate. With 8.04 + 0
mg NEQ kgaw also 2-hexenoic acid is detected, which has been studied for its anticancer properties
[21]. Some further examples of minor detected fatty acids and esters, such as mandenol [22], ethyl
palmitate [23], or ethyl linolenate [24]. are summarized in Table S1 in the supplementary material.

2.1.2. Hydrocarbons
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Hydrocarbons, especially n-alkanes, are present in living species, and plants. Their functions in
plants range from functions in water regulation, and pollen viability to pathogen interaction [25]. The
highest hydrocarbon fraction was determined in VSOX extraction with EA (442.47 + 146.61 mg NEQ
kgaw?'). The high deviation in the VSOX extraction is linked to two compounds, namely
tetratriacontane, and 2-methyl-dotriacontane, which were found just in one EA VSOX sample in a
quantity of 110.49 + 0 and 106.03 + 0 mg NEQ kgaw, respectively. The high content of these two
compounds is a hint to the presence of green cull tomatoes in the batch, as fruits have a higher
hydrocarbon content on the surface than leaves, which are mostly present as waxes for fruit
protection. Wu et al. reported a leave wax content of 8.26 ug/cm?, whereas fruits have been reported
by Bauer et al. with a mean surface wax amount of 50 pig/cm? [26,27]. The major compounds found
in the extracts were tetratriacontane (110.49 + 0 mg NEQ kgaw') in EA, hexatriacontane (217.94 +13.89
mg NEQ kgaw™) in ethanol and hexane extracts, and tetratetracontane (152.68 + 37.05 mg NEQ kgaw1)
in 2-MTHEF. The summarized research indicates antimicrobial and antioxidant activity related to the
content of tetratriacontane and/or hexatriacontane as the major compounds [28-31]. Hydrocarbons,
such as eicosane, pentadecane, heneicosane, and nonadecane have been reported to have bioactive
properties, however, the concentration thereof is negligible [32-34]. Further, anticancer properties are
reported for the substance tetracosane that is present in the extracts in an amount of up to 56.81 mg
NEQ kgaw[35].

2.1.3. Terpenes and Terpenoids

Terpenes and terpenoids are with approximately 40000 structures besides fatty acids and esters
the largest occurring class of compounds in nature. A high number of terpenes and terpenoids are
known for their bioactivity, playing an important role in plant growth, defense, symbiosis, and
reproduction [36,37]. Especially the defense properties against pathogens and insects make terpenes
and terpenoids interesting for research also related to the farm-to-fork strategy of the European
Union to reduce permissible synthetic pesticides by 50% by 2030 [38,39]. The share of extracted
terpenes and terpenoids to the total number of compounds is higher in non-polar solvents such as
hexane (40.0 + 4.0%) than in polar solvents such as ethanol or 2-MTHF with around 20%. Jiang et al.
prove the behavior found in the present study. Primary terpenes and terpenoids are hardly soluble
in water, which is linked to the non-polar properties of the terpene structure. The active groups on
the terpene structure can shift the polarity. Especially hydroxyl groups are known to shift the polarity
toward higher polarity. By that also the solubility of the terpenes shifts [37]. Although the share of
the terpenoids to the total number is decreasing with higher polarity, the share of the concentration
of terpenes and terpenoids is increasing in solvents with higher polarity, such as hexane/ethanol with
up to 73% of the concentration share. This can be attributed to the naturally occurring modifications
of the compounds. The comparison of pure ethanol and its mixture with hexane shows that pure
ethanol with up to 1354.7 + 5.54 mg NEQ kgaw' offers a 42% better solubility for terpenes. In SLE
experiments 2-MTHF with 1407.97 + 22.61 mg NEQ kgaw! has reached higher concentrations than EA
with 949.85 + 167.84 mg NEQ kgaw?. In VSOX on the other hand EA reaches a 20% higher terpene
concentration. It can be concluded that semi-polar solvents are better suited for the extraction of
terpenes and terpenoids as EA and 2-MTHF show higher concentrations than ethanol, hexane, and
the mixture therefrom.

