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 11 

Abstract 12 

Interest in the capitalization of waste biomass is steadily increasing in the last years, with many 13 

scientists involved in the valorisation of these untapped sources of specialty chemicals and 14 

energy, that would, otherwise, be destined to composting and landfills.  15 

In view of developing a circular economy, crop waste is an important resource of specialty 16 

chemicals for applications in agriculture. In this study, we extracted celery (Apium graveolens 17 

L.) waste biomass following a cascade of supercritical fluid extractions with increasing 18 

amounts of ethanol as co-solvent. Fractions obtained with this methodology were compared in 19 

terms of composition with an extract obtained via Soxhlet extraction employing ethyl acetate, 20 

a generally recommended organic solvent with a low toxicity profile. GC-MS analysis revealed 21 

the presence of many metabolites with interesting bioactivities. The comparison of the 22 

extraction methods shows that the use of hot ethyl acetate results in higher yields than SFE for 23 
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selected compounds. Nevertheless, the addition of ethanol as co-solvent can be instrumental 24 

for extensively exploiting the waste material by still employing a green technology such as the 25 

SFE, also affording fractions with different chemical profiles and thus, different potential 26 

applications. Solid residues were subsequently extracted with water to obtain mannitol, a plant 27 

osmolyte with biostimulant activity. q1H-NMR allowed for its quantification in different 28 

extracts, confirming celery as an excellent source of mannitol and showing that it’s possible to 29 

apply water extraction after Soxhlet or SFE to obtain extracts with different potential use 30 

destinations. These techniques allowed the identification of possible valorization routes for 31 

celery waste as a biostimulant source and crop protection tool.   32 

1. Introduction 33 

Celery (Apium graveolens L.) is the most prominent species of its family, the Apiaceae family. 34 

It is an annual or biennial plant, widely cultivated in areas with temperate climate as food or 35 

for its seeds, which are commonly used as a spice (Malhotra, 2006). It is also largely employed 36 

for its essential oils, due to its peculiar aroma profile (Malhotra, 2006). Phthalides have been 37 

found responsible for the characteristic odor of celery, in particular 3-butylphthalide, 38 

sedanolide and senkyunolide A (sedanenolide) (Uhlig et al., 1987; Oguro and Watanabe, 39 

2011a, 2011b). Celery has been extensively studied in the past years for the isolation and 40 

identification of bioactive compounds and for defining its phytochemical profile. The seeds 41 

and leaves contain coumarins, furanocoumarins and the corresponding glucosides (Garg et al., 42 

1979, 1980; Ahluwalia et al., 1988), phenolics (Kitajima et al., 2003; Yao et al., 2010; Liu et 43 

al., 2017), flavonoids (Mencherini et al., 2007; Zhou et al., 2009; Abdulmanea et al., 2012; Li 44 

et al., 2014), and phthalides (Fischer and Gijbels, 1986; Tang et al., 1990; Zhu et al., 2017). 45 

Furthermore, it is also of interest to mention that celery is reported as a mannitol-rich vegetable, 46 

and has also been used as a model plant for studying the metabolic roles of this widespread 47 

sugar alcohol (Stoop et al., 1996). Around 330000 tons of celery were produced in 2022 in the 48 
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European Union of which 19000 tons in Flanders (Kips and Van Droogenbroeck, 2014), 49 

indicating it is a significant biomass source for chemical extraction and valorization (Eurostat, 50 

2023). Research has been conducted in the past years to valorize the by-products of celery 51 

processing, evaluating the possible application of these as flavour source (D’Antuono et al., 52 

2002), as functional food ingredient (Sowbhagya, 2019; Bas-Bellver et al., 2020; Sanahuja et 53 

al., 2021; Aşkın Uzel, 2022) or as a source of mannitol and dietary fibers (Rupérez and 54 

Toledano, 2003). Mannitol, a C6 sugar alcohol, is a wide-spread metabolite, found in higher 55 

plants, fungi and seaweeds (Grembecka, 2018). It is widely regarded as a compatible solute 56 

and an osmoprotectant, providing salinity and drought tolerance in mannitol-producing plants 57 

(Stoop et al., 1996). Its exogenous application has already shown beneficial effects on salt-58 

stressed crop plants. Pre-treatment of salt-sensitive wheat seedlings with mannitol (100 mM) 59 

exerted alleviative effects upon NaCl treatments, by decreasing lipid peroxidation, enhancing 60 

antioxidant enzymes activity and promoting root length (Seckin et al., 2009). Also foliar 61 

application (15 or 30 mM) demonstrated beneficial effects on salt-stressed maize, enhancing 62 

the biomass production (Kaya et al., 2013). 63 

Supercritical fluid extraction (SFE) employing carbon dioxide is a well-established green 64 

technique that owes its attractiveness to the nontoxicity, the ease of removal and the general 65 

safety of the solvent. Moreover, the high solvating power and diffusion at moderate 66 

temperatures of sc-CO2, allows the effective extraction of heat-sensitive compounds, 67 

preserving their structural features, and hence, their bioactivity (Reverchon and De Marco, 68 

2006; Arumugham et al., 2021). It has been largely explored in the past years for the refining 69 

of a wide array of biomasses, from horticultural residues (Benelli et al., 2010) to seaweeds 70 

(McElroy et al., 2023) targeting hydrophobic compounds. The addition of co-solvents, such as 71 

ethanol, methanol or carboxylic acids among others, gives the advantage of tuning the polarity 72 

of the solvent, to obtain compounds of higher polarity (Grigonis et al., 2005; Tzeng et al., 73 
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2007). The step-wise addition of co-solvents allows for a deeper exploration and exploitation 74 

of biomass, in a bioprospecting fashion. Despite the high operational costs, the high flexibility 75 

and the sustainability of this technique made it our extraction method of choice for exploring 76 

celery post-harvest residues. Furthermore, the use of SFE may also represent an interesting 77 

way to overcome regulatory limitations regarding the production of plant-derived 78 

biostimulants. This concept will be further explained in section 3.3. 79 

SFE has been applied on celery for its essential oils (Sipailiene et al., 2005), and demonstrated 80 

its potential in the extraction of bioactive compounds from its seeds (Papamichail et al., 2000,  81 

Misic et al., 2020) also from different varieties, such as celeriac (var. rapaceum) and wild 82 

celery (Järvenpää et al., 1997; Marongiu et al., 2013). 83 

The aim of this study is the exploration of celery waste roots and leaves for their potential 84 

application in the agricultural industry. We applied a cascade supercritical CO2 extraction with 85 

the stepwise addition of higher concentrations of ethanol as co-solvent to explore the chemical 86 

space of this biomass and evaluate whether separation and enrichment of compounds could be 87 

realised via this "green" extraction method. The spent residues were also subsequently 88 

extracted with water to maximize mannitol extraction. The obtained fractions are compared 89 

with an extract obtained with a traditional method in terms of yield and composition.  90 

2. Materials and methods 91 

2.1. Materials 92 

All chemicals and reagents were commercially available and obtained in analytical purity or 93 

higher from Tokyo Chemical Industry Co. and Sigma-Aldrich, except for 3-butylphthalide and 94 

sedanolide. 3-butylphthalide was synthesized in-house (procedure available in Supporting 95 

Information). Sedanolide was isolated from a hexane extract of the celery waste material 96 

(procedure available in Supporting Information). Dried and milled celery (Apium graveolens 97 
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var. dulce) non-marketable portion (leaves and roots) was obtained from Greenyard, a 98 

vegetable processing plant located in Flanders, Belgium. 99 

2.2. Soxhlet extraction 100 

Soxhlet extraction was performed on a weighed aliquot of celery waste material. Briefly, the 101 

solid plant material was added to a cotton thimble and capped with hydrophilic cotton 102 

(previously washed with hexane to remove fat impurities). Ethyl acetate was used as solvent 103 

with a S/L (solid to liquid ratio) of 1/30 and the extraction was carried out for 5 hours at reflux 104 

temperature. The resulting extract was evaporated in vacuo to dryness and weighed (sample 105 

“SOX”). The solid celery residue was dried in an oven at 90 °C and subsequently extracted in 106 

HPLC grade water at 45 °C for 1 hour, with a S/L of 1/10. The obtained slurry mixture was 107 

centrifuged at 4000g for 25 minutes and the supernatant collected, filtered on filter paper and 108 

evaporated in vacuo to dryness (sample “SOX_H”). In the same way, sample “H2O” was 109 

obtained without prior extraction with ethyl acetate.  110 

2.3. Solvent extraction under supercritical and subcritical conditions 111 

An SFE system from JASCO Isogen Life Science was used, containing among others a scCO2 112 

pump with cooler, a co-solvent delivery pump, six parallel flow-through extraction vessels of 113 

