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Abstract: In this study, non-chlorinated solvents such as cyclohexanone (CYC) and three ionic liquids,
(ILs) (1-ethyl-3-methylimidazolium dimethylphosphate, [EMIM][DMP], 1-ethyl-3-methylimidazolium
diethylphosphate, [EMIM][DEP] and 1-ethyl-3-methylimidazolium methylphosphite, [EMIM][MP])
were tested to extract polyhydroxyalkanoates (PHAs) from the purple non-sulfur photosynthetic
bacterium (PNSB) Rhodovulum sulfidophilum DSM-1374. The photosynthetic bacterium was cultured
in a new generation photobioreactor with 4 L of working volume using a lactate-rich medium.
The extracted PHAs were characterized using a thermogravimetric analysis, differential scanning
calorimetry, infrared spectroscopy, proton nuclear magnetic resonance and gel permeation chro-
matography. The most promising results were obtained with CYC at 125 ◦C with an extraction time of
above 10 min, obtaining extraction yields higher than 95% and a highly pure poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHB-HV) with around 2.7 mol% of hydroxylvalerate (HV). A similar yield
and purity were obtained with chloroform (CHL) at 10 ◦C for 24 h, which was used as the referent
solvent Although the three investigated ILs at 60 ◦C for 4 and 24 h with biomass/IL up to 1/30 (w/w)
obtained PHAs strongly contaminated by cellular membrane residues, they were not completely
solubilized by the investigated ILs.

Keywords: purple non-sulfur photosynthetic bacteria; polyhydroxyalkanoates; extraction;
non-chlorinated solvent; ionic liquids

1. Introduction

Polyhydroxyalkanoates (PHAs) are a very interesting class of biocompatible and
biodegradable thermoplastic polyesters, mainly produced by prokaryotic organisms such
as bacteria in response to various stress conditions and stored inside cells as carbon and
energy reserves, in the form of water-insoluble granules (0.2–0.5 µm) [1]. Homo- or
co-polyesters with different hydroxyl alkanoic acids can be obtained depending on the
microorganisms used and cultivation conditions [2,3]. PHAs are completely biodegradable
in several natural environments (industrial/home composting, soil, activated sludge,
marine water) and do not form any toxic products [4].