The most abundant terpenes and terpenoids in the extracts are neophytadiene and its precursor
phytol, which are researched for their antimicrobial, anticancer, anti-inflammatory, antipyretic,
analgesic, and diuretic properties [40]. The highest concentration of neophytadiene with 781.2 +
112.66 mg NEQ kgaw is found in EA extracts followed by extracts using the solvent 2-MTHF with
718.25 + 54.89 mg NEQ kgaw'!. Nevertheless. ethanol extracts are also rich in neophytadiene with
523.98 + 43.17 and 472.53 + 96.88 mg NEQ kgaw! for pure ethanol and the mixture, respectively. The
neophytadiene concentration therefore is responsible for about 51% of the total terpene and
terpenoids concentration of EA and 2-MTHF and about 38% for ethanol and its mixture as solvent.
Only hexane shows with 26.75 = 12.15 mg NEQ kgaw' a significantly lower solubility for
neophytadiene. As expected, the extractability of the neophytadiene precursor phytol in hexane is
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with 10.9 mg NEQ kgaw similar. The extractability of phytol increases significantly with increasing
polarity of the solvent. Therefore, the phytol richest fractions are samples with ethanol as the solvent
with a sum of 732.34 + 91.44 mg NEQ kgaw?, followed by hexane and ethanol as the solvent with
574.83 + 133.7 mg NEQ kgaw'!. Extracts with EA and 2-MTHF show a concentration of 50 to 60%
compared to pure ethanol. Besides these two major compounds, and minor fractions of different
phytol isomers, bioactive terpenes and terpenoids, such as D-limonene, a-terpinene, squalene, p-
cymene, trans-f-ionone, sabinene, and carophyllene have been detected, as shown in Table S1 [41-
45].

2.1.4. Uncategorized

The group of uncategorized compounds summed up to 2203.7 mg NEQ kgaw! based on the GC-
MS evaluations. This category includes compounds such as alkaloids, aldehydes, metabolites,
ketones, alcohols, amines, imines, ethers, pyranones, or furans. It can be seen, that the amount of
these compounds is much higher in VSOX than in SLE extracts. The solvent 2-MTHF shows the
highest content with 2203.7 + 140,41, followed by EA with 653.51 + 210.13, hexane with 623.76 + 36.47,
and ethanol with 460.87 + 81.28 mg NEQ kgaw. In SLE experiments 2-MTHF leads with 990.07 +
154.39 mg NEQ kgaw! the highest amount for ‘uncategorized® compounds, which is 123% less
compared to VSOX. Ethanol extracted 531.3 + 32.39 mg NEQ kgaw?, 15% more than in VSOX, but with
almost similar value and the significantly higher variance of the VSOX with 460.87 + 81.28 mg NEQ
kgaw a better performance in the extraction of this group cannot be stated. SLE with EA and hexane
lead to a content of 236.19 +122.14 and 9.75 + 1.87 mg NEQ kgaw™, respectively. The high deviation in
the EA extracts is related to three compounds, cis-9-hexadecenal (103.51 mg NEQ kgaw') and the
sugars 1,6-anhydro-a-D-galactofuranose (83.09 mg NEQ kgaw?) and g-D-glucopyranoside-methyl
(54.33 mg NEQ kgaw). All three compounds are valuable antifungal [46] and antiviral [47] agents.
Although it was tried to uniformly mix the feedstock, the high content of these three compounds
suggests the presence of a highly infected plant part in one EA extraction batch. While cis-9-
hexadecenal was also present in a lower concentration in the other extraction batch using ethyl acetate
as solvent (11.56 mg NEQ kgaw1), 1,6-anhydro-a-D-galactofuranose and p-D-glucopyranoside-methyl
have been identified in only one batch using ethyl acetate. 8-D-Glucopyranoside-methyl was mostly
present in hexane extracts with 438.26 + 86.31 mg NEQ kgaw! compared to 54.33 mg NEQ kgaw' in
one EA extract and 2.9 + 0.47 mg NEQ kgaw! in 2-MTHEF.

