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A B S T R A C T   

The extraction of volatile fatty acids (VFAs) from an aqueous solution derived by fermentation of food waste is a 
key challenge in the context of the circular economy, thanks to their high economic and environmental impact 
due to their wide-ranging use in various industrial fields. In this work, we compared two different extraction 
methods: one novel and one classical. Firstly, iron oxide nanoparticles of around 10 nm were prepared and used 
as they are or functionalised using (3-Aminopropyl)triethoxysilane) (APTES) molecules, adipic acid and oleic 
acid. This was compared with a traditional industrial method (liquid–liquid extraction) that can guarantee high 
extraction of VFAs with high reproducibility. Indeed the use of dichloromethane, hexane, methyl tert-butyl ether 
and oleic acid presented extraction values of up to 30 % while iron oxide NPs showed results with low repro-
ducibility. The comparison demonstrated the use of oleic acid as a promising solvent for liquid–liquid extraction 
of VFAs.   

1. Introduction 

Volatile fatty acids (VFAs) are widely used in the chemical, phar-
maceutical and food industries (Wu et al., 2023; Agnihotri et al., 2022; 
López-Garzón and Straathof, 2014; Yesil et al., 2021). They are short- 
chain carboxylic acids that contain from two to eight carbon atoms 
(Banel and Zygmunt, 2011; van den Bruinhorst et al., 2018). The 
continuous growth in market demand is due to their wide-ranging 
application for producing paint, plastics, synthetic fibres, emulsions, 
coating formulations, pesticides, flavours, supplements and antibiotics 
(Atasoy et al., 2018; Patel et al., 2021). About 90 % of VFA production is 
derived via petrochemical routes with negative effects on the environ-
ment (Atasoy et al., 2018; Fufachev et al., 2020). There are also bio- 
based production methods, but the high costs and the low efficiency 
resulting from inhibiting bacteria at low pH (Atasoy et al., 2018) limits 
their use. For these reasons interest in searching for alternative methods 
for VFA production is spreading. In particular, the recovery of chemical 
products from waste streams represents a promising strategy in the 
context of the circular economy (Hernandez et al., 2021; Lee et al., 2014; 

Awasthi et al., 2023; Witek-Krowiak et al., 2022). One method is rep-
resented by the so called Carboxylate Platform, based on converting 
organic feedstock from industrial and agricultural waste into short-chain 
carboxylates as chemical intermediates, by hydrolysis and fermentation 
under anaerobic conditions, and then into complex fuels (Yesil et al., 
2021; Andersen et al., 2015; Yin et al., 2022; Sapmaz et al., 2022). The 
price of intermediate compounds is fifteen times higher per ton than 
fuels (Andersen et al., 2015) and, in turn, the increasing cost of 
petroleum-derived raw materials increases the commercial cost of VFAs 
(Zacharof and Lovitt, 2013). Various studies have been conducted on 
producing chemicals while reducing the environmental impact or 
avoiding petrochemical routes (Du et al., 2013; Garcia Alba et al., 2012; 
Luque et al., 2014; van Putten et al., 2013; Zakzeski et al., 2010). The 
idea of using the Carboxylate Platform in order to recover VFAs from 
food waste minimizes the negative effect of traditional VFA production 
on the environment and at the same time represents an economic 
advantage. As reported by FAO, 14 % of food, valued at an estimated 
USD 400 billion, is lost between being harvested and up to, but not 
including, retail. Seventeen percent more is wasted at the retail and 

* Corresponding authors. 
E-mail addresses: filippo.rossi@polimi.it (F. Rossi), maurizio.masi@polimi.it (M. Masi).  

Contents lists available at ScienceDirect 

Chemical Engineering Science 

journal homepage: www.elsevier.com/locate/ces 

https://doi.org/10.1016/j.ces.2024.120370 
Received 9 November 2023; Received in revised form 6 June 2024; Accepted 10 June 2024   

mailto:filippo.rossi@polimi.it
mailto:maurizio.masi@polimi.it
www.sciencedirect.com/science/journal/00092509
https://www.elsevier.com/locate/ces
https://doi.org/10.1016/j.ces.2024.120370
https://doi.org/10.1016/j.ces.2024.120370
https://doi.org/10.1016/j.ces.2024.120370
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ces.2024.120370&domain=pdf


Chemical Engineering Science 298 (2024) 120370

2

consumer levels (https://www.fao.org/policy-support/policy-themes/ 
food-loss-food- waste/en). Every year about 1,3 billion tons of edible 
food waste are produced (https://www.fao.org/sustainable-food-va 
lue-chains/library/details/en/c/266053) and in Europe alone, about 
129 million tons of food wastage are generated every year, of which 46 
% is produced at the consumption stage followed by primary production 
(25 %), processing and manufacturing (24 %), and distribution and 
retailing (5 %) (Caldeira et al., 2019). 