The most common commercially available PHAs are poly-3-hydroxybutyrate (PHB)
and poly-3-hydroxybutyrate-co-hydroxyvalerate (PHB-HV). The homopolymer PHB is a
brittle material, while the HB-co-HV copolymer becomes more ductile with an increase
HV content. Despite their potential, their extensive application is still limited due to their
high cost (7–9 EUR·kg−1) [5,6] as compared to other bioplastics such as polylactate (PLA).
For this reason, PHAs are mainly used in high-value applications as materials for drug
delivery and medical device components [5,6]. The high production cost of PHA is a result
of several factors, such as the use of pure or genetically modified cultures, the cost of
the raw feedstocks used, such as substrates for the growth of bacteria, such as glucose,
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and the downstream processing for the recovery of PHA [5–8]. The latter significantly
affects the process economics, accounting for up to 50% of the overall production cost and,
also, its environmental sustainability [9]. In fact, the PHA extraction methods typically
involve the use of halogenated solvents, such as chloroform (CHL), dichloromethane or
1,2-dichloroethane [10]. The listed solvents dissolve the lipid part of the non-PHA cell
mass (NCPM), which can also easily be removed prior to PHA extraction by methanol
or ethanol, and dissolve both short chain length (scl-) and medium chain length (mcl-)
PHA [11], without dissolving any other NCPM components. After this, the PHA’s solubility
is drastically reduced by adding a PHA anti-solvent, typically methanol, hexane, ether,
acetone, or water. This leads to the precipitation of highly pure PHA. However, halogenated
organic solvents, particularly CHL, have severe toxicity and, thus, a high environmental
impact [12,13]. In fact, chloroform is suspected of causing cancer (i.e., possibly carcinogenic,
IARC Group 2B), is classified as an extremely hazardous substance in the United States as
defined in Section 3.2 of the U.S. Emergency Planning and Community Right-to-Know Act
(42 U.S.C. 11002), and is subject to strict reporting requirements by facilities that produce,
store, or use it in significant quantities. CHL is highly volatile (boiling temperature 61 ◦C
and vapour pressure of 21.3 kPa at 20 ◦C) and has a Threshold Limit Value, TLV, of 10 ppm
as its TWA (time-weighted average, that is, the time-weighted average concentration of the
toxic substance over a normal 8 h workday and 40 h workweek, to which nearly all workers
may be repeatedly exposed, every day, without adverse health effects) and 2 ppm as its TWA
for skin contact. In addition, CHL is toxic to aquatic organisms. Consequently, less toxic
non-halogenated solvents have been investigated to develop more environmentally friendly
methods of solvent-based PHA extraction, such as acetic acid, acetic acid anhydride, n-
methyl-pyrrolidone, tetrahydrofuran, acetic acid esters, γ-butyrolactone [14] and low-
molecular ketones, such as acetone, methyl-isobutyl ketone, and cyclohexanone (CYC) [11].
The latter is not carcinogenic, but is moderately toxic, with a TLV of 25 ppm as its TWA
and is not volatile (boiling temperature of 156 ◦C with vapour pressure of 0.67 kPa at
20 ◦C). Recently, Rosengart et al. [15] used anisole and CYC as solvents to extract PHB
from Burkholderia sacchari cells, and obtained recovery yields of 97 and 93%, respectively, at
120–130 ◦C for 15–30 min with a cell/solvent ratio of 1.5% (w/v). CYC and γ-butyrolactone
were used by Jiang et al. [14] to extract PHA from bacterial strain Cupriavidus necator H16,
obtaining a recovery yield of 95% in the case of CYC after just 3 min at 120 ◦C, and of 50%
with γ-butyrolactone after 60 min.

Another approach for PHA recovery relates to the digestion of the NCPM by chemicals
such as sodium hypochlorite, cyclic carbonates, sodium hypochlorite or bio-catalysts (nucle-
ases, phospholipases and lysozyme) with the consequent release of PHA granules [16–18].
With this approach, a neoteric class of green solvents, composed only by ions, ionic liquids
(ILs), was used. Due to their excellent ability to dissolve the main biopolymers present
in nature [19–21], some ILs have been used to remove the surrounding NCPM. PHA was
extracted from a plant source using ILs, comprising cations such as ammonium, imida-
zolium, quinolinium, pyrazolium, oxazolum, isoquinolinium and anions as carboxylates,
sulfosuccinates and sulfate [22]. Additionally, 1-Ethyl-3-methylimidazolium methylphos-
phonate [EMIM][MP] has been used to effectively disrupt cell walls of cyanobacteria
extracting PHAs [23]. Dubey et al. [24] used 1-ethyl-3-methylimidazolium diethylphos-
phate ([EMIM][DEP]) to dissolve a wet bacterial biomass of Halomonas hydrothermalis,
obtaining PHA extraction yield of 60% and purity of 86%. It is important to note that
the toxicity of ILs is strongly affected by the type of cation and anion, and the interaction
between the two, the alkyl chain length and the presence of functional groups [20,25]. Thus,
it is not possible to make generalizations with regard to the toxicity of ILs, and each case
must be studied in detail. In fact, ILs are widely used in life science applications, and as
antimicrobial agents [26]. An application-specific selection of IL structure can assist in
obtaining solvents with good performance and, in some cases, an adequate no-toxicity.

In this study, the purple non-sulfur photosynthetic bacterium (PNSB) Rhodovulum
sulfidophilum DSM-1374 was cultured photoheterotrophically in a photobioreactor with 4 L
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of working volume, using a lactate-based medium in order to produce a PHA-containing
biomass [27]. CYC was investigated for its use as a solvent of PHA, using different
extraction temperatures and times to evaluate the optimal extraction conditions in terms of
yield and extracted PHA purity.