Other major compounds in this group are tetrahydro-2H-pyran-2-carboxylic acid, (S)-1,3-
butanediol, hexylene glycol diacetate, 2-methyl- pentanal, trimethylene acetate, and isocitric lactone.
Except for trimethylene acetate, all these compounds appear only in 2-MTHF extracts. It can be
concluded that 2-MTHF offers superior solubility for the compounds in this group compared to all
other solvents. The data are summarized in Table S1.

2.1.4. Phenolic Compounds

Phenolic compounds and derivatives are essential for plant growth and reproduction. Like
terpenes, these group of compounds occur in all plants often functioning as antibacterial, -viral, and
-oxidative agents acting as natural repellents and pesticides [14]. As can be seen in Table S1 the
phenolic compounds  4,6-di(1,1-dimethylethyl)-2-methyl-phenol, = 2,4-di-tert-butylphenol, 4-
vinylguaiacol, 2-bromo-4-fluorophenol, 2,4-dimethyl-6-(1-phenylethyl)phenol and DL-a-tocopherol,
have been identified using GC-MS. While the solvents EA, ethanol, and the mixture of hexane and
ethanol extracted phenolic compounds in a concentration range between 1.23 and 46.15 mg NEQ
kgaw, no phenolic compounds were found in the GC-MS analysis using hexane and 2-MTHF as
solvents. The identified compounds have been extracted with a maximum total phenolic
concentration of 46.15 + 23.91 mg NEQ kgaw! using EA as solvent and VSOX. 4,6-Di(1,1-
dimethylethyl)-2-methyl-phenol, 2,4-di-tert-butylphenol, and 2-bromo-4-fluorophenol are only
found in extracts with EA as solvent. The phenols, 4-vinyl guaiacol and 2,4-dimethyl-6-(1-
phenylethyl)phenol are only found in ethanol and ethanol hexane mixture, respectively. DL-a-
tocopherol has been detected in all three extracts with EA, the 1:1 (v:v) mixture of ethanol and hexane,
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and ethanol, resulting in a maximum concentration of 15.46 + 2.64 mg NEQ kgaw! in EA. DL-a-
tocopherol is an important substance in the human diet that has significant health benefits, such as
neuroprotective, cardioprotective, and anti-inflammatory activities [48].

Studies of industrial by-products of tomato skin and seeds reported a total phenolic content
(TPC) of up to 44.18 mg GAE 100 g [49] and 125.5 and 83.35 mg GAE gexract'! from leaves of two
tomato cultivars by using the Folin-Ciocalteau method [50]. These studies implicate a higher
concentration of polyphenols in the biomass, which could not be identified and quantified in the
present study. Reasons therefore are the non-volatile behaviour and thermoliability of these
compounds. A more suitable analysis method for single phenolic compounds, which was not
available, is high-performance liquid chromatography coupled with mass spectrometry, as in this
method the compounds are not thermally stressed. To get comparable results with the literature, the
total phenolic content of the extracts has been further determined.

2.2. Total Phenolic Content

The TPC of the extracts at 50 °C ranged from 523 + 49 mg kgaw for hexane to 2143 + 155 mg gallic
acid equivalent (GAE) kgaw' in EA (see Figure 2).
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Figure 2. Mean total phenolic content (TPC) in mg GAE kg of extracts extracted at 50 °C with
hexane,2-methyl-tetrahydrofuran, ethyl acetate, ethanol, and a 1:1(v:v) mixture of hexane and ethanol
for SLE (red) and VSOX (blue) extraction of tomato plant residues. TPC was measured with the Folin-
Ciocalteau method. Each result is expressed as mean value + % standard deviation.