10 mL mounted in an oven, a temperature-controlled back-pressure regulator to release 114 

pressure and a fraction collector like described by Elst et al. (2018). A schematic representation 115 

of the workflow is presented in Figure 1. Powder of dried celery waste material was sieved, 116 

and the 250-800 µm fraction was used to fill the 10 mL extraction vessels (about 4.8 g per 117 

vessel). The samples were subjected to a cascade of seven subsequent extraction conditions 118 

and the extracts were collected in different collections tubes. Step 1 consisted of a supercritical 119 

CO2 extraction at 40°C (20 MPa, 100% CO2,  60 minutes), with elevation of the temperature 120 

in the second step (50°C, 20 MPa, 100% CO2,  60 minutes). The yield of step 2 was very low. 121 
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To avoid inactivation of bioactive compounds, the temperature was not increased above 50°C. 122 

IPA (Iso-propyl alcohol) was used as modifier to avoid precipitation of the extracted 123 

compounds after the pressure release step.  For the next steps, the pressure was increased to 30 124 

MPa (50°C) and cosolvent (ethanol) was dosed at increasing amounts (step 3: 15%; step 4; step 125 

25% and step 5 100%) to increase the hydrophilicity of the extraction solvent. The extraction 126 

time of the latter three extraction steps was 120 minutes. Step 6 consisted of a drying step 127 

(100% CO2, 30 MPa, 50°C, 30 minutes) before the extraction residue was removed from the 128 

extraction vessel. The solvent was removed by evaporation under a nitrogen gas flow and 129 

samples were stored frozen. The water extraction step (step 7) was performed at ambient 130 

pressure by bringing aliquots of extraction residue (4 g) in contact with demineralised water 131 

for 60 minutes at 45°C (S/L ratio 1/10) on a shaker. The solubilized material was separated 132 

from the residue via filtration (25 µm)  and the water extract was frozen until further use. The 133 

extraction yields calculated were 0.39 +/- 0.12 % (n=4) for step 1 (SFE1); 0.45 +/- 0.08 % 134 

(n=3) for step 3 (SFE2), 0.55 +/- 0.02 % (n=3) for step 4 (SFE3); 9.45 +/- 0.98 % (n=3) for 135 

step 5 (SFE4) and 32.60 % (n=2) for step 7 (SFE_H).  136 

 137 

2.4. Sample preparation and GC-MS analysis 138 

Weighed aliquots (~10 mg) of each sample were suspended in ethyl acetate. In order to increase 139 

the homogeneity of the samples, these were sonicated for 10 minutes in an ultrasonic bath. SPE 140 

diol cartridges (500 mg / 3 mL, Grace Davison Discovery Sciences) were first conditioned with 141 

9 mL of ethyl acetate. The sample was then loaded and washed with 3 mL of ethyl acetate. The 142 

cartridge was further washed with 3 mL of methanol. The ethyl acetate eluates were evaporated 143 

to dryness in vacuo to be analysed. This procedure was performed in triplicate, affording, for 144 

each extract, 3 ethyl acetate eluates (average recoveries from the SPE were: 83% for SFE1, 145 
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47% for SFE2, 20% for SFE3, 3% for SFE4 and 60% for SOX). These were derivatized 146 

according to Li et al. (2009). Briefly, dry eluate samples were dissolved in acetone to obtain 147 

solutions of 7.5 mg/mL. To 300 µL of these solutions, 200 µL of N,O-148 

bis(trimethylsilyl)trifluoroacetamide (BSTFA) were added and allowed to react for 5 min 149 

before analysis. These were performed on an Agilent 8890 GC System equipped with an 150 

Agilent J&W HP-5ms (30 m x 0.25 mm x 0.25 μm) column and an Agilent 5977B mass 151 

spectrometer with quadrupole mass analyser and Extractor EI source (Electron Ionization, 70 152 

eV). Analysis parameters were as follows: carrier gas helium (1.2 mL/min); split ratio 1/50; 153 

inlet temperature 275 °C; oven temperature 60 °C for 1 min, 30 °C/min to 130 °C, hold 2 min, 154 

20 °C/min to 205 °C, hold 1 min, 30 °C/min to 275 °C, hold 15 min; transfer line temperature 155 

280 °C. Background subtraction was performed with the software Enhanced Data Analysis. 156 

Qualitative analysis of the chromatograms was carried out with MassHunter Workstation 157 

Qualitative Analysis 10.0 (Agilent Technologies). Chromatograms are available in the SI file 158 

(SI Fig. 3 to SI Fig. 5). Identification of the compounds was achieved by comparison of the 159 

mass spectra with those of reference compounds from the databases NIST98, NIST20 and 160 

WILEY6N and with standards, where specified in Table 1. Mass spectra of compounds 161 

identified via comparison with database are available in the SI, together with main fragments 162 

assignments (SI Fig. 6 to SI Fig. 15). 163 

2.5. GC-MS quantification of metabolites of interest 164 

Quantification was performed by the means of external calibration curves. Acetovanillone was 165 

employed as internal standard. Calibration curves were constructed with different 166 

concentration ranges for the different metabolites:  1 to 10 µg/mL for scopoletin and tyrosol 167 

and 1 to 20 µg/mL for 3-butylphthalide and sedanolide. These metabolites were quantified in 168 

the samples eluted from the SPE cartridges with ethyl acetate. A calibration curve with palmitic 169 

acid was constructed (5 to 100 µg/mL) with the use of a standard. The metabolite was 170 
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quantified in the whole extracts dissolved in acetone and sonicated for 10 minutes. The same 171 

procedure was applied for the quantification of succinic acid (with a calibration curve in the 172 

range 1 to 15 µg/mL), with the difference that the amount of it in sample SFE3 was quantified 173 

employing the ethyl acetate eluate from the SPE procedure. Samples derivatization and GC-174 

MS conditions were as reported in the previous section, and were applied to both the standards 175 

for the construction of the calibration curve and the samples. Integration of the peaks was 176 

performed with MassHunter Qualitative Analysis 10.0 and achieved by extraction of the ion 177 

chromatograms (m/z: 223 and 238 for acetovanillone, 313 for palmitic acid, 247 for succinic 178 

acid, 133 and 190 for 3-butylphthalide, 108 for sedanolide, 179 for tyrosol, 264 for scopoletin). 179 

Calibration curves construction and calculations were performed with Excel (Microsoft Inc.) 180 

while plotting was performed with RStudio (2023.03.0 Build 386).  181 

 182 

2.6. 1H NMR quantification of mannitol in water extracts 183 

Extracts were freeze-dried and then weighed aliquots of them were dissolved in 400 µL of D2O 184 

buffered with KH2PO4 (90 mM, pH 7, Sigma Aldrich) and 350 µL of a 5 mM DSS solution in 185 

D2O. D2O and DSS provided a field frequency lock and chemical shift reference (1H δ 0.00 186 

ppm), respectively. Identification of mannitol was performed combining 1D (1H and 13C NMR) 187 

and 2D (HSQC) NMR techniques, and comparing the latter with a spectrum available in the 188 

public repository HMDB (HMDB00765, https://www.hmdb.ca). Quantification was 189 

performed using a standard addition method. Briefly, to 5 different aliquots of 120 µL of each 190 

extract, increasing amounts of mannitol (prepared as a 200 µM solution in buffered D2O) were 191 

added. Buffered D2O was added to obtain a final volume of 520 µL. Each constructed curve 192 

was constituted of 5 points (0, 5, 10, 15 and 20 µM). Each sample constituting the curve was 193 

analysed in triplicate. NMR experiments were performed using a Bruker AVANCE III 194 



9 
 

spectrometer, equipped with 1H/BB z-gradient probe (BBO, 5 mm). Spectra were measured at 195 

400 MHz. All spectra were acquired through the standard pulse sequences available in the 196 

Bruker pulse program library. Number of scans (NS) was set to 16, while interscan delay was 197 

set to 4 s. Spectral data were all processed with Bruker TopSpin version 4.1.3. Exponential 198 

window multiplication of the FID, Fourier transformation and phase correction were performed 199 

using Bruker AU programs proc_1d. Mannitol quantification was achieved by integration of 200 

the signal at 3.85 ppm (2H, dd, 11.7, 2.6 Hz) with the reference integration value of the 201 

resonance signal at 0.00 ppm of DSS (9H, s) (an example of a 1H NMR spectrum used for the 202 

quantification can be found in the Supporting Information SI Fig.1). Integrations were 203 

performed with Bruker TopSpin version 4.1.3. Standard addition curve construction and 204 

calculations were performed using Excel (Microsoft Inc.) while plotting was performed with 205 

RStudio (2023.03.0 Build 386). 206 

 207 

3. Results and discussion 208 

3.1. Compositional analysis of the extracts 209 

In order to explore the potential products and application of celery waste material, two different 210 

extraction methods were applied and compared. Firstly, Soxhlet extraction, a well-established 211 

technique that allows for the extensive extraction of metabolites from biological material. 212 

Secondly, supercritical fluid extraction, that was applied in cascade, with addition of ethanol 213 

as co-solvent to obtain a stepwise increase of polarity, with the aim of obtaining fractions with 214 

different chemical profiles in an extraction-fractionation manner. A schematic representation 215 

of the workflow is presented in Figure 1.  216 
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 217 