In addition, on the basis of the possible combinations of ion pairs, by taking into ac-
count the hydrogen bonding receipt ability (β value) of the anion and hydrogen-bonding do-
nating ability of cation (α value) [23], three ionic liquids (ILs) (1-ethyl-3-methylimidazolium
dimethylphosphate, [EMIM][DMP], [EMIM][DEP] and 1-ethyl-3-methylimidazolium methy
lphosphite, [EMIM][MP]) were selected to extract PHA from the Rhodovulum sulfidophilum
cells. These types of ionic liquids provided encouraging results, as previously described in
the literature [23,24], and they have not been previously applied with PNSB. Chloroform
was used as the reference solvent to assess the performance of the other investigated
methods and solvents.

The recovered PHAs were characterized by thermogravimetric analysis (TGA), differ-
ential scanning calorimetry (DSC), Fourier-transform infrared (FTIR) spectroscopy, proton
nuclear magnetic resonance (1H NMR) and gel permeation chromatography (GPC) and
the results were compared with those of a commercial PHA sample.

2. Materials and Methods
2.1. Materials

CHL, CYC, 4-methyl-2-pentanone (MIBK), diethyl ether, 1-methylimidazole, 1-bromoe
thane, trimethyl phosphate, triethyl phosphate, dimethyl phosphite and methanol were
supplied as A.C.S. reagents grade by Merck (Darmstadt, Germany) and used as received. A
commercial sample of PHB-HV was supplied by NaturePlast (Ifs, France) under the trade
name PHI 002®.

2.2. Bacterial Strain and Growth Conditions

The marine bacterium as Rhodovulum sulfidophilum DSM-1374 from the DSMZ collec-
tion, Germany, was grown photoheterotrophically [28] in a cylindrical photobioreactor
(PBR) with 4 L of working volume, to produce PHA-rich biomass. The PBR was equipped
with an internal shaped device with 4 paddles for mixing the culture that was operated
indoors in batch growth conditions [29] under a 16/8 light/dark cycle. The synthetic-
medium composition for culturing Rhodovulum sulfidophilum DSM-1374 was as follows
(per 1.0 L): lactate (6.0 g), KH2PO4 (0.5 g), MgSO4 × 7H2O (0.4 g), NH4Cl (0.4 g), CaCl2
(0.05 g), yeast extract (0.3 g), 5 mL of Fe(III) citrate solution (0.1% in H2O), and 0.4 mL
of vitamin B12 solution (10 mg in 100 mL H2O), and 1.0 mL of trace-element solution.
The composition of trace-element solution (1.0 L) was as follows: ZnSO4 × 7H2O (0.1 g),
MnCl2 × 4H2O (0.03 g), H3BO3 (0.3 g), CoCl2 × 6H2O (0.2 g), CuCl2 × 2H2O (0.01 g),
NiCl2 × 6H2O (0.02 g) and Na2MoO4 × 2H2O (0.03 g) [27]. The medium composition
was supplemented with 2% sodium chloride. The growth was carried out by using a
phosphorus-free medium. The medium was sterilized by autoclaving for 20 min at 121 ◦C
and at an absolute pressure of 2.0 atm. Two lamps placed opposite one another (OSRAM
power-star HQI-TS lamps, 150-W each) illuminated the external surface of the PBR with an
average irradiance of 80.8 ± 4.5 W/m2. A pH-probe and a termoresistance PT100 were in-
serted into the cultural broth and connected with a unit for the automatic control of pH and
temperature, respectively. A magnetic stirrer, positioned under the bottom section of the
PBR, was used to mix the culture. The initial pH of the culture was 8.0, after which it was
automatically controlled by adding the HCl solution (10 mM), using an external pump. The
culture temperature was maintained at 30 ± 0.5 ◦C, using an external refrigerated-heating
circulator (Julabo, model F25-HL, Seelbach, Germany) equipped with a heating/cooling
finger immerged into the culture broth [29]. The production was carried out for 120 h after
which the bacterial biomass was harvested, recovered by centrifugation, after which the
cells were washed twice with a physiological solution, and were, subsequently, lyophilized
for the characterization and extraction steps.
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2.3. Analytical Methods