Silva-Beltran et al. and Anibarro-Ortega et al. measured a total phenolic content of up to 125.5
mg gextract! for the whole plant and 70.8 mg GAE gexwract’! for pruning material and end-of-cycle aerial
biomass [50,51], respectively. In the present study, the total phenolic content was 3 mg GAE gextract
for hexane and 14 mg GAE gextract! for EA, which is comparably low. However, the present study uses
air drying as a preparation method, while the others used a vacuum oven- or freeze-drying. These
methods are known to be more protective for the polyphenol content [19,52,53]- Research from peach
fruits shows that a temperature increase from 25 Cto70 C yielded a TPC decrease of 22%, while
red wine freeze-drying preserved 70% of the four major polyphenolic compounds (gallic acid,
catechin, epicatechin, and quercetin) [52,53].

The present research focuses on the extraction and identification of volatile compounds rather
than on single phenolics or the optimization of a high total phenolic content. Further, to ensure a high
extraction yield of compounds, the extraction time was set to 24 h, which strongly favors the
oxidation of phenolic compounds, and thereof the loss of primary phenolic compounds [54]. Mokrani
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et al. showed that the TPC of peach fruits reached a maximum after 3 h, while other compounds, such
as flavonoids increased after 7.5 h. To get access to the phenolic compounds, temperatures below 60
°C, extraction times slower than 3 h, and fresh or freeze-dried feedstock shall be applied for the
extraction of phenolics.

Taticchi et al. report an increased yield of phenolic compounds of up to 50.1% by applying a
high vacuum and 60°C for the extraction of phenolic compounds. These findings could not be
confirmed in the present study, as the TPC is higher in samples from SLE than in samples from VSOX
extraction. Only in samples, where EA is used as the solvent, the TPC in VSOX is 2143 + 155 mgGAE
kgaw! 76% higher. EA was also the second-best working solvent from GC-MS analysis. The
significantly high total phenolic content incorporated with the high DL-a-tocopherol content and
higher hydrocarbon content from GC-MS analysis indicates the presence of green cull tomatoes in
the sample. Samples using 2-MTHEF as solvent leads with 1605.92 + 66.46 mg GAE kgaw! to double
the concentration of TPC compared to VSOX with 801.98 +59.02 mg GAE kgaw, ethanol as solvent
performed 28%, the mixture of hexane and ethanol 23%, and hexane 11% better compared to their
VSOX counterparts. A significant difference between polar and semi-polar solvents cannot be
proclaimed. The data proves that semi-polar and polar solvents are favorable for the extraction of
phenolic compounds, which is, due to the hydrophilicity of the phenolic compounds, expected [55].

3. Materials and Methods

3.1. Reagents and Standards

As solvents hexane (99%, Roth, Karlsruhe, Germany), ethanol (99.9%, Austr Alco, Spillern,
Austria), ethyl acetate (EA, 99.5%, Honeywell, Charlotte, North Carolina, US), and 2-methyl-
tetrahydrofuran (2-MTHF, 99%, Sigma Aldrich, Darmstadt, Germany) were used. Naphthalene (99%,
Roth, Karlsruhe, Germany) was used as an internal standard during GC-MS measurements. The
solutions for the total phenolic content were prepared with the Folin-Ciocalteu reagent (2 M, Sigma-
Aldrich, Darmstadt, Germany), sodium carbonate (299.5, Sigma Aldrich, Darmstadt, Germany),
gallic acid (TraceCERT, Sigma Aldrich, Darmstadt, Germany) and ultra-pure water (<2 uS, Model
CB-1703, Adrona SIA, Riga, Latvia). Table 3 summarizes the polarity value and the vapor pressure of
the pure solvent at 50 °C [56].

Table 3. Polarity, type of pure solvent, and vapor pressure at 50°C.

Extraction pressure

Solvent Green solvent Polarity soxhlet [mbara]
Ethanol Yes 0.654 260+ 10

EA Yes 0.228 350+10
2-MTHF Yes 0.179 340+10
Hexane No 0.009 510+ 10

3.2. Plant Material

For this study, fresh pruning and older whole tomato plant residues were provided by Frutura
GmbH, Bad Blumau, Austria. The tomato plant is classified as a vine tomato. The exact species cannot
be named due to business confidentiality.