Figure 1 - schematic representation of the extraction and analysis workflow. 218 

To evaluate the composition of the different extracts, a GC-MS method was applied.  Despite 219 

the long analysis and sample preparation time, GC-MS is a very suitable technique for analysis 220 

of complex natural mixtures, in particular in the field of small molecules research. This is due 221 

not only to the hyphenation, that allows for separation of metabolites, but mainly to the standard 222 

electron ionization (at 70 eV), that allows fragmentation patterns comparison with largely 223 

available databases. This enhances dereplication and tentative identification of compounds. 224 

Furthermore, in order to overcome the limited range of analysable metabolites, many 225 

derivatization techniques were developed in the recent years (Moldoveanu and David, 2018). 226 

In our work, derivatization of the samples was performed according to Li et al. (2009), which 227 

demonstrated a fast derivatization method for phenolic compounds based on the use of acetone 228 

as a solvent and BSTFA as a derivatizing agent. This method was applied to all the extracts 229 

from the celery waste material. At first, the GC-MS analyses revealed very complex total ion 230 

chromatograms. Database search of the mass spectra of the most prominent peaks indicated a 231 

large presence of carbohydrates. As the scope of the analysis was profiling the extracts in terms 232 
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of medium to low polarity compounds, an SPE diol filtration was performed before the 233 

injection in the GC system. As reported on manufacturers’ websites and application notebooks, 234 

diol modified silica is commonly used for the retention of polar compounds in normal phase 235 

mode, due to the free hydroxy moieties (Thermo Scientific, 2011; Deflaoui et al., 2021). The 236 

percentage recoveries from the SPE-diol cartridge with ethyl acetate were inversely 237 

proportional to the amount of EtOH added during the extraction step. This is probably due to 238 

a higher amount of carbohydrates co-extracted. The extraction or fractionation of 239 

carbohydrates with scCO2 with the addition of polar modifiers, although not common, was 240 

reviewed (Mena-García et al., 2019; Lefebvre et al., 2021). This hypothesis was also 241 

strengthened by the GC-MS analysis of the methanol eluates (with the same derivatization 242 

method as for the ethyl acetate eluates), in which most of the peaks were tentatively identified 243 

as monosaccharides (data not shown). For SFE3 (obtained with 25% of ethanol) the amount of 244 

the ethyl acetate eluate was very low, resulting in a poorly resolved GC-MS spectrum. For this 245 

reason sample SFE3 was excluded from the qualitative evaluation. Nevertheless, this was used 246 

for absolute quantification of compounds of interest (section 3.2), as for this application, 247 

Extracted Ion Chromatograms (EIC) were used. Results of the GC-MS analysis are reported in 248 

Table 1, expressed as relative area percentage.  249 

Table 1 - Compounds identified via GC-MS analysis by either comparison with database (with percentage match with 250 

database spectra) or with standards ("Std"). Relative quantities are expressed as of the total peak area. Compounds that 251 

were further quantified, due to their interesting potential applications are indicated in bold. 252 

Compound 
RT 
(min) 

Score (% 
match) 

SFE1 
(100% 
CO2) 

SFE2 (15% 
EtOH) 

SOX 

Organic acids      
Lactic acid, 2TMS 4,141 Std 0,3 0,5 1,1 

Hexanoic acid, TMS 4,214 Std 0,3 0,3 18,1 

Ethyl(trimethylsilyl) succinate 5,994 99  2,4  
Octanoic acid, TMS 6,161 Std   1,0 

Succinic acid, 2TMS 6,715 Std 8,9 21,8 24,6 

Fumaric acid, 2TMS 7,028 Std  1,0 0,4 
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Nonanoic acid, TMS 7,148 Std   0,3 

Malic acid, 3TMS 8,343 Std  0,8  
4-Hydroxynon-2-enoic acid, 2TMS 9,1 95 2,2 2,6 1,0 

Azelaic acid, 2TMS 10,597 Std 1,0 3,0 0,9 

Myristic acid, TMS  10,919 95 0,4   
4-Coumaric acid, 2TMS 11,523 99  1,0  
Ethyl palmitate 11,747 99  1,6  
Palmitic Acid, TMS 12,005 Std 33,9 17,6 24,1 

Ferulic acid, 2TMS 12,272 95  0,4  
Linoleic acid, TMS 12,745 99  1,4  
Stearic acid, TMS 12,855 Std 1,3 1,8 1,6 
Aldehydes      
2-Decenal 6,177 Std 1,0   
2,4-Decadienal (isomer 1) 6,528 Std 0,2   
2,4-Decadienal (isomer 2) 6,765 Std 0,5  0,2 
Phthalides      
3-butylphthalide 9,616 Std 4,3 0,7 4,8 

Sedanolide 10,229 Std 1,1 0,6 1,0 
Phenols and coumarins    

 
 

Tyrosol, 2TMS 8,944 Std 1,0 1,9 1,3 

Scopoletin, TMS 12,081 Std 0,2 0,5 0,3 

Xanthotoxin 12,128 97 0,5 0,3 0,4 

Bergapten 12,234 97 0,5 0,3 0,4 

Isopimpinellin 13,016 90  0,2  
Alcohols      
Glycerol, 3TMS 6,342 Std 0,6 2,2 0,2 

Triethylene glycol, 2TMS 8,424 Std  3,6  
1-Hexadecanol, TMS 11,57 Std   2,5 

1-Octadecanol, TMS 12,487 Std   1,3 
Sterols      
Stigmasterol, TMS 25,265 Std 21,2 5,4 5,2 

β-sitosterol, TMS 26,945 98 12,6 5,7 2,6 
Others      
Erythrono-1,4-lactone, 2TMS 7,376 83  0,5 0,7 

Dibutyl phthalate 11,646 Std   0,8 
      

  
 

unidentified     8 21,9 5,3 

Total area   1.96E+08 2.56E+08 1.99E+08 
 253 

 254 

As depicted by the table, SFE1, obtained with 100% supercritical CO2, is, as expected, 255 

relatively enriched of highly hydrophobic and volatile compounds from the celery waste 256 

material, of which some already described in literature, such as palmitic acid, C10 unsaturated 257 
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aldehydes, stigmasterol and β-sitosterol, among others (Daukšas et al., 2002; Sipailiene et al., 258 

2005). Stigmasterol and β-sitosterol are well known added-value phytosterols with multiple 259 

health related beneficial activities and numerous potential applications in food fortification 260 

(Poudel et al., 2023). Furthermore, β-sitosterol was identified as the main active compound in 261 

an acaricidal extract from Lactuca sativa (Li et al., 2018). Two aldehydes, 2-decenal and 2,4-262 

decadienal, that are relatively enriched in fraction SFE1, have been extensively studied for their 263 

activity on the root knot nematode Meloidogyne incognita, and their egg hatch inhibition and 264 

biological cycle arrest effects demonstrated both as single compounds and as a mixture, 265 

depicting a strong synergistic activity at ppm concentrations (Ntalli et al., 2016). The addition 266 

of ethanol as co-solvent increases the polarity of the extracting mixture, generating more polar 267 

fractions, as depicted by the higher relative abundance of succinic acid in SFE2. Some 268 

compounds are spread among different fractions of the cascade extraction, showing that the 269 

use of pure CO2 is not sufficient for their extraction under the applied conditions. This 270 

behaviour is further discussed in section 3.2, where the absolute quantification is performed.  271 

Some of the metabolites that are present in the different extracts and fractions have been tested 272 

by researchers in the past for different applications related to crop protection and 273 

biostimulation. These bioactivities are summarised in Table 2. 274 

Table 2 - Selected metabolites present in the different extracts and fractions and their agriculture related bioactivities 275 

reported in literature. 276 

Compound Bioactivity Mode of action Literature source 

Palmitic acid Acaricidal Mortality Liu et al., 2019 

 Insecticidal Larval viability reduction Pérez-Gutiérrez et al., 2011 

 Antifungal Spore germination inhibition Liu et al., 2008 

 Herbicidal Germination reduction and 

seedling growth inhibition 

Shen et al., 2022 
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Succinic acid Growth and defence mechanisms 

stimulant 

Energy metabolism regulation Morgunov et al., 2017 

 Antibacterial  Growth inhibition “ 

 Antifungal “ “ 

 Nematicidal Mortality “ 

Sedanolide Mosquitocidal Larvae mortality Momin and Nair, 2001 

 Antifungal Growth inhibition “ 

 Nematicidal Mortality “ 

3-

butylphthalide 

Herbicidal Shoots growth reduction, 

germination delay 

Sbai et al., 2017 

 Insecticidal Larvicidal and adulticidal activity, 

acetylcholinesterase inhibitory 

activity 

Tsukamoto et al., 2005 

Scopoletin Antifungal Germ tube elongation and 

conidium germination inhibition, 

fungicidal 

Gnonlonfin et al., 2012 

 Acaricidal  AcChE, Na+ -K+-ATPase and Ca2+-

Mg2+-ATPase inhibition 

Ma et al., 2020; Liu et al., 2023 

Tyrosol Visible light enhanced phytotoxic Leaf necrosis upon puncture Zatout et al., 2021 