The cell dry weight (CDW) was determined by sampling 5 mL of culture that was
diluted to 50 mL with distilled water, which was filtered (without compact cells) through
a pre-weighed membrane with a 0.45 µm pore size (Sartorius GmbH, 3400 Göttingen,
Germany). The cells were suspended again in 50 mL of distilled water, filtered and dried
at 105 ◦C until a constant weight was reached [30]. The lactic acid concentration was
determined by High-Performance Liquid Chromatography (HPLC) and Thermo Finnigan-
Spectra System 6000 L P (San José, CA, USA); an aqueous solution of 0.1 wt.% H3PO4
was used as the mobile phase at a flow rate of 1.0 mL/min [31,32]. The concentration of
poly-3-hydroxybutyrate (PHB) in Rhodovulum sulfidophilum culture was checked against
the above-mentioned HPLC using a Synergy-Hydro-RP C-18 column (250 × 4.6 mm2 id).
A mobile phase comprising 15 % (v/v) acetonitrile in 0.1 % (v/v) H3PO4, in an aqueous
solution, was employed at a flow rate of 1 mL/min. A commercial PHB (Biomer, Krailling,
Germany) was used as the standard. Samples were taken daily (at the beginning and at
the end of light period) from the PBR and placed into a pre-weighed tube, and centrifuged
at 9000 rpm for 10 min. The pellet was frozen at −20 ◦C for acid digestion to crotonic
acid by boiling the sample in 1 mL of pure sulfuric acid in screw-cap glass test tubes
for 30 min. The extracts were diluted with water, filtered and injected into the HPLC
for analysis [28]. The compound was detected at 214 nm. The analyses of bacterial dry-
biomasses were performed using approximatively 6.0 mg of Rhodovulum dry-biomass,
and further details have been reported elsewhere [28]. The average productivity of PHB
(PHB-Pavg) (mg/L day) was determined by t Equation (1), as follows:

PHB − Pavg =
PHB f − PHBi

(t1 − t0)
(1)

where PHBf and PHBi are, respectively, the final and the initial concentrations of PHB in
the cultures (mg/L) and t1 and t0 are the respective times.

The irradiance was measured with a Quantum/Radiometer/Photometer (model LI-250A,
LICOR, Lincoln, NE, USA) equipped with a Pyranometer sensor, model number LI-200.

2.4. Synthesis of Ionic Liquids

The precursor 1-ethyl-4-methylimidazolium bromide ([EMIM]Br) was obtained follow-
ing the procedure previously reported for bromide ionic liquids [33]. Both 1-bromoethane
(110 mmol, 1.2 equiv) and 10 mL of 4-methyl-2-pentanone (MIBK) were added to a three-
necked flask. A solution of 1-methyllimidazole (122 mmol, 1 equiv) in MIBK (20 mL) was
added dropwise under magnetic stirring at room temperature, and the solution was stirred
for 15 min. The reaction mixture was then heated to 80 ◦C and stirred for 12 h. Next, 25 mL
of diethyl ether was added to the resultant mixture and the obtained solid was filtrated
under vacuum, washed with MIBK and dried under vacuum to produce white solids at
excellent yields.

The [EMIM][DMP], [EMIM][DEP] and [EMIM][MP] were synthetized using a previ-
ously reported procedure [34]. The correct amount (36 mmol, 1.2 equiv) of alkyl phosphate
and of alkyl phosphite (trimethyl phosphate, triethyl phosphate and dimethyl phosphite)
was added to [EMIM]Br (30 mmol, 1 equiv), respectively. The solution was heated at 110 ◦C
and stirred for 24 h under argon. Then, the reaction mixture was repeatedly cooled down
and washed with diethyl ether to remove the excess reagent. The recovered liquid was
dried under vacuum for 2–3 h at 80 ◦C.

2.5. PHA Extraction with Chloroform

The lyophilized biomass was first extracted using CHL, which was chosen as the stan-
dard solvent to evaluate the maximum extractable PHA content in the investigated PNSB.