The tomatoes were planted at the beginning of January on a substrate in glasshouses equipped
with nutrition by drip watering. The sample collection was always done between 8 am to 10:30 am
in one of the facilities, in April 2021 and consisted of leaves, stems, blossoms, and small green cull
tomatoes. The fresh material was immediately transported to the lab, cut with sharp blades, to avoid
too high crushing of cell membranes, into pieces of 3-5 mm and dried on paper towels for 72 hin a
dark and highly ventilated room at ambient pressure and temperature. Fast processing after
harvesting is mandatory, as mold formation of fresh material is a problem. After drying, the tomato
plant residues were packed in sample bags and stored at -18°C in a freezer until usage.
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3.3. Determination of Moisture and Ash Content

To evaluate the moisture content nine samples of fresh plant matter were investigated with air
drying, freeze drying, and drying on a heated scale until no weight change was further measurable.
On a heated scale at 80 °C a weight loss of 90.39 + 0.1 wt% was measured. Drying fresh frozen samples
in a freeze-dryer at -40 °C and 0.04 mbara for 96 hours also lead to a mass loss of 91.13 + 0.39 wt%.
Although this drying method is the gentlest and most preservative one for polyphenol compounds,
the investigation of the extracts shows a significant loss of volatile compounds, due to the extremely
low pressure. By air drying 79.01 + 1.83 wt% in 48 h and 85.63 + 2.86 wt% in 72 h at 22 + 0.8 °C with a
relative air humidity of 30 + 2% were removed.

The ash content was determined by burning a defined amount of plant material at 600 °C in a
muffle furnace for 12 hours. The samples were removed from the muffle furnace and cooled down in
a desiccator. After cooling down, the samples were analyzed on a laboratory scale. The ash content
of all samples was determined with 2 +0.1%.

3.4. Vacuum Soxhlet Extraction (VSOX)

During VSOX extraction the solvents hexane, ethanol, 2-MTHF, EA, and a mixture of
hexane:ethanol 1:1 (v/v) were used. The VSOX experiments were performed at a constant boiling
temperature of 50 °C and adjusted pressure of 260-510 mbara. To guarantee constant operation a
solvent amount of 150 ml in the flask was necessary. The temperature of the solvent in the flask was
controlled by a heating plate equipped with a flask heating block and a PT1000. The thimble was
filled with 4-6 g of dried feedstock and placed in the apparatus. The vapor was condensed into the
thimble using a pre-dimroth condenser at 0 °C and a coil condenser at -9 °C to prevent loss of solvent
and compounds. After the extraction, the solvent was prepared for analysis and the extraction
thimble was dried in an oven at 60 °C for 4 days and stored in a desiccator.

3.5. Solid-Liquid Extraction (SLE)

Samples were prepared with 4-6 g of dried plant material and a solid/liquid weight-to-volume
ratio (w/v) of 1:10 in an Erlenmeyer flask. The flask was placed in a shaking water bath for 24 h at 50
°C and ambient pressure with a shaking rate of 120 rpm. After 24 h the samples were vacuum filtered
with 150 mbara through a Whatman 589/3 filter and transferred to further sample preparation.

3.6. Sample Preparation

The respective solvent was evaporated at 250-350 mbara at 50 °C in a rotavapor until no further
evaporation or solvent was detectable. The extracts were diluted with 1 ml of ethanol or hexan,
depending on the solvent polarity, including naphthalene with a concentration of 150-450 ppm as
internal standard. This procedure was also performed for pure solvents to determine the quality
thereof and to account for failures due to impurities. The liquid sample was transferred into a 1.5 ml
centrifuge tube and placed in a BioFuge (9000 rpm, 3 min) to separate the remaining small particles.
The liquid phase was carefully raised with a syringe and pressed through a 0.2 um PTEFE filter (polar
or non-polar) into a 0.2 ml GC vial and a 1.5 ml glass vial. The air in the vials was displaced with
argon to avoid oxidation and stored at -18 °C until analysis.