 277 

3.2. GC-MS quantification of metabolites of interest 278 

In view of the many interesting potential applications in the agricultural field of the 279 

beforementioned metabolites, an absolute quantification was carried out, and their yields in the 280 

different extracts were calculated. As mentioned before, the samples were subjected to SPE 281 

diol treatment and, for the qualitative analysis of the extract, the ethyl acetate eluates were 282 

analysed. The analysis of the subsequent methanol eluates revealed that palmitic acid and 283 

succinic acid were the only analytes which were partially retained on the cartridge, thus eluting 284 

with both solvents. For this reason, their quantification was carried out by derivatizing and 285 
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analysing the whole extracts. In Table 3 yields of the different extracts and concentrations of 286 

the analytes in these extracts are reported. As depicted by the table, extracts obtained with pure 287 

supercritical carbon dioxide and those obtained with Soxhlet extraction, contained comparable 288 

amounts of the more apolar compounds. Furthermore, in the case of the phthalides, higher 289 

concentrations are obtained with supercritical CO2, although this trend is not statistically 290 

supported. For these compounds it’s also clear that the second SFE step, with addition of the 291 

co-solvent is beneficial, but to a lesser extent than for the other compounds. In fact it is evident 292 

that for some compounds, the sole extraction with 100% CO2 was not sufficient for their 293 

exhaustive recovery from the waste material as the compounds were also present in the 294 

subsequent extracts. This, in particular, applies to palmitic acid, that is the most abundant 295 

compound, and to the more polar compounds succinic acid, scopoletin and tyrosol.   296 

Table 3 – Yields of extractions (expressed as weight percentage) and compounds concentration in the analysed samples 297 

(expressed as mg/g of extract ± sd, n=3 ). 298 

Sample Yield  

(% wt.) 

Palmitic acid Succinic acid 3-Butylphthalide Sedanolide Scopoletin Tyrosol 

SOX 1.78 18.59 ± 4.21 6.16 ± 0.49 2.77 ± 0.34 4.77 ± 0.55 0.66 ± 0.08 0.46 ± 0.04 

SFE1 (100% CO2) 0.39 18.27 ± 2.23 2.77 ± 0.42 3.61 ± 0.57 6.77 ± 0.98 0.57 ± 0.10 0.47 ± 0.12 

SFE2 (15% EtOH) 0.45 7.88 ± 0.66 4.22 ± 0.29 0.55 ± 0.18 1.35 ± 0.26 0.59 ± 0.06 0.46 ± 0.05 

SFE3 (25% EtOH) 0.55 6.36 ± 0.57 1.47 ± 0.97a,b 0.13 ± 0.07 0.31 ± 0.17 0.21 ± 0.12 0.11 ± 0.04 

an=2; b Quantified in the SPE-EtOAc eluate 299 

This behaviour is in accordance with previous reports of supercritical fluid extraction of 300 

scopoletin, in which it was demonstrated that the addition of a co-solvent (ethanol, in the 301 

specific case), was instrumental for the extraction of the metabolite, due to its higher solubility 302 

in a more polar medium (Sajfrtová et al., 2005). This may also apply to succinic acid and to 303 

the polar biophenol tyrosol. It is also evident from the table that traditional Soxhlet extraction 304 
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with ethyl acetate gave a much higher yield of whole extract and, therefore, also much higher 305 

yields of the metabolites of interest, as shown in Figure 2.  306 

 307 

Figure 2 - from left to right: a) yield of palmitic and succinic acid; b) yield of phthalides; c) yield of scopoletin and tyrosol. 308 

All yields are expressed as µg/g of dry waste material. Error bars represent standard deviation. 309 

In Figure 2c, the yields of polar scopoletin and tyrosol in the different fractions are compared, 310 

depicting that the addition of 15% of ethanol allows for a more exhaustive extraction of both 311 

compounds. This applies also to succinic acid, as depicted in Figure 2a. Nevertheless, the 312 

traditional Soxhlet extraction performs better, as depicted in Table 4, in which sums of yields 313 

of the different compounds, extracted with the cascade supercritical fluid extraction (SFE = 314 

SFE1 + SFE2 + SFE3), are compared to the yields obtained via Soxhlet extraction with ethyl 315 

acetate. In this way, it was possible to calculate percentage recoveries obtained via the cascade 316 

supercritical fluid extraction relative to the Soxhlet extraction, considered the most exhaustive 317 

method.  318 

 319 

Table 4 - Percentage recoveries of the cascade supercritical fluid extraction relative to the Soxhlet extraction and estimated 320 

yields (expressed as µg/g of dry biomass.  321 

Compound % recovery Yield (SFE) µg/g 

dry biomass 
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Palmitic acid 42.8 141.7 

Succinic acid 29.4 32.2 

3-Butylphthalide 35.0 17.3 

Sedanolide 40.2 34.2 

Scopoletin 55.2 6.9 

Tyrosol 53.0 4.3 

 322 

 323 

The main difference between the extraction methods can be observed in the total yields of crude 324 

extracts (Table 3). Although the concentrations of metabolites are similar in SOX and in SFE1, 325 

the lower yield of SFE1 gives lower yields of the target metabolites. Optimization of the 326 

cascade supercritical fluid extraction could help to increase its yield and, consequently, the 327 

total recovery of these metabolites of interest, still employing this recognized safe and 328 

sustainable extraction technique. Pressure fluctuation was already proven a successful 329 

technique for increasing the extraction rate from a similar feedstock, with little to no effect on 330 

the chemical composition of the resulting extract (Daukšas et al., 2002). Employment of 331 

optimization techniques, such as response surface methodology (RSM), varying pressure and 332 

temperature can also allow tailoring of the process for a specific material to obtain higher yields 333 

(Kessler et al., 2023). Optimization of the cascade steps could afford extracts enriched with 334 

different classes of metabolites.  335 

The results also suggest that ethyl acetate may have valuable properties for increasing the 336 

efficiency of biomass extraction. Despite the high chemical waste burden associated with 337 

organic solvents, ethyl acetate figures as a “recommended solvent” in the CHEM21 solvent 338 

selection guide (Prat et al., 2015; Funari et al., 2023). This is due to the low toxicity profile and 339 

the low environmental impact. Its moderate boiling point also allows for low-energy-340 

demanding evaporation and subsequent recovery of the solvent. The use of this solvent in green 341 
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extraction techniques, such as microwave assisted extraction, accelerated solvent extraction or 342 

gas expanded liquid extraction could be instrumental for the valorisation of this wide-spread 343 

waste material. Nevertheless, the employment of organic solvents in a biorefinery inspired 344 

process, may represent a limitation in some current regulatory framework, whereas the 345 

employment of supercritical CO2, on the other hand, can be beneficial. This will be further 346 

explained in section 3.3.  347 

The evolutionary cohabitation of plants and pests is a driver for the development of resistance 348 

from either side and has led to the development of a wide range of plant metabolites with 349 

pesticidal activity. The combination of different bioactive compounds in plant extract-derived 350 

biopesticides offers the advantage of combatting pests and diseases through various 351 

mechanisms (Ayilara et al., 2023). We detected several molecules with pesticidal activity in 352 

celery waste suggesting that the extracts are a potential source for creating new crop protection 353 

products. For instance, the fractions SFE1 and SOX contained scopoletin, palmitic acid, β-354 

sitosterol and stigmasterol, molecules for which acaricidal activity has been reported (Cheng 355 

et al., 2012; Li et al., 2018; Liu et al., 2019; Ma et al., 2020). These molecules may have 356 

synergistic or additive activity against mites and specific combinations may be lethal to the 357 

insects even when applied at sublethal doses (Pavela, 2014; Tak and Isman, 2017). A similar 358 

kind of cooperation has been reported for combinations of botanicals and microbial 359 

biopesticides  (Reddy and Chowdary, 2021). Further research is needed to determine the 360 

activity of the acaricidal compounds found in the celery waste, and whether specific 361 

combinations enhance the bioactivity. 362 

3.3. 1H NMR quantification of mannitol in water extracts 363 

 364 
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Mannitol was first identified by comparison of the HSQC spectrum (SI Fig.2) with a reference 365 

spectrum retrieved from the public repository HMDB. As expected, it is the main metabolite 366 

in the water extracts, and its resonance signals are the most prominent in all the 1H NMR spectra 367 

(an illustrative spectrum is available in the Supporting Information SI Fig.1). The different 368 

extracts were evaluated in terms of yield and mannitol content based on 1H NMR 369 

quantification. This technique is characterised by very short analysis time, with limited or no 370 

sample preparation. Nevertheless, high operational costs, absence of a chromatographic 371 

separation (unless in hyphenated setups) and low sensitivity, make it not suitable for all 372 

applications. In our work, being mannitol the main component of the mixture, with 373 

distinguishable and characteristic peaks, q1H-NMR was the most straightforward technique for 374 

its quantification, especially in combination with a standard addition quantification method.  375 