Nowadays, the organic fraction of solid waste can be treated in 
various ways. The increased cost resulting from European directives on 
landfilling has limited its use as a treatment method (Capson-Tojo et al., 
2016), as it also leads to environmental issues such as leaching, green-
house gasses and odour production. Aerobic digestion produces rich soil 
used as fertiliser in agriculture, but it produces a low value-added 
product (Capson-Tojo et al., 2016; Balasubramani et al., 2023). Its use 
is limited in most of countries and in Europe it represents only 8 % of all 
household food waste treatments (https://www.unep.org/resource 
s/report/unep-food-waste-index-report-2021). However, the economic 
value of biogas and digestate is limited, spurring the development of 
alternative approaches to yield higher-value end-products represented 
by VFAs (Gianico et al., 2021; Xing et al., 2023). There are three prin-
cipal methods used to recover VFAs from a solution: liquid–liquid 
extraction (LLE), adsorption and membrane separation (Emam et al., 
2023; Emam et al., 2022; Abdelhameed et al., 2021; Abdelhameed et al., 
2018; Reyhanitash et al., 2017). LLE is based on using two immiscible 
solvents in order to favour the passage of the product from one phase to 
the other based on their chemical potential (Ramos-Suarez et al., 2021; 
Alkaya et al., 2009). This is the most studied technology for recovering 
carboxylic acids (López-Garzón and Straathof, 2014) and the most 
practical method used when the carboxylic acid content in an aqueous 
solution is below 50 wt% (Reyhanitash et al., 2018). Membrane sepa-
ration consists of using a semipermeable membrane able to separate the 
product (Reyes et al., 2020) selectively. The passage across the mem-
brane can be driven by pressure, concentration gradients or an electrical 
field (Li et al., 2023; Mazumder et al., 2020). The adsorption method 
allows the interaction of the molecule from the liquid or gas phase with a 
surface (Atasoy et al., 2018; Reyhanitash et al., 2018). This work focuses 
on recovering VFAs from an aqueous solution, that mimics the compo-
sition of the fermentation broth derived from food waste. The 
complexity of using a mixture, instead of using single molecule solu-
tions, focuses the attention on possible problems related to selectivity 
and mutual interactions in VFA extraction. In this framework we 
compared an innovative method based on the use of functionalised 
magnetite nanoparticles as adsorbent agents and a classical one based on 
the liquid–liquid extraction method (LLE). For the first method, 
magnetite nanoparticles (MNPs) were synthesised using the co- 
precipitation method from hydrated FeCl2 and FeCl3 (Eskandari and 
Hasanzadeh, 2021; Rozi et al., 2016). Three different molecules were 
then used for to coat of nanoparticles in order to exploit different in-
teractions with the VFAs present in the liquid fermented solution. 

(3-Aminopropyl)triethoxysilane (APTES) was chosen to allow an 
electrostatic interaction with the VFAs, while adipic acid (AA) and oleic 
acid (OA) were selected to have a hydrophobic interaction. The possi-
bility of using magnetic NPs for this purpose can be very promising and 
was compared here with different solvents used for the liquid–liquid 
extraction technique. 

2. Material and methods 

2.1. Materials 

Ethanol (≥99.8 %), formic acid (≥95 %), methanol (≥99.8 %), so-
dium acetate (≥99 %), sodium propionate (≥99 %), sodium butyrate 
(98 %), isobutyric acid (99 %), valeric acid (≥99 %), isovaleric acid (99 
%), and sodium hexanoate (99–100 %) were obtained from SigmaAl-
drich®. APTES (99 %), Iron (II) chloride tetrahydrate (FeCl2⋅4H2O, 98 

%), Iron (III) chloride hexahydrate (FeCl3⋅6H2O, 97 %), NaOH, anhy-
drous pellets (>98 %), oleic acid (OA) (>90 %) and adipic acid (AA) 
(>99 %), which are the materials adopted for the synthesis of MNPs and 
functionalised MNPs (F-MNPs), were bought from the same provider. 1 
M HCl was purchased by Fisher chemical, Fisher Scientific®. A cationic 
exchange resin, specifically Amberlyst 15wet purchased from Rohm and 
Haas, was used. 