3.7. GC-MS Analysis

The samples were analyzed using a Shimadzu (Kyoto, Japan) GC-MS-QP2010 SE with a VE-1701
MS column (60m x & 0.25mm, 0.25um film thickness), an injection volume of 1 pl and a split ratio of
1:50. The temperature was increased from 40 °C up to 280 °C within 1 h. The generated
chromatograms are integrated and the peaks are aligned with the NIST libraries NIST20R,
NIST20M2, and NIST20M1. All compound concentrations were referred to the standard area of
naphthalene as mg naphthalene equivalent (NEQ) * kg of dry weight (dw).

3.8. Sample Preparation for the Measurement of the Total Phenolic Content (TPC)
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The determination of the TPC was performed by using a modified Folin-Ciocalteu method
described by Dahmoune et al. [57]. For the method first, the sample was diluted with ethanol in a
ratio of 1:80, then 100 pl of the sample was mixed with 750 ul of 10 times diluted (v/v) Folin-Ciocalteu
reagent. The solution was incubated in the dark for 5 min at ambient temperature. Afterward, 750 pl
of a 7.5% sodium carbonate solution was added and the vial was mixed on a shaking plate and stored
for 90 min in the dark at room temperature. The reaction was stopped by cooling the vials in a
refrigerator at 4 °C. The absorbance was measured with a Shimadzu (Kyoto, Japan) UV-1800 UV
spectrophotometer at 765 nm and 22 °C with a reference. The reference was prepared the same as the
samples, but instead of the extract pure solvent was used. Gallic acid (0.32 — 5.73 mg/ml) was used to
create the calibration curve (y = 14890x - 16.87; R? = 0.9928). The total phenolic content is expressed as
mg gallic acid equivalent (GAE) kgaw?. The extracts were prepared in duplicates and measured
independently in triplicates. The results are expressed in mean value + standard deviation.

4. Conclusions

The present study investigates the composition of the vegetative mass of tomato plants. The
material mainly consisted of pruning material and stems. Methods applied to the plant material are
vacuume-assisted and conventional solid-liquid extraction using conventional and green solvents. The
extracts were analyzed using gas chromatography coupled with mass spectrometry and evaluated
using common NIST libraries. The total phenolic concentration was determined using
spectrophotometry. A total of 383 peaks were measured with GC-MS, which could be assigned to 285
different components, consisting of 63 fatty acids and esters, 42 hydrocarbons, 6 phenolic
compounds, 34 terpenes and terpenoids, and 140 uncategorized compounds, such as aldehydes,
ketones, sugars, alcohols, amine, and amides. With a maximum number of 99 compounds and a
maximum total concentration of 5894.82 + 586.48 and 3363.02 + 71.14 mg NEQ kgaw, 2-MTHF, and
EA lead to the highest extraction efficiency, the solvents such as hexane and ethanol were able to
extract 36.5 and 58 compounds, and 1171.41 + 58.38 and 2068.48 + 47.98 mg NEQ kgaw, respectively.
Especially for compounds counting to the groups of fatty acids and esters, and terpenes and
terpenoids, the alternative green solvents show beneficial extraction results. The results from GC-MS
show, that the vacuum has a negative influence on the total extraction efficiency. In the case of the
green solvents, 2-methyl-tetrahydrofuran and ethyl acetate, this vacuum-induced component loss
was compensated by a better extraction efficiency.

For the extraction of phenolic compounds, semi-polar and polar solvents are favorable. The
results from the spectrophotometry, using the Folin-Cioalteau method, compared to the GC-MS
results show that further analysis of the samples is necessary to close the gap between the total
phenolic content and the identified compounds from GC-MS.

Besides their non-toxicity and sustainability, the present study shows that green solvents, such
as 2-methyl-tetrahydrofuran and ethyl acetate, have a better extraction efficiency compared to
conventional solvents for the extraction of compounds from vegetative plant biomass, and are
therefore a valid alternative.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Table S1: Mean compound table for solvents. RT retention time, 2-MTHF 2-
methyltetrahydrofuran, NEQ naphthalene equivalent, kgaw kilogram dry weight.
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