Around 1.0 g of biomass was suspended in 30 mL of CHL, and the mixture was gently
stirred for 24 h at 10 ◦C. The treatment time and temperature were selected in order to
optimize the extraction time and yield, preserving the PHA chain length. The protocol
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used was an intermediate between that used by Ramsey et al. [35], of 25 ◦C for 12 h,
and Rosengart [36], of 4 ◦C for 36 h. The treatment was able to dissolve PHA and the
cell membrane was not solubilized. The suspension was filtered under vacuum, using a
Sartorius apparatus equipped with a Teflon filter (0.45 mm). Then, 120 mL of methanol
was added to the filtrate to precipitate PHA and the resultant solution was stirred for 5 min.
The solid was recovered by filtration, washed with fresh methanol (about 10 mL), and
dried at 30 ◦C under vacuum at pressure of 10 mbar to remove CHL and methanol. The
resultant solid was weighed and subjected to subsequent characterizations.

2.6. PHA Extraction with Cyclohexanone

Using two different extraction temperatures, 100 and 125 ◦C, and different extraction
times: 5, 10, 20 and 30 min, 1.5 g of lyophilized biomass was treated with 25 mL of CYC,
to evaluate their effect on the process kinetics and yield. After extraction, the mixture
was filtered in vacuum to separate the membrane debris. Following this, 100 mL of
methanol was added to the filtrate and the resultant solution was stirred for 5 min to
complete the precipitation of PHA. The solid was recovered by filtration, washed with
fresh methanol (around 30 mL) and dried at 80 ◦C under vacuum at a pressure of 10 mbar to
remove CYC and methanol. The resultant solid was weighed and subjected to subsequent
characterizations.

2.7. PHA Extraction with Ionic Liquids

The treatment with the three investigated ILs was conducted at higher biomass/IL ra-
tios, 1/10 and 1/30 (w/w), the mixture was stirred at 60 ◦C from 4 to 24 h. The mixture was
centrifuged at 4000 rpm for 10 min to recover the insoluble PHA, given the viscosity of the
ILs. In fact, the viscosities at 60 ◦C of the used ILs are 58, 50 and 23 cP for [EMIM][DEP] [37],
[EMIM][DMP] [38] and [EMIM][MP] [23,39], respectively.

The supernatant was removed and the solid was washed with methanol four times
(5 mL per wash). Washing was carried out by the resuspension of the solid in methanol
and the subsequent centrifugation and removal of the supernatant. Finally, the resultant
solid was placed in an oven at 60 ◦C under vacuum for 12 h, weighed and subjected to
subsequent characterizations.

2.8. Extracted PHA Characterization

The extracted PHAs were characterized using different analyses. Proton Nuclear
Magnetic Resonance (1H-NMR) spectroscopy was carried by a Bruker-400 UltraShield,
400 MHz, using CDCl3 as the solvent in order to evaluate the type of PHA. Chemical shifts
were referred to CDCl3 (δ = 7.25 ppm).

Fourier-Transform Infrared (FTIR) spectroscopy was conducted in ATR (Attenuated
Total Reflectance) mode, using a Perkin Elmer Spectrum One spectrometer (Milano, Italy),
equipped with a ZnSe crystal ATR device.

A thermogravimetric analysis (TGA) was performed on a TA Instruments TQ-500
(Milano, Italy), using 10–15 mg of sample in platinum pans, under a nitrogen atmosphere,
from 30 to 800 ◦C with a heating rate of 10 ◦C/min.

Differential scanning calorimetry (DSC) was conducted on a Perkin Elmer Pyris I
(Milano, Italy), using 10–15 mg of sample closed in aluminium pans. The samples were
subjected to an initial heating from 50 to 200 ◦C, with a heating rate of 10 ◦C/min and
were left at 200 ◦C for 5 min so as to destroy the crystallites and cancel the sample thermal
history. Then, they were cooled to 50 ◦C with a cooling rate of 10 ◦C/min and, finally,
subjected to secondary heating from 50 to 200 ◦C, with a heating rate of 10 ◦C/min.