2.2. Preparation of synthetic fermentation broth 

Ethanol (C2H6O, MW = 46.07 g/mol, ≥99.8 %), sodium acetate 
(C2H3NaO2, MW = 82.03 g/mol, ≥99 %), sodium propionate 
(C3H5NaO2, MW = 96.06 g/mol, ≥99 %), sodium butyrate (C4H7NaO2, 
MW = 110.09 g/mol, 98 %), isobutyric acid (C4H8O2, MW = 88.11 g/ 
mol, 99 %), valeric acid (C5H10O2, MW = 102.13 g/mol, ≥99 %), iso-
valeric acid (C5H10O2, MW = 102.13 g/mol, 99 %), and sodium hex-
anoate (C6H11NaO2, MW = 138.14 g/mol, 99–100 %) were dissolved in 
250 mL of distilled water obtaining a total amount of about 19000 ppm 
(mass based) reflecting a typical composition of an enhanced food waste 
fermentation broth targeted for caproate production (Table 1). The pH 
of the final solution was between 5 and 6. 

2.3. Synthesis of Fe3O4 NPs 

The co-precipitation method was used for the synthesis of MNPs. 
1.057 g of FeCl2⋅4H2O and 2.523 g of FeCl3⋅6H2O were dissolved in 
106.6 mL of deionized water and the solution was stirred at 100 ◦C and 
400 rpm for 1 h, in a nitrogen atmosphere. Then, 33.3 mL of NaOH (9.98 
M) were added to the reaction mixture, which was stirred for another 1 
hour. At the end, the solution was cooled at room temperature and 
washed three times with distilled water. NPs were recovered at the 
bottom of the flask after every washing step using an external magnet 
(neodymium fishing magnet model NJD90 by Wukong®). 

2.4. APTES@MNPs functionalisation 

According to the procedure described by Feng et al. (Feng et al., 
2008); 2.25  mL of APTES (C9H23NO3Si, MW = 221.37 g/mol, 99 %) 
were added to 9 mL of 0.5 M HCl and the solution was heated at 45 ◦C for 
20 min in order to remove the ethanol which is formed during the re-
action. Finally, the solution was dried under a vacuum at 45 ◦C for 5 
min. 

A 1:4 M ratio between MNPs and hydrolysed APTES was selected for 
the functionalisation. 550 mg of MNPs were dissolved in 50 mL of 
deionized water and 2.12 g of hydrolysed APTES solution were added. 
The solution was stirred constantly for 5 h at 60 ◦C in a nitrogen at-
mosphere. After cooling at room temperature, the MNPs were washed 
once with deionized water and once with ethanol. Finally, they were 
dried in a vacuum. 

2.5. OA@MNPs/AA@MNPs functionalisation 

In this case, functionalisation of the nanoparticles was done in the 

Table 1 
Quantities of VFAs used in the synthetic solution representing the fermentation 
broth.  

Compound Quantity [g] Concentration [ppm] % 

Ethanol  0.691 2765.6 14.4 
Sodium acetate  1.334 5334.8 27.9 
Sodium propionate  0.246 982.4 5.1 
Isobutyric acid  0.0696 278.4 1.5 
Sodium butyrate  0.628 2510 13.1 
Isovaleric acid  0.0363 145.2 0.8 
Valeric acid  0.345 1380 7.2 
Sodium hexanoate  1.436 5743 30  
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same steps as those for MNPs synthesis. 0.478 g of adipic acid were 
added into 9.56 mL of water. For oleic acid, 4 mL of water and ethanol 
were added to 1.042 mL of oleic acid. After the addition of a 10 M NaOH 
solution in the MNPs synthesis reaction, the respective acid solution 
(OA/AA) was added and the reaction continued under the same condi-
tions as MNPs synthesis. At the end the solution was cooled down, the 
reaction solvent was removed, and the particles were washed twice with 
80 mL of deionized water. 

2.6. Nps characterisation 

An X-ray diffraction experiment was carried out by SAMM laboratory 
at Politecnico di Milano using an Empyrean diffractometer by Malvern 
Panalytical®, equipped with Cu radiation (K-Alpha1, wavelength =
1.54060 Å) and it was carried out at 25 ◦C. 

Transmission electron microscopy micrographs were collected using 
a TEM-Zeiss LIBRA 200FE instrument, equipped with a 200 kV FEG, in 
column, second-generation omega filter for energy selective spectros-
copy (EELS) and imaging (ESI), HAADF STEM facility, EDS probe for 
chemical analysis, and integrated tomographic HW and SW systems. 