As shown in Table 5, the highest yields are obtained by direct extraction with water and by 376 

extraction with water after Soxhlet extraction, with a negligible difference. Nevertheless, by 377 

summing up yields obtained by ethanol and water extractions after SFE, approximately the 378 

same results are obtained, showing the limited influence of the previous processing steps on 379 

the yield of polar extracts. Fraction SFE4 was generated with bioprospecting purposes, with 380 

the aim of obtaining an extract of medium to high polarity. Nevertheless, 1H-NMR analysis 381 

revealed its composition as very similar to the one of the subsequent aqueous extracts SFE_H. 382 

The higher yield of SFE_H demonstrates that using ethanol alone is not sufficient for obtaining 383 

an exhaustive extraction of mannitol, probably due to the scarce solubility of this compound in 384 

alcohols. This, and the very low recovery obtained from SPE diol filtration of sample SFE4, 385 

demonstrate the limited value of this extraction step. By considering the yields and the mannitol 386 

contents in the different extracts, we calculated mannitol yields (Figure 3). The results 387 

corroborate with the higher yield of mannitol using water and shows that the ethyl acetate 388 

extraction step has very limited influence on the yield of mannitol.  389 
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Table 5  - Yields and mannitol content of the different polar extracts. SOX_H is the water extract of the residue of the 390 

Soxhlet extraction. SFE_4 and SFE_H are the ethanol and water extracts of the residue of the cascade SFE extraction, 391 

respectively. 392 

Sample Yield 

 (% wt) 

Mannitol content  

(mg/g extract) 

H2O 44.6 333.6 

SOX_H 44.5 326.2 

SFE_4 9.4 284.3 

SFE_H 32.3 291.5 

 393 

As demonstrated by Rupérez and Toledano (2003), celery by-products are a good source of 394 

low molecular weight carbohydrates (LMWC), with mannitol being the most abundant (13 – 395 

15% dry weight). They also demonstrated that stalks are the most promising part in terms of 396 

LMWC and mannitol content. In the present work, only waste leaves and roots were subjected 397 

to extraction.  398 

The viability of water extraction of mannitol has been demonstrated from different plant 399 

species and with different techniques. Ghoreishi and Shahrestani (2009) employed subcritical 400 

water to extract mannitol from olive leaves, obtaining an optimum yield of around 6.14% (wt.) 401 

(76.75% wt. of the 8% mannitol weight, as stated in the publication). McElroy et al. (2023) 402 

applied microwave assisted extraction with water as solvent to extract mannitol from 403 

Saccharina latissima, obtaining a yield of 3.6% (wt. mannitol/wt. dry biomass). In this study, 404 

a mannitol yield of 15% (wt. mannitol/wt. dry biomass) is obtained, confirming celery waste 405 

material as a rich source of this sugar alcohol, not only in the stalks, as previously described 406 

(Rupérez and Toledano, 2003), but also in the roots and leaves, which are normally discarded.  407 
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 408 

Figure 3 - Mannitol yields (expressed as % wt.). H2O is the water extract of the celery waste material. SOX_H is the water 409 

extract of the residue of the Soxhlet extraction. SFE_4 and SFE_H are the ethanol and water extracts of the residue of the 410 

cascade SFE extraction, respectively.  411 

 412 

Furthermore, these results show the possibility to obtain from one feedstock, through different 413 

subsequent processes, a diverse set of extracts, with different potential applications in the field 414 

of agriculture, in a phase II biorefinery fashion (Clark and Deswarte, 2015). 415 

In the development of a plant protection product, legislation and regulation need to be taken 416 

into account. In Europe, for example, while for the authorization of a botanical biopesticide 417 

(that falls under the definition of “active substance”, regulated by the European Commission 418 

(2013) (Karamaouna et al., 2023)), there are no particular limitations in the production process 419 

of the active substance, the regulation for biostimulant approval is more stringent. As regulated 420 

by the European Commission (2019), an EU approved biostimulant may contain plant extracts 421 

or parts, but these can only undergo physical processing and/or water or scCO2 extraction.  For 422 

this reason, optimization of a SFE involving the use of solely CO2 would be instrumental for 423 

developing a circular bioeconomy-oriented process, not only for increasing its efficiency and 424 

yield, but also for overcoming regulatory limitations.  425 
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 426 

 427 

 428 

4. Conclusions 429 

With the aim of exploring possible valorisation strategies for celery waste material, two 430 

different extraction approaches were evaluated. Cascade supercritical fluid extraction, with the 431 

use of increasing amounts of ethanol, was compared to a traditional Soxhlet extraction with 432 

ethyl acetate. The resulting extracts were analysed via GC-MS, which revealed the presence of 433 

secondary metabolites with interesting bioactivities. Stepwise increase of polarity, obtained 434 

with the addition of ethanol as co-solvent, generates fractions with different chemical profiles. 435 

The process could be further tailored to obtain better separation and thus fractions with distinct 436 

bioactivities and potential applications. Phthalides (sedanolide and 3-butylphthalide), 437 

phenolics (scopoletin and tyrosol) and organic acids (palmitic and succinic acid) were 438 

quantified in different celery extracts. In term of yields, the employment of hot ethyl acetate 439 

gave better results compared to the supercritical fluid extractions that were applied (without 440 

optimization towards yields). Subsequently extracting the solid residues with ethanol and/or 441 

water, affords extracts rich in mannitol, a known plant osmoregulant, which is the most 442 

abundant extractable metabolite (15% wt./wt. dry biomass) demonstrating the possibility to use 443 

these two techniques in series, in a biorefinery fashion. Our results demonstrate that celery 444 

waste material contains a diverse set of metabolites that can be extracted using eco-friendly 445 

methods, and creates new opportunities to explore potential valorization of this by-product in 446 

a circular bioeconomy fashion.   447 

 448 

 449 



23 
 

5. Acknowledgments 450 

Kathy Elst  (VITO) and Peter De Rechter (VITO) are acknowledged for their contribution to 451 

the SFE analyses, Queenie Simons (VITO) for the water extraction. 452 

6. Funding 453 

This research was funded by Fonds Wetenschappelijk Onderzoek (FWO)—Strategic Basic 454 

research (SBO), grant number S006017N and Ghent University through a BOF-BAS grant 455 

(01B02720) and project (BOF23/CDV/153). 456 

7. Author contributions 457 

Conceptualization: P.M., L.B., S.M.; methodology: P.M., L.B.; formal analysis: P.M.; 458 

resources: D.G., S.M.; writing – original draft preparation: P.M.; writing – review & editing: 459 

L.B., D.G., S.M.; funding acquisition: D.G., S.M., L.B. 460 

8. Competing interests 461 

The authors declare no competing interests. 462 

9. References 463 

Abdulmanea, K., Prokudina, E. A., Lanková, P., Vaníčková, L., Koblovská, R., Zelený, V., et 464 

al. (2012). Immunochemical and HPLC identification of isoflavonoids in the Apiaceae 465 

family. Biochem. Syst. Ecol. 45, 237–243. doi:10.1016/j.bse.2012.08.002. 466 

Ahluwalia, V. K., Boyd, D. R., Jain, A. K., Khanduri, C. H., and Sharma, N. D. (1988). 467 

Furanocoumarin glucosides from the seeds of Apium graveolens. Phytochemistry 27, 468 

1181–1183. doi:10.1016/0031-9422(88)80298-X. 469 

Arumugham, T., K, R., Hasan, S. W., Show, P. L., Rinklebe, J., and Banat, F. (2021). 470 

Supercritical carbon dioxide extraction of plant phytochemicals for biological and 471 



24 
 

environmental applications – A review. Chemosphere 271. 472 

doi:10.1016/j.chemosphere.2020.129525. 473 

Aşkın Uzel, R. (2022). Sustainable green technology for adaptation of circular economy 474 

to valorize agri-food waste: celery root peel as a case study. Manag. Environ. Qual. An 475 

Int. J. doi:10.1108/MEQ-03-2022-0087. 476 

Ayilara, M. S., Adeleke, B. S., Akinola, S. A., Fayose, C. A., Adeyemi, U. T., Gbadegesin, L. 477 

A., et al. (2023). Biopesticides as a promising alternative to synthetic pesticides: A case 478 

for microbial pesticides, phytopesticides, and nanobiopesticides. Front. Microbiol. 14, 479 

1–16. doi:10.3389/fmicb.2023.1040901. 480 

Bas-Bellver, C., Barrera, C., Betoret, N., and Seguí, L. (2020). Turning agri-food cooperative 481 

vegetable residues into functional powdered ingredients for the food industry. Sustain. 482 

12, 1–15. doi:10.3390/su12041284. 483 

Benelli, P., Riehl, C. A. S., Smânia, A., Smânia, E. F. A., and Ferreira, S. R. S. (2010). 484 