Gel permeation chromatography (GPC), used to evaluate Mn (number average molec-
ular weight), Mw (weight average molecular weight) and dispersity (Mn/Mw) of the PHA
samples, was carried out by dissolving the sample in chloroform (4 mg/mL) and using a
Jasco (Cremella, Italy) Gel Permeation Chromatography apparatus, equipped with a PU-
2089 Plus pump, two detectors, a RI-4030 and a UV-4075, a Peltier column oven CO-4060
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and an AS-2055 plus autosampler. The tests were performed at 25 ◦C using a Phenogel
column, of 5 µm, pore size 104 Å, 300 × 7.8 mm2 from Phenomenex (Mw operating range
from 5000 to 500,000 Da). The volume of the injected solution was 50 µL. The flow rate of
the solvent was 1.0 mL/min. Samples were filtered before injection, using a 0.45 µm PTFE
filter. The instrument was calibrated using monodispersed polystyrene samples, tested in
the same conditions, to correlate retention times to molecular weights.

To evaluate the filmability of the extracted PHA samples, bioplastic films were pre-
pared using the solvent casting method. The recovered PHA sample (150 mg) was dissolved
in 20 mL of CHL at room temperature. The solution was poured in a Petri dish with a
diameter of 80 mm. The solvent was gradually evaporated at room temperature for 48 h
and finally at room temperature under vacuum pressure for 2 h.

3. Results and Discussion
3.1. Production of PHA-Containing Bacterial Biomass

Over 120 h of bacterial growth, the CDW concentration increased by up to 1.61 g/L.
During that time, a notable accumulation of PHB in the Rhodovulum sulfidophilum culture
was observed during the light time. As shown in Figure 1a,b, no growth and no PHB syn-
thesis were observed in the dark, showing that the process is light dependent in Rhodovulum
sulfidophilum DSM-1374. The highest concentration of PHB was 325 mg/L and the average
PHB-productivity (PHB-Pavg) was 36.2 mg/L day. Over 120 h of biomass growth, the
polyester synthesis rate changed day by day and the maximum value (3.56 mg/(L·h)) was
observed in light, during forty-eighth to sixty-eighth hours, as shown in Figure 1c. The
trend of culture pH changed over time, as shown in Figure 1d. The pH value increased
significantly during the light periods and decreased during dark periods. During bacte-
rial growth, the lactate carbon source was consumed, for which the results are shown in
Figure 1e. Moreover, it can be noted that the lactate consumption, which occurred only
under light conditions, was inversely proportional to the bacterial growth; the higher
the CDW concentration, the lower the quantitative of lactate in the Rhodovulum culture
(Figure 1a). The average content of PHB in the dry-biomass of Rhodovulum sulfidophilum at
the end of the experiments was 14.2 wt.%.

It is known that specific growth strategies are required in bacteria to accumulate
PHAs, such as an excess supply of carbon and a limitation of nitrogen (N), phosphorus (P),
sulfur (S) or magnesium (Mg) [29,32,40]. In this study, the excess supply of carbon (lactate
6.0 g/L), under P-starvation conditions, was proposed to enhance polymer production.
Golomysova et al. [41] reported P3HB and polysaccharide polymer accumulation, during
active bacterial growth, after feeding with organic acids (OAs). Metabolic pathways
for the production of PHAs from the selected carbon source have been also reported
by McKinlay and Harwood [42] and McCully and McKinlay [43]. PHA production by
means of marine purple bacteria cultured in OAs-rich media was recently reported [29].
The authors demonstrated that Rhodovulum sulfidophilum DSM-1374 grown in a medium
P-limited, containing lactate, increased the PHA concentration in Rhodovulum culture to
1000 mg/L, when grown using a semi-continuous regimen, under continuous illumination.