TEM specimens were prepared by dropping an aqueous solution of 
NPs onto a carbon-coated copper grid (300 mesh) and evaporating the 
solvent. The particle size distribution was estimated using the ITEM- 
TEM Imaging platform—Olympus Soft Imaging Solutions. 

FT-IR analysis was performed using a Varian 640-IR spectrometer 
equipped with a single bounce ZnSe ATR accessory. The attenuated total 
reflection (ATR) technique was applied. 

Thermogravimetric analysis (TGA) was done on lyophilised samples. 
The instrument was an SDT Q6000 PerkinElmer used with a temperature 
increase of 10 ◦C/min, starting from 30 ◦C and up to 900 ◦C. 

Elemental analysis was performed on freeze dried samples using a 
COSTECH ECS 4010 instrument. 

2.7. Adsorption and desorption tests using iron oxide nanoparticles 

Dry nanoparticles were dispersed in 6 mL of the VFA solution at 
different concentrations (5 mg/mL, 10 mg/mL, 15 mg/mL, 23 mg/mL, 
30 mg/mL) and stirred at 700 rpm for 5 min. Then, the NPs were 

collected from the bottom of the vial using a magnet and the supernatant 
was extracted. The extracted volume (5 mL) was treated as described in 
the following paragraph (2.7). The residual VFA solution remained after 
the adsorption was removed leaving a defined quantity before con-
ducting the desorption tests. Methanol (6 mL) was selected as the 
desorption solvent for tests on OA@MNPs and AA@MNPs. A 1 M NaOH 
(6 mL) aqueous solution (pH 14) was tested for desorption on 
APTES@MNPs. 

2.8. Liquid-liquid extraction (LLE) 

Different solvents were used for the LLE: dichloromethane (DCM), 
methyl tert-butyl ether (MTBE), n-hexane and oleic acid. The extraction 
was performed by mixing 6 mL of VFA solution with 5 mL of solvent. 
After the separation of the two solvents the aqueous phase was recov-
ered and analysed using a GC instrument as described before. 

In case of oleic acid extraction, the VFA solution (10 mL) was acid-
ified (pH = 3) and then mixed with 12 mL of solvent. The whole mixture 
was agitated for 3 min in a funnel extractor. The mixture was placed in a 
falcon and centrifuged for 4 min at 4500 rpm, in order to facilitate the 
separation of the two phases. After the separation, the aqueous solution 
was treated as described previously for the GC analysis. Scheme 1 shows 
the two different methods used to recover the VFAs from a fermentation 
broth mimic solution. On the left of the graph, Fe3O4 magnetic nano-
particles were synthetised using the co-precipitation method and func-
tionalised using APTES, adipic acid or oleic acid. Functionalised NPs 
were added to a VFA water solution to facilitate adsorption of the VFA 
molecules on the surface of NPs, which were collected using a magnet at 
the end of the process. On the right of scheme 1, the liquid–liquid 
extraction method was investigated using different organic solvents to 
extract the VFAs from the water phase. 

2.9. Sample preparation for GC analysis 

Some of compounds used were in their acidic form, whereas others 
were used as sodium salt derivatives. The accumulation of salt de-
rivatives in the injector of the GC instrument can affect analysis and 
correct quantification of VFAs, so a cationic exchange resin (Amberlyst 

Scheme 1. Graphic representation of the two approaches used to remove VFAs from the fermentation broth mimic solution.  
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15wet) was used before GC analysis in order to remove the sodium ions 
in the solution. 6.845 g of resin were conditioned using 1 M HCl, 
charging the active sites with H + ions in order to replace the Na + in the 
VFA solution, and finally the resin was washed with water. The effi-
ciency of this treatment was assessed by ICP, confirming a pre and post 
treatment sodium content of 2986 mg/L and 3.66 mg/mL respectively. 
Before every GC analysis, 5 mL of VFA sample solution were passed 
through the resin and diluted in deionized water up to 25 mL (1:5 
dilution). 2.5 mL of diluted solution was then diluted using methanol 
(1:4 dilution) and 1 mL was taken for the GC analysis with the addition 
of 10 µL of formic acid. Analyses were performed on a Claurs 600 Gas 
Chromatograph equipped with a flame ionisation detector, helium was 
used as the carrier gas and the capillary column was a TRACE-FFAP 
260N142P purchased from Thermo Fisher Scientific. The injector and 
carrier gas temperatures were set at 250 ◦C and 165 ◦C, respectively. The 
temperature of the oven was initially set at 40 ◦C for the first two mi-
nutes, then increased 10 ◦C/min for 18 min up to 220 ◦C. The temper-
ature of 220 ◦C was maintained for the last 4 min. 