Bioactive extracts of orange (Citrus sinensis L. Osbeck) pomace obtained by SFE and 485 

low pressure techniques: Mathematical modeling and extract composition. J. Supercrit. 486 

Fluids 55, 132–141. doi:10.1016/j.supflu.2010.08.015. 487 

Cheng, J., Duan, D. D., Wang, Y. N., Ma, L. Q., Liu, Y. B., and Shi, G. L. (2012). 488 

“Acaricidal activity of stigmasterol from Inula britannica against Tetranychus 489 

cinnabarinus”, in Advances in Intelligent and Soft Computing, 599–609. 490 

doi:10.1007/978-3-642-27537-1_74. 491 

Clark, J., and Deswarte, F. (2015). “The Biorefinery Concept: An Integrated Approach,” in 492 

Introduction to Chemicals from Biomass: Second Edition, 1–29. 493 

doi:10.1002/9781118714478.ch1. 494 



25 
 

D’Antuono, L. F., Neri, R., and Moretti, A. (2002). By-products of vegetable celery (Apium 495 

graveolens L. var. dulce) as potential source of flavours. Acta Hortic. 576, 327–331. 496 

doi:10.17660/ActaHortic.2002.576.49. 497 

Daukšas, E., Rimantas Venskutonis, P., Sivik, B., and Nillson, T. (2002). Effect of fast CO2 498 

pressure changes on the yield of lovage (Levisticum officinale Koch.) and celery (Apium 499 

graveolens L.) extracts. J. Supercrit. Fluids 22, 201–210. doi:10.1016/S0896-500 

8446(01)00115-2. 501 

Deflaoui, L., Setyaningsih, W., Palma, M., Mekhoukhe, A., and Tamendjari, A. (2021). 502 

Phenolic compounds in olive oil by solid phase extraction – Ultra performance liquid 503 

chromatography – Photodiode array detection for varietal characterization. Arab. J. 504 

Chem. 14, 103102. doi:10.1016/j.arabjc.2021.103102. 505 

Elst, K., Maesen, M., Jacobs, G., Bastiaens, L., Voorspoels, S., and Servaes, K. (2018). 506 

Supercritical CO2 Extraction of nannochloropsis sp.: a lipidomic study on the influence 507 

of pretreatment on yield and composition. Molecules 23. 508 

doi:10.3390/molecules23081854. 509 

European Commission (2013). Regulation EU/283/2013. Setting the Data Requirements for 510 

the Approval of Active Substances in EU. Available at: https://eur-lex.europa.eu/legal-511 

content/EN/%0ATXT/PDF/?uri¼CELEX:32013R0283&from¼EN. 512 

European Commission (2019). Regulation of the European parliament and of the council 513 

laying down rules on the making available on the market of EU fertilising products and 514 

amending Regulations (EC) No 1069/2009 and (EC) No 1107/2009 and repealing 515 

Regulation (EC) No 2003/2003. Available at: https://eur-lex.europa.eu/legal-516 

content/EN/TXT/PDF/?uri=CELEX:32019R1009&from=EN. 517 

Eurostat (2023). Crop production in EU standard humidity. Available at: 518 



26 
 

http://data.europa.eu/88u/dataset/u33k8gi1mfygn7hyhunhg. 519 

Fischer, F. C., and Gijbels, M. J. M. (1986). cis- and trans-Neocnidilide; 1H and 13C-NMR 520 

Data of Some Phthalides. Planta Med., 77–80. 521 

Funari, C. S., Rinaldo, D., Bolzani, V. S., and Verpoorte, R. (2023). Reaction of the 522 

Phytochemistry Community to Green Chemistry: Insights Obtained Since 1990. J. Nat. 523 

Prod. 86, 440–459. doi:10.1021/acs.jnatprod.2c00501. 524 

Garg, S. K., Gupta, S. R., and Sharma, N. D. (1979). Coumarins from Apium graveolens 525 

seeds. Phytochemistry 18, 1580–1581. doi:10.1016/S0031-9422(00)98508-X. 526 

Garg, S. K., Gupta, S. R., and Sharma, N. D. (1980). Celerin, a new coumarin from Apium 527 

graveolens. Planta Med. 38, 186–188. doi:10.1055/s-2008-1074862. 528 

Ghoreishi, S. M., and Shahrestani, R. G. (2009). Subcritical water extraction of mannitol 529 

from olive leaves. J. Food Eng. 93, 474–481. doi:10.1016/j.jfoodeng.2009.02.015. 530 

Gnonlonfin, G. J. B., Sanni, A., and Brimer, L. (2012). Review Scopoletin - A Coumarin 531 

Phytoalexin with Medicinal Properties. CRC. Crit. Rev. Plant Sci. 31, 47–56. 532 

doi:10.1080/07352689.2011.616039. 533 

Grembecka, M. (2018). Sugar alcohols. Encycl. Food Chem., 265–275. doi:10.1016/B978-0-534 

08-100596-5.21625-9. 535 

Grigonis, D., Venskutonis, P. R., Sivik, B., Sandahl, M., and Eskilsson, C. S. (2005). 536 

Comparison of different extraction techniques for isolation of antioxidants from sweet 537 

grass (Hierochloë odorata). J. Supercrit. Fluids 33, 223–233. 538 

doi:10.1016/j.supflu.2004.08.006. 539 

Järvenpää, E. P., Jestoi, M. N., and Huopalahti, R. (1997). Quantitative determination of 540 

phototoxic furocoumarins in celeriac (Apium graveolens L. var. rapeceum) using 541 



27 
 

supercritical fluid extraction and high performance liquid chromatography. Phytochem. 542 

Anal. 8, 250–256. doi:10.1002/(SICI)1099-1565(199709/10)8:5<250::AID-543 

PCA368>3.0.CO;2-U. 544 

Karamaouna, F., Economou, L. P., Lykogianni, M., Mantzoukas, S., and Eliopoulos, P. A. 545 

(2023). Biopesticides in the EU: state of play and perspectives after the Green Deal for 546 

agriculture. Dev. Commer. Biopestic. Costs Benefits, 213–239. doi:10.1016/B978-0-323-547 

95290-3.00004-2. 548 

Kaya, C., sonmez, O., Aydemir, S., Ashraf, M., and Dikilitas, M. (2013). Exogenous 549 

application of mannitol and thiourea regulates plant growth and oxidative stress 550 

responses in salt-stressed maize (Zea mays L.). J. Plant Interact. 8, 234–241. 551 

doi:10.1080/17429145.2012.725480. 552 

Kessler, J. C., Manrique, Y. A., Martins, I. M., Rodrigues, A. E., Barreiro, M. F., and Dias, 553 

M. M. (2023). Moringa oleifera L. Screening: SFE-CO2 Optimisation and Chemical 554 

Composition of Seed, Leaf, and Root Extracts as Potential Cosmetic Ingredients. 555 

Separations 10. doi:10.3390/separations10030210. 556 

Kips, L., and Van Droogenbroeck, B. (2014). Valorisatie van groente- en fruitreststromen: 557 

opportuniteiten en knelpunten. ILVO Meded. 165, 70. 558 

Kitajima, J., Ishikawa, T., and Satoh, M. (2003). Polar constituents of celery seed. 559 

Phytochemistry 64, 1003–1011. doi:10.1016/S0031-9422(03)00461-8. 560 

Lefebvre, T., Destandau, E., and Lesellier, E. (2021). Selective extraction of bioactive 561 

compounds from plants using recent extraction techniques: A review. J. Chromatogr. A 562 

1635, 461770. doi:10.1016/j.chroma.2020.461770. 563 

Li, F., Liu, Q., Cai, W., and Shao, X. (2009). Analysis of scopoletin and caffeic acid in 564 



28 
 

tobacco by GC-MS after a rapid derivatization procedure. Chromatographia 69, 743–565 

748. doi:10.1365/s10337-008-0938-2. 566 

Li, M., Zhang, Y., Ding, W., Luo, J., Li, S., and Zhang, Q. (2018). Effect of acaricidal 567 

components isolated from lettuce (Lactuca sativa) on carmine spider mite (Tetranychus 568 

cinnabarinus Boisd.). Bull. Entomol. Res. 108, 314–320. 569 

doi:10.1017/S0007485317000748. 570 

Li, P., Jia, J., Zhang, D., Xie, J., Xu, X., and Wei, D. (2014). In vitro and in vivo antioxidant 571 

activities of a flavonoid isolated from celery (Apium graveolens L. var. dulce). Food 572 

Funct. 5, 50–56. doi:10.1039/c3fo60273g. 573 

Liu, C., Zheng, P., Wang, H., Wei, Y., Wang, C., and Hao, S. (2023). Design and Synthesis 574 

of Scopoletin Sulfonate Derivatives as Potential Insecticidal Agents. Molecules 28, 530. 575 

doi:https://doi.org/10.3390/molecules28020530. 576 

Liu, G., Zhuang, L., Song, D., Lu, C., and Xu, X. (2017). Isolation, purification, and 577 

identification of the main phenolic compounds from leaves of celery (Apium graveolens 578 