When a different PNSBs, such as Rhodopseudomonas sp. S16-VOGS3, were cultured (out-
doors) in the 70-L tubular photobioreactor, the PHB concentration reached 377 mg(PHB)/L
in the culture [44]. In this study, the highest concentration of PHB was found to be lower
(325 mg/L culture). The comparison between the average PHB productivity (PHB-Pavg)
demonstrated that outdoors, the PHB-Pavg was 63 mg/L day and reduced to 36.2 mg/L
day in the present investigation. The significantly different results described above could
be attributed to several aspects such as: (1) the very different light conditions that were high
outdoors and low indoors; (2) the N-limitation nutrient outdoors against the P-limitation
nutrient indoors and (3) the different genera of the microorganisms utilized.
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3.2. PHA Extraction with Chloroform and Cyclohexanone

The extraction conducted on the lyophilized biomass using CHL at 10 ◦C for 24 h
produced, after precipitation with methanol and drying, a residual solid corresponding to
14.0 wt.% of the initial dry biomass. This value is in accordance with the average content of
PHB assessed in the dry-biomass, showing an almost complete extraction and recovery of
PHA. The extraction yield for the extraction carried out with CYC was strongly influenced
by the temperature, and yields higher than 95% were reached at 125 ◦C with extraction
time above 10 min, as shown in Figure 2.
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These results are in agreement with those obtained in the literature [14,15,45]. How-
ever, it is important to highlight that the extraction yield, with a specific solvent, depends
on multiple factors, such as, (i) the bacterial strain and, consequently, the cell membrane
that may have different permeability with the extraction solvent; (ii) the PHA content;
(iii) the bacteria/solvent weight/volume % ratio; (iv) the extraction temperature and (v) the
extraction time. In Table 1, the results we obtained with CYC and Rhodovulum sulfidophilum
DSM-1374 (first line) are compared with those of other research groups that used the same
solvent but different bacterial strains and conditions.

Table 1. PHA extraction with CYC. A comparison with literature data.

Paper Bacterium
Strain

PHA Content
(wt.%)

bacteria/CYC
Ratio wt/v %

(% g/mL)

Extraction
Temperature

(◦C)

Extraction
Time
(min)

Extraction
Yield
(%)

this one
Rhodovulum

Sulfidophilum
DSM-1374

14.0
6.0 125 5 43
6.0 125 10 95
6.0 125 20 98

[14] Cupriavidus
necator H16

82.3
2.0 80 1200 16
2.0 100 5 90
2.0 120 3 99

[15]
Burkholderia
sacchari DSM

17165
57.7

1.5 120–130 15 98
6.0 120–130 15 87
6.0 120–130 30 89

[45] Esch. coli 80.0 7.0 90 35 80

Jiang et al. [14] extracted PHA produced by the bacterial strain Cupriavidus necator
H16, cultivated on vegetable oil as a sole carbon source, which has a PHA content of
82.3 wt.%. Its treatment at 120 ◦C for 3 min, with a bacteria/CYC ratio of 2.0% g/mL,
allowed for the recovery of 99% of the PHB from the biomass with a similar purity to that
extracted using chloroform. Rosengart et al. [15] extracted PHA produced by the bacterial
strain Burkholderia sacchari DSM 17165, grown on different types of simple sugars, with a
PHA content of 57.5 wt.%. The extraction yield was 98% at 120–130 ◦C for 15 min, using a
bacteria/CYC ratio of 1.5% g/mL. When the ratio was increased to 6.0% g/mL, which was
the case for this study, the yield decreased to 89%, even after 30 min of treatment. Finally,
Van Walsem et al. [45], recovered the 80% of PHA in Escherichia coli, having a PHA content
of 80.0 wt%, working at 120 ◦C for 3 min, with a bacteria/CYC ratio of 8.0% g/mL.

In Figure 3, as an example, the correspondences between the different NMR signals
and the protons of the polymer extracted using CHL are indicated. 1H NMR spectra of
PHAs, extracted by the CYC and commercial PHB-HV sample were found to be very
similar to that extracted by CHL, showing that both solvents (CHL and CYC) led to the
recovery of high purity PHAs. An 1HNMR analysis also showed that the extracted PHAs
correspond to poly(3-hydroxybutyrate-co-3-hydroxyvalerate), PHB-HV. In fact, the spectra
results were comparable to that of the commercial PHB-HV (PHI002 by NaturePlast).
According to the literature [46], using Equation (2), hydroxyvalerate (HV) molar contents
of 0.9, 2.2 and 2.7 mol% were calculated for the commercial PHB-HV and for the PHA
extracted by CHL and CYC, respectively.