2.10. Statistical analysis 

All the experiments were carried out in triplicate and the data pre-
sented shows the mean values of independent experiments. Standard 
deviations are indicated wherever necessary. 

3. Results and discussion 

3.1. Morphological and physical characterisation of MNPs 

Iron oxide NPs were prepared and functionalised using APTES, OA 
and AA as reported in the Materials and Methods section. TEM analysis 
of MNPs (Fig. 1a) and APTES@MNPs (Fig. 1b) showed a spherical shape 
and uniform size distribution with an average diameter of 13.4 nm and 
12.2 nm respectively. AA@MNPs and OA@MNPs (Fig. 1c and 1d) 

showed a cubic shape derived from the different type of synthesis as 
reported in literature (Masur et al., 2016; Chen et al., 2012), which in-
cludes the functionalisation reaction during nanoparticle formation for 
both AA@MNPs and OA@MNPs. The dimensions of the NPs were also 
measured using DLS (Dynamic Light Scattering) analysis after being 
dissolved in distilled water, but their flocculated state does not allow 
reliable results to be obtaind due to the agglomeration that does not 
make it possible to obtain the values of primary particles (Table 2). In 
Table 2 the comparison between the diameter values obtained using DLS 
and TEM analyses can be seen. The average diameter sizes were 10.9 nm 
and 9.2 nm for AA@MNPs and OA@MNPs respectively. MNPs were also 
analysed from the point of view of crystallinity using XRD (Figure S1). 
Peaks at 2θ values of 18.27◦, 30.13◦, 35.44◦, 43.21◦, 53.44◦, 56.90◦ and 
62.65◦ were related to the iron oxide (Fe3O4) pattern. The crystal phase 
of Fe3O4 NPs matched that of magnetite demonstrating good crystal-
linity. FT-IR analysis was performed in order to verify surface func-
tionalisation of MNPs. In Fig. 2 peaks between 550–600 cm− 1 represent 
the Fe-O stretching vibration from iron oxide (1), the peak near 1600 
cm− 1 is related to the O-H deformed vibration (2) and that at 3400 cm− 1 

to the O-H stretching vibration (3) of MNPs. 
The spectrum of APTES@MNPs shows a similar peak for Fe-O 

stretching vibration, whereas the more marked band between 
3200–3400 cm− 1 and 1600 cm− 1 are related to the N-H stretching vi-
bration and NH2 bending mode of amine groups respectively. The in-
tensity of nearly 1000 cm− 1 relates to the Si–O stretching vibration. 

Fig. 1. TEM images of MNPs (a), APTES@MNPs (b), AA@MNPs (c) and OA@MNPs (d). (a, b, c, d) scale bars = 20 nm.  

Table 2 
DLS and TEM analyses for MNPs and F-MNPs in terms of mean diameter.   

DLS TEM 

MNPs 140 ± 45 13.4 ± 2.5 
APTES@MNPs 210 ± 65 12.2 ± 3 
AA@MNPs 85 ± 20 10.9 ± 2.5 
OA@MNPs 45 ± 15 9.2 ± 2.5  
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Lastly the peak at 2800–3000 cm− 1 and the value of nearly 1400 cm− 1 

show the –CH2 and C–N stretching vibrations, respectively (Can et al., 
2009; Shen et al., 2004). The spectrum of OA@MNPs and AA@MNPs 
presents two peaks at 1457 and 1557 cm− 1 related to the symmetric and 
asymmetric stretching vibration of COO– groups (Jadhav et al., 2013; 
Baharuddin et al., 2018). The first one of the two was also influenced by 
the overlapping with CH2 scissoring of the carbon chain. In the 
OA@MNPs the peak at around 1700 cm− 1 is correlated to the C=O bond 
stretching vibration of unbound oleic acid. The two distinct peaks be-
tween 2852 and 2922 cm− 1 are due to symmetric and asymmetric 
stretching of C–H bond respectively, typical of the unsaturation inside 
the carbon chain (Wen et al., 2012). 