L. var. dulce Mill./Pers.). J. Sep. Sci. 40, 472–479. doi:10.1002/jssc.201600995. 579 

Liu, S., Ruan, W., Li, J., Xu, H., Wang, J., Gao, Y., et al. (2008). Biological Control of 580 

Phytopathogenic Fungi by Fatty Acids. Mycopathologia, 93–102. doi:10.1007/s11046-581 

008-9124-1. 582 

Liu, Y., Liu, J., Gao, Y., Yao, J., Zhao, J., and Dai, G. (2019). Effect of acaricidal compound 583 

extracted from Arachis hypogaea Linn against Tetranychus cinnabarinus. J. Appl. 584 

Entomol., 948–956. doi:10.1111/jen.12654. 585 

Ma, X. feng, Zhang, Y. yuan, Guo, F. you, Luo, J. xiang, Ding, W., and Zhang, Y. qiang 586 

(2020). Molecular characterization of a voltage-gated calcium channel and its potential 587 



29 
 

role in the acaricidal action of scopoletin against Tetranychus cinnabarinus. Pestic. 588 

Biochem. Physiol. 168, 104618. doi:10.1016/j.pestbp.2020.104618. 589 

Malhotra, S. K. (2006). “Handbook of Herbs and Spices,” in Handbook of Herbs and Spices, 590 

ed. K. V. Peter (Cambridge, England: Woodhead Publishing Limited), 317–336. 591 

doi:10.1533/9781845691717. 592 

Marongiu, B., Piras, A., Porcedda, S., Falconieri, D., Maxia, A., Frau, M. A., et al. (2013). 593 

Isolation of the volatile fraction from Apium graveolens L. (Apiaceae) by supercritical 594 

carbon dioxide extraction and hydrodistillation: Chemical composition and antifungal 595 

activity. Nat. Prod. Res. 27, 1521–1527. doi:10.1080/14786419.2012.725402. 596 

McElroy, C. R., Kopanitsa, L., Helmes, R., Fan, J., Attard, T. M., Simister, R., et al. (2023). 597 

Integrated biorefinery approach to valorise Saccharina latissima biomass: Combined 598 

sustainable processing to produce biologically active fucoxanthin, mannitol, fucoidans 599 

and alginates. Environ. Technol. Innov. 29, 103014. doi:10.1016/j.eti.2023.103014. 600 

Mena-García, A., Ruiz-Matute, A. I., Soria, A. C., and Sanz, M. L. (2019). Green techniques 601 

for extraction of bioactive carbohydrates. TrAC - Trends Anal. Chem. 119, 115612. 602 

doi:10.1016/j.trac.2019.07.023. 603 

Mencherini, T., Cau, A., Bianco, G., Loggia, R. Della, Aquino, R. P., and Autore, G. (2007).  604 

An extract of Apium graveolens var. dulce leaves: structure of the major constituent, 605 

apiin, and its anti-inflammatory properties . J. Pharm. Pharmacol. 59, 891–897. 606 

doi:10.1211/jpp.59.6.0016. 607 

Misic, D., Tadic, V., Korzeniowska, M., and Nisavic, J. (2020). Supercritical Fluid Extraction 608 

of Celery and Parsley Fruit-Chemical Composition and Antibacterial activity. Molecules 609 

25, 1–12. 610 



30 
 

Moldoveanu, S. C., and David, V. (2018). “Derivatization Methods in GC and GC/MS,” in 611 

Gas Chromatography, ed. P. Kusch (Rijeka: IntechOpen). 612 

doi:10.5772/intechopen.81954. 613 

Momin, R. A., and Nair, M. G. (2001). Mosquitocidal, Nematicidal, and Antifungal 614 

Compounds from Apium graveolens L. Seeds. J. Agric. Food Chem. 49, 142–145. 615 

doi:10.1021/jf001052a. 616 

Morgunov, I. G., Kamzolova, S. V., Dedyukhina, E. G., Chistyakova, T. I., Lunina, J. N., 617 

Mironov, A. A., et al. (2017). Application of organic acids for plant protection against 618 

phytopathogens. Appl. Microbiol. Biotechnol. 101, 921–932. doi:10.1007/s00253-016-619 

8067-6. 620 

Ntalli, N., Oplos, C., Michailidis, M., Thanasenaris, A., Kontea, D., Caboni, P., et al. (2016). 621 

Strong synergistic activity and egg hatch inhibition by (E,E)-2,4-decadienal and (E)-2-622 

decenal in Meloidogyne species. J. Pest Sci. (2004). 89, 565–579. doi:10.1007/s10340-623 

015-0711-x. 624 

Oguro, D., and Watanabe, H. (2011a). Asymmetric synthesis and sensory evaluation of 625 

sedanenolide. Biosci. Biotechnol. Biochem. 75, 1502–1505. doi:10.1271/bbb.110206. 626 

Oguro, D., and Watanabe, H. (2011b). Synthesis and sensory evaluation of all stereoisomers 627 

of sedanolide. Tetrahedron 67, 777–781. doi:10.1016/j.tet.2010.11.035. 628 

Papamichail, I., Louli, V., and Magoulas, K. (2000). Supercritical fluid extraction of celery 629 

seed oil. J. Supercrit. Fluids 18, 213–226. 630 

Pavela, R. (2014). Acute, synergistic and antagonistic effects of some aromatic compounds 631 

on the Spodoptera littoralis Boisd. (Lep., Noctuidae) larvae. Ind. Crops Prod. 60, 247–632 

258. doi:10.1016/j.indcrop.2014.06.030. 633 



31 
 

Pérez-gutiérrez, S., Zavala-sánchez, M. A., González-chávez, M. M., Cárdenas-ortega, N. C., 634 

and Ramos-lópez, M. A. (2011). Bioactivity of Carica papaya (Caricaceae) against 635 

Spodoptera frugiperda (Lepidoptera: Noctuidae). 7502–7509. 636 

doi:10.3390/molecules16097502. 637 

Poudel, P., Petropoulos, S. A., and Di Gioia, F. (2023). Plant Tocopherols and Phytosterols 638 

and Their Bioactive Properties. , ed. M. Carocho et al. Springer Nature Switzerland 639 

doi:10.1007/978-3-031-18587-8. 640 

Prat, D., Wells, A., Hayler, J., Sneddon, H., McElroy, C. R., Abou-Shehada, S., et al. (2015). 641 

CHEM21 selection guide of classical- and less classical-solvents. Green Chem. 18, 288–642 

296. doi:10.1039/c5gc01008j. 643 

Reddy, D. S., and Chowdary, N. M. (2021). Botanical biopesticide combination concept—a 644 

viable option for pest management in organic farming. Egypt. J. Biol. Pest Control 31. 645 

doi:10.1186/s41938-021-00366-w. 646 

Reverchon, E., and De Marco, I. (2006). Supercritical fluid extraction and fractionation of 647 

natural matter. J. Supercrit. Fluids 38, 146–166. doi:10.1016/j.supflu.2006.03.020. 648 

Rupérez, P., and Toledano, G. (2003). Celery by-products as a source of mannitol. Eur. Food 649 

Res. Technol. 216, 224–226. doi:10.1007/s00217-003-0663-x. 650 

Sajfrtová, M., Sovová, H., Opletal, L., and Bártlová, M. (2005). Near-critical extraction of β-651 

sitosterol and scopoletin from stinging nettle roots. J. Supercrit. Fluids 35, 111–118. 652 

doi:10.1016/j.supflu.2004.12.008. 653 

Sanahuja, A. B., Landete, M. P., Martínez, M. I. D., Moya, M. S. P., and García, A. V. 654 

(2021). Optimization of volatile compounds extraction from industrial celery (Apium 655 

graveolens) by-products by using response surface methodology and study of their 656 



32 
 

potential as antioxidant sources. Foods 10. doi:10.3390/foods10112664. 657 

Sbai, H., Zribi, I., DellaGreca, M., and Haouala, R. (2017). Bioguided fractionation and 658 

isolation of phytotoxic compounds from Apium graveolens L. aerial parts (Apiaceae). 659 

South African J. Bot. 108, 423–430. doi:10.1016/j.sajb.2016.09.011. 660 

Seckin, B., Sekmen, A. H., and Türkan, I. (2009). An enhancing effect of exogenous 661 

mannitol on the antioxidant enzyme activities in roots of wheat under salt stress. J. Plant 662 

Growth Regul. 28, 12–20. doi:10.1007/s00344-008-9068-1. 663 

Shen, S., Ma, G., Xu, G., Li, D., Jin, G., Yang, S., et al. (2022). Allelochemicals Identified 664 

From Sweet Potato (Ipomoea batatas) and Their Allelopathic Effects on Invasive Alien 665 