In addition, elemental analysis was performed to verify the presence 
of functionalisation. The results are shown in Table 3. The presence of 
nitrogen in the APTES@MNPs sample demonstrated the effect of 
nanoparticle functionalisation. In addition, the increment in carbon and 
hydrogen compared with that of MNPs reflected the presence of the 
APTES on the surface of the NPs. The percentage of functionalisation of 
APTES@MNPs was estimated by establishing a ratio between the 
number of amine groups and that of the –OH groups present on MNPs. 
As reported by Olariu et al. (Olariu et al., 2011), the number of ligand on 
the surface of each nanoparticle is obtained using the formula N =
ωNAρV/MW, where N is the number of ligands, ω is the mass loss in 
percent, NA is Avogadro’s number, ρ is the density of the nanoparticle, V 

is the volume of particle, and MW is the molecular weight of the ligand. 
By establishing the ratio between the two formulas, the resulting per-
centage of functionalisation F is shown by eq.1: 

F =
ωN*MWH

ωH*MWN
*100 =

1*1
(

g
mol

)

0.93*14
(

g
mol

)*100 = 7.7% (1) 

This equation is based on considering only one linkage between the 
APTES and –OH group. In reality, it could be possible that the same 
molecule of APTES is linked with more than one –OH group and, at the 
same time, that molecules of APTES are linked together forming a silane 
polymer. In conclusion, the equation can only be used to make a qual-
itative evaluation. The content of carbon atoms derived from the CHNS 
analysis of OA@MNPs and AA@MNPs verified the presence of func-
tional groups and showed a higher carbon content for OA@MNPs due to 
its higher molecular weight. For these last cases the percentage of 
functionalisation was not considered due to the unknown starting 
number of –OH groups on the surface of the NPs. 

Z-potential analysis revealed a shift in the isoelectric point of func-
tionalised NPs compared to the unfunctionalized ones (Fig. 3). In 
particular, functionalisation with APTES molecules modified the charge 
around the MNPs because of the presence of amine groups. The Z-po-
tential of MNPs and F-MNPs dissolved in aqueous solutions at pH values 
of 2, 4, 6, 8 and 10 were measured. As shown in Fig. 3, the isoelectric 
point shifted from pH of around 5 to pH 9 making the nanoparticles 
positively charged up to pH 8 and negatively charged above pH 10. This, 
together with the FT-IR and CHNS results, confirmed that the surface 
had been effectively functionalised resulting in the attachment of APTES 
bearing amine functional groups (Nor et al., 2022; Karade et al., 2021). 
The isoelectric point of OA@MNPs and AA@MNPs was found to be near 
pH 6.5, more similar to that of MNPs with a positive charge below and a 
negative charge above this value. 

TGA analysis (Fig. 4) of OA@MNPs and AA@MNPs showed initial 
weight percentage losses at around 100 ◦C related to the water loss 
adsorbed onto the surface of NPs (Jadhav et al., 2013; Wen et al., 2012). 
The second weight losses of 11 % and 3.48 % relate to the adsorbed oleic 
and adipic acid on the surface respectively, whereas the third weight 
losses related to molecules chemically bound to the surface of 9.12 % 
and 11.96 % for oleic and adipic acid respectively. A similar trend is 
presented in the TGA analysis of APTES@MNPs. In this case the total 
weight loss is lower (9.27 %) than that for OA@MNPs and AA@MNPs. 
This could be due to the low molecular weight of the APTES molecule or 
to the lower percentage functionalisation. 

Fig. 2. FT-IR analysis of MNPs (blue), APTES@MNPs (green), AA@MNPs (red) 
and OA@MNPs (black). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Table 3 
CHN elemental analysis for MNPs and F-MNPs.   

N [%] C [%] H [%] 

MNPs <dl  1.2  0.9 
APTES@MNPs 1.0  3.5  1.1 
OA@MNPs <dl  15.4  7.1 
AA@MNPs <dl  2.6  0.8  

Fig. 3. Z-potential of MNPs (blue), APTES@MNPs (green), AA@MNPs (red) 
and OA@MNPs (black). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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3.2. Adsorption/desorption tests 

Tests on adsorption properties were done by dissolving NPs at 
different concentrations (5 mg/mL, 10 mg/mL, 15 mg/mL, 23 mg/mL, 
30 mg/mL) in the VFA solution. The time involved comes from opti-
misation tests with the final aim of increasing contact between VFAs and 
NPs on one side but also makes this choice competitive in terms of the 
time required on the other. The quantification of each VFA in the so-
lution, after and before adsorption, was measured by GC analysis after 
proper calibration of the instrument with each VFA (Gazzola et al., 
2022). The percentage of adsorption for each VFA was calculated using 
eq. 