Plants. Front. Plant Sci. 13, 1–9. doi:10.3389/fpls.2022.823947. 666 

Sipailiene, A., Venskutonis, P. R., Sarkinas, A., and Cypiene, V. (2005). Composition and 667 

antimicrobial activity of celery (Apium graveolens) leaf and root extracts obtained with 668 

liquid carbon dioxide. Acta Hortic. 677, 71–77. doi:10.17660/ActaHortic.2005.677.9. 669 

Sowbhagya, H. B. (2019). Value-added processing of by-products from spice industry. Food 670 

Qual. Saf. 3, 73–80. doi:10.1093/fqsafe/fyy029. 671 

Stoop, J. M. H., Williamson, J. D., and Pharr, D. M. (1996). Mannitol metabolism in plants: a 672 

method for coping with stress. Trends Plant Sci. 1. 673 

Tak, J. H., and Isman, M. B. (2017). Acaricidal and repellent activity of plant essential oil-674 

derived terpenes and the effect of binary mixtures against Tetranychus urticae Koch 675 

(Acari: Tetranychidae). Ind. Crops Prod. 108, 786–792. 676 

doi:10.1016/j.indcrop.2017.08.003. 677 

Tang, J., Zhang, Y., Hartman, T. G., Rosen, R. T., and Ho, C. T. (1990). Free and 678 

Glycosidically Bound Volatile Compounds in Fresh Celery (Apium graveolens L.). J. 679 



33 
 

Agric. Food Chem. 38, 1937–1940. doi:10.1021/jf00100a013. 680 

Thermo Scientific (2011). HyperSep Columns Application Notebook – Removing 681 

Uncertainty by Applying Science to SPE. \. 682 

Tsukamoto, T., Ishikawa, Y., and Miyazawa, M. (2005). Larvicidal and adulticidal activity of 683 

alkylphthalide derivatives from rhizome of Cnidium officinale against Drosophila 684 

melanogaster. J. Agric. Food Chem. 53, 5549–5553. doi:10.1021/jf050110v. 685 

Tzeng, T. C., Lin, Y. L., Jong, T. T., and Chang, C. M. J. (2007). Ethanol modified 686 

supercritical fluids extraction of scopoletin and artemisinin from Artemisia annua L. 687 

Sep. Purif. Technol. 56, 18–24. doi:10.1016/j.seppur.2007.01.010. 688 

Uhlig, J. W., Chang, A., and Jen, J. J. (1987). Effect of Phthalides on Celery Flavor. J. Food 689 

Sci. 52, 658–660. doi:10.1111/j.1365-2621.1987.tb06696.x. 690 

Yao, Y., Sang, W., Zhou, M., and Ren, G. (2010). Phenolic composition and antioxidant 691 

activities of 11 celery cultivars. J. Food Sci. 75, 9–13. doi:10.1111/j.1750-692 

3841.2009.01392.x. 693 

Zatout, R., Cimmino, A., Cherfia, R., and Chaouche, N. K. (2021). Isolation of tyrosol the 694 

main phytotoxic metabolite produced by the edible fungus Agaricus litoralis. Egypt. J. 695 

Chem. 64, 5741–5745. doi:10.21608/ejchem.2021.71027.3573. 696 

Zhou, K., Zhao, F., Liu, Z., Zhuang, Y., Chen, L., and Qiu, F. (2009). Triterpenoids and 697 

flavonoids from celery (Apium graveolens). J. Nat. Prod. 72, 1563–1567. 698 

doi:10.1021/np900117v. 699 

Zhu, L. H., Bao, T. H., Deng, Y., Li, H., and Chen, L. X. (2017). Constituents from Apium 700 

graveolens and their anti-inflammatory effects. J. Asian Nat. Prod. Res. 19, 1079–1086. 701 

doi:10.1080/10286020.2017.1381687. 702 



34 
 

 703 

 704 



Supporting information 

An exploratory study of extractions of celery (Apium graveolens L.) waste 
material as source of bioactive compounds for agricultural applications 

Pierfrancesco Mottia, Leen Bastiaensb, Danny Geelenc, Sven Mangelinckxa 

a SynBioC research group, Department of Green Chemistry and Technology, Faculty of Bioscience 
Engineering, Ghent University, Coupure Links 653, 9000 Ghent, Belgium. 

b Flemish Institute for Technological Research (VITO), Boeretang 200, 2400 Mol, Belgium. 

c HortiCell, Department of Plants and Crops, Faculty of Bioscience Engineering, Ghent University, 
Coupure Links 653, 9000 Ghent, Belgium. 

 

 

 

Synthesis of 3-butylphthalide 

The compound was synthesized according to (Desi Reddy and Padaki, 2020) with some modifications. 
Briefly, the Grignard reagent was prepared from 500 mg of Mg flakes in 6 mL of THF. To this 2 mL 
of butyl chloride (19 mmol) in 4.6 mL of THF were slowly added under inert atmosphere. The reaction 
mixture was stirred at room temperature (occasionally warmed up with external hot air) until most of 
the Mg flakes were disappeared. 1 g of 2-carboxybenzaldehyde (6.7 mmol) were added to the obtained 
Grignard reagent, and the reaction mixture was stirred at 30 °C overnight. In order to quench the 
reaction, 4 mL of a saturated solution of NH4Cl were slowly added. Afterwards, 4 mL of HCl (18%) 
were added and the reaction was left under vigorous stirring for 3 h. The mixture was extracted 3 times 
with 10 mL of ethyl acetate and the organic layers were collected together and washed with 10 mL of 
a saturated NaHCO3 solution twice. This was then dried over MgSO4 and evaporated in vacuo. 
Purification of the 3-butylphthalide was achieved using reverse phase automatic flash chromatography 
(Grace Reveleris flash chromatography system) employing a H2O/acetonitrile gradient. The isolated 
fraction was evaporated in vacuo, then dissolved in diethyl ether with the addition of concentrated HCl, 
in order to remove the impurities. After 3 h of stirring at room temperature, water was added, and the 
organic layer collected. The water phase was washed with hexane to recover the product. The two 
organic phases were collected together, dried over MgSO4, filtered and evaporated in vacuo. This 
afforded pure 3-butylphthalide, whose identity was confirmed via 1H and 13C NMR, and LC-ESI-MS 
analysis with literature data comparison (Sbai et al., 2017).  

 

Isolation of sedanolide 

Crude celery material was extracted with hexane, with the use of a Soxhlet apparatus (S/L 1:30, 5 h). 
The resulting extract was chromatographed using a Grace Reveleris flash chromatography system. A 
C-18 silica gel column was used. A gradient of water/acetonitrile was employed as mobile phase (3 CV 
from 30% to 70%, 10 CV on 70% and 3 CV from 70% to 100%). Fractions were automatically grouped 
according to the UV light absorption at 226 and 254 nm. This afforded 3.1 mg of pure sedanolide, 
whose identity was confirmed via 1H and 13C NMR, and LC-ESI-MS analysis with literature data 
comparison (Sbai et al., 2017) 

 

 



 

 

SI Fig.1 - Example of a 1H NMR spectrum of celery waste material water extract (SOX_H), with integration regions employed 
for the quantification. 

 

 

SI Fig. 2 - Illustrative HSQC spectrum of the sample "H2O" 

SI Table 1 - Peak list of the illustrative HSQC spectrum of the sample "H2O" 

Peak 1H NMR shift (ppm) 13C NMR shift (ppm) 
1 3.86 65.84 
2 3.78 71.87 
3 3.76 73.47 
4 3.67 65.84 

 



 

 

SI Fig. 3 - Total Ion Chromatogram (TIC) of sample SFE1 

 

 

SI Fig. 4 - TIC of sample SFE2  

 

 

 

 

 

 

 

 

 



 

 

 

SI Fig. 5 - TIC of sample SOX  

 

 

SI Fig. 6- Mass spectrum of 4-hydroxynon-2-enoic acid with assignments of main identifying fragments 

 

 

 

 

 

 

 

 



 

 

SI Fig. 7 - Mass spectrum of myristic acid with assignments of main identifying fragments 

 

 

SI Fig. 8 - Mass spectrum of ethyl palmitate with assignments of main identifying fragments 

 

 

 

 

 

 

 



 

 

 

SI Fig. 9 - Mass spectrum of 4-coumaric acid, 2TMS with assignments of main identifying fragments 

 

 

SI Fig. 10 - Mass spectrum of ferulic acid, 2TMS with assignments of main identifying fragments 

 

 

 

 

 



 

 

 

SI Fig. 11 - Mass spectrum of xanthotoxin with assignments of main identifying fragments 

 

 

SI Fig. 12 - Mass spectrum of bergapten with assignments of main identifying fragments 

 

 

 



 

 

 

SI Fig. 13 - Mass spectrum of isopimpinellin with assignments of main identifying fragments 

 

 

SI Fig. 14 - Mass spectrum of β-sitosterol TMS with assignments of main identifying fragments 

 

 

 

 

 



 

 

 

SI Fig. 15 - Mass spectrum of erythrono-1,4-lactone TMS with assignments of main identifying fragments 
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