%Ai =
ci • At0i − ci • Aadsi

ci • At0i

• 100 (2) 

Where i is the i-th acid and t0 refer to the VFA solution before 
adsorption. adsi refers to the i-th acid after adsorption, ci refers to the 
coefficients of the calibration curve for the i-th acid for the GC analysis, 
and A is the area resulting from integration of the peaks in the GC 
chromatograms. Fig. 5 revealed low adsorption percentages when using 
MNPs, with values of between 5 and 10 % at the lower MNPs concen-
trations. At higher concentrations of NPs no relevant adsorption values 
were registered. Higher percentage of adsorption was obtained for 
APTES@MNPs and AA@MNPs reaching values between 25 and 30 % at 
5 and 10 mg/mL concentrations, whereas about 20 % of adsorption was 
calculated for OA@MNPs. No adsorption dependence on the concen-
tration of nanoparticles was revealed and no selective VFA adsorption 
was verified. Adsorption tests at the optimal adsorption concentrations 
for APTES@MNPs (10 mg/mL), OA@MNPs (5 mg/mL) and AA@MNPs 
(5 mg/mL) were replicated in order to evaluate the effective adsorption 
capacity of nanoparticles and the results obtained showed high standard 
deviation underlining the low reliability of the measurements. Desorp-
tion tests were conducted to confirm the results obtained. The solvent 
used for the desorption tests was changed depending on the type of 
functionalisation. Methanol was used in the case of AA@MNPs and 
OA@MNPs, whereas an alkaline solution (NaOH 1 M) was used for 
APTES@MNPs in order to allow electrostatic repulsion between pro-
tonated VFAs and negatively charged nanoparticles. The desorption % 
was computed using the following formula: 

%Di =
Fdil,desAdesi Vdesci − Fdil,residueAadsi Vresidueci

Fdil,t0At0i Vt0ci − Fdil,adsAadsi Vadsci
• 100 (2) 

Where I refers to the i-th acid, adsi to the i-th acid of the VFA solution 
after adsorption, desi to the i-th acid of the VFA solution after desorption, 

Fig. 4. TGA analysis of APTES@MNPs (green), AA@MNPs (red) and 
OA@MNPs (black). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 5. Adsorption percentages of each VFA at 5 mg/mL (blue), 10 mg/mL (red), 15 mg/mL (green), 25 mg/mL (purple), 30 mg/mL (light blue) concentration of 
MNPs (a), APTES@MNPs (b), AA@MNPs (c) and OA@MNPs (d) (n = 3, mean value ± standard deviation). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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Fdil to the dilution factor, ci to the coefficients of the calibration curve for 
the i-th acid, A to the area resulting from integration of the peaks in the 
GC chromatograms and V to the volume. 

The subscripts t0, ads, des and residues refer to the starting VFA so-
lution, after adsorption, after desorption, and the residue of the 
adsorption test, respectively. The results of the desorption tests were all 
between 0 and 1.7 %, confirming the low efficiency of desorption. In 
addition, for those tests with higher adsorption efficiency (20–30 %), the 
subsequent desorption tests indicated VFA concentrations that reflected 
those for Vresidue. In this case the desorption capacity from NPs was 
found to be very low and ineffective. The percentages of extraction 
varied between 4 % and 16 % for all short-chain VFAs, irrespective of the 
solvent used. On the contrary, the extraction of caproate was signifi-
cantly higher, reaching a maximum of 34 % with MTBE extraction. The 
lowest extraction percentage for all VFAs was obtained in the case of 
hexane solvent. The same result is reported in the work by Begum et al. 
(Begum et al., 2020), in which adsorption tests for formic acid, acetic 
acid, propionic acid and butyric acid performed using hexane had the 
lowest extraction efficiency compared to other six different solvents. As 
reported in literature (Begum et al., 2020), the use of DCM had higher 
extraction efficiency than that with hexane, but no significant extrac-
tions (around 15 %) were obtained. 

3.3. Liquid-liquid extraction (LLE) 

Finally, a comparison with a typical chemical engineering operation 
was done using liquid–liquid extraction (LLE). Indeed the use of nano-
particles, even if promising in several industrial fields, is far from the 
real application due to problems related to reliability in manufacture, 
costs and toxicity (Pinelli et al., 2023; Xuan et al., 2023). On the other 
hand, LLE, also used in several industrial recovery strategies (Reyhani-
tash et al., 2018; Qiao et al., 2023), is a mature technology nowadays, 
and is commonly used in many different industrial sectors. The results of 
the different VFA extraction tests using DCM, MTBE and hexane are 
shown in Fig. 6. They were selected as extractant solvents because there 
are organic and immiscible with the aqueous phase in which the VFAs 
are dissolved. DCM is one of the most widely used volatile organic 
compounds (VOCs) for industrial and analytical applications (Fu et al., 
2006; Shehata et al., 2016) together with n-hexane, which is mostly used 
for the high extraction property on lipids, fatty acids and hydrophobic 

compounds (Farajzadeh and Abbaspour, 2018; Farajzadeh and Abbas-
pour, 2017). The use of MTBE is less diffused compared to DCM and 
hexane, but is still used as an extraction solvent when preparing samples 
for analytical tests (Wu et al., 2010; Zhu et al., 2012). 

It is clear that extraction of compounds is possible using all the sol-
vents considered with the highest performance being recorded with 
DCM for all the VFAs present within the food waste mixture. Hexane and 
MTBE, on the contrary, being less polar showed less ability to extract 
VFA compounds. Of these, MTBE, thanks to its higher polarity, can 
guarantee values for valerate and caproate comparable to those ob-
tained using DCM. In general, the extraction values increase with the 
carbon chain length of the VFA molecule, resulting in higher hydro-
phobic interactions between VFAs and the solvent. In order to find a 
greener solution, oleic acid was tested as an alternative due to its 
compatibility and safe use (Nistor et al., 2016; de Oliveira Camargo and 
J.L. Castagnari Willimann Pimenta, M. de Oliveira Camargo, P.A. 
Arroyo, , 2020). The results related to average and standard deviation 
values for VFA extraction using oleic acid are shown in Fig. 7. The 
extraction values for VFAs using oleic acid were much higher than those 
obtained using functionalised magnetic nanoparticles, although only 
one passage of LLE was performed for each extraction. The choice of 
using a single passage was based on the need to compare the two 
techniques considered in this work. In addition it is clear here that the 
low values of standard deviation obtained indicate high reproducibility 
of the technique considered. 

All the compounds considered presented extraction values above 30 
%, with the only exception being acetate. In this case too, the low values 
of standard deviation obtained indicated high reproducibility of the 
technique. The extracted values increased with the increase of carbon 
atoms present in the VFA molecule with a maximum value of 97 % that 
was reached for the caproate molecule due to the higher hydrophobic 
interactions with oleic acid. This result is also in agreement with the 
recent work of Yuan and coworkers, where they reported higher 
extraction values of caprylic acid (C8) compared to caproic acid (C6) 
performed under the same extraction conditions using eight different 
solvents (Yuan et al., 2023). This is due to the electron-releasing effect of 
the alkyl group, which increases with the increase of chain length, 
leading to higher electron density at the carbonyl carbon. This fact 
depolarises the bond between the oxygen and the hydrogel and obstructs 
the release of protons from the hydroxyl group. This effect is a higher 

Fig. 6. Extraction average for each VFA using DCM (blue), hexane (orange), MTBE (grey) (n = 3, mean value ± standard deviation). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

E. Lacroce et al.                                                                                                                                                                                                                                 



Chemical Engineering Science 298 (2024) 120370

8

presence of undissociated compounds, with a consequent higher per-
centage of extraction for the compounds characterised by higher chain 
length (Yuan et al., 2023). High extraction values were also reached for 
isovalerate and valerate (above 80 %). 

4. Conclusions 

The experiments discussed above compared two different options 
that can be used in the extraction of VFA molecules from food waste 
mixtures obtained after fermentation. Firstly magnetic iron oxide 
nanoparticles were synthesised using the co-precipitation method from 
hydrated ferrous and ferric chloride and were then used neat or func-
tionalised. The adsorption tests done on VFA liquid mixtures underlined 
higher performance of functionalised NPs than the neat ones. However, 
although promising, the low reproducibility of the results obtained, 
together with the problems related to VFA desorption, limit their use. 
The second technique considered is represented by LLE, a commonly 
known industrial traditional method, that, in the case studied in this 
work, is able to guarantee high extraction of VFAs with high values of 
reproducibility. Of these the highest extraction values were registered 
using oleic acid (green solvent) as the extraction solvent with the 
maximum value recorded for caproate (97 %) and an average extraction 
value of around 65 % with only a single cycle. These results demon-
strated that the use of oleic acid is extremely promising while the use of 
magnetic NPs still presents many challenges that must be solved before 
considering it as a mature alternative for industrial applications. 
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