HV (%) =
Area CH3(HV)

Area CH3(HV) + Area CH3(HB)
× 100 (2)
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polymer structure. The letters A, B etc. indicate the signals due to protons having the same letter in the chemical structure.

The TG (thermogravimetric) and DTG (derivative thermogravimetric) curves of ex-
tracted PHB-HVs are shown in Figure 4a,b together with those of the commercial PHB-HV
sample, freeze-dried bacterial biomass before the extraction of the PHA content (PNSB)
and membrane debris after extraction using CYC. Both PHB-HVs show a single main event
of thermal decomposition with a peak at 294 and 296 ◦C for the samples extracted by CHL
and CYC, respectively. The residues at 600 ◦C were negligible for the extracted PHB-HVs
and for the commercial PHB-HV, confirming their high purity. The thermal stability of the
copolymer extracted using CHL seems slightly lower than that of the copolymer extracted
by CYC that is very similar to that of the commercial sample.

Therefore, even if the CHL treatment had been carried out at a low temperature,
the chlorinated solvent would have caused a slight polymer degradation. According to
Ramsay et al. [35], degradation by CHL occurs for temperatures above 100 ◦C and refers
to depolymerization (reduction of MWs). The extraction temperature was low, but the
duration was quite long (24 h instead 12 h). Moreover, the bacterial biomass was different
from that of [35] and the cellular membrane could be attacked by a solvent with different
kinetics. Further investigation is required to define the causes of this slight degradation.
The DTG curve of the bacterium shows two main decomposition events with a first peak
at 240 ◦C and for the second, in a wider range of temperatures, with a peak at around
310 ◦C. These results suggest that the decomposition temperature of PHB-HV inside the
bacterial membrane seems to occur at a lower temperature than that of the extracted
polymer. Thus, the cell membrane seems to have an accelerating effect on the pyrolysis of
the biopolymer, which decomposes in the same temperature range of the first pyrolysis
event of the membrane components. It should also be noted that the extraction process
would be similar. In fact, the PHB-HV extracted is equal to 13.9% of the biomass and the
residue of pyrolysis of PHB-HV at 600 ◦C is negligible, and from the pyrolysis residue at
600 ◦C of bacterial biomass (24%), it is possible to estimate the percentage residue due to
the non-PHA cell mass (NCPM) alone, which corresponds to 28%, which is in agreement
with the experimental data (29%) (Figure 4).
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The FTIR spectra, reported in Figure 5, confirmed the high purity of the extracted
PHB-HVs with CHL and CYC, demonstrating a correspondence between all the signals
with those of the commercial sample. In fact, the spectra of both of the extracted PHB-HV
samples show the characteristics signals of the ester functionality as the stretching C=O
vibration at 1720 cm−1 and the stretching C-O vibration around 1270 and 1050 cm−1, and
they do not show any of the most important signals related to the cell membrane, due
to protein chains. The two prominent bands at 1645 and 1545 cm−1, usually referred to
Amide I and Amide II bands [47], corresponded to C=O stretching vibrations of the peptide
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bond and the C-N stretching vibrations and N-H bending modes, respectively, but are
completely absent in the PHB-HV patterns.
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Figure 5. FTIR analysis of PHB-HV extracted with CHL, CYC (125 ◦C, 20 min), commercial PHB-HV,
starting purple bacteria and membrane debris after extraction with CYC.

The DSC curves of the extracted PHB-HVs and commercial PHB-HV are reported in
Figure 6, together with the derived calorimetric data. The crystallinity XC, expressed in
percentage, was calculated using the ratio between the melting enthalpy of the sample,
∆Hm. The calculated melting enthalpy of pure PHB crystals corresponded to 146 J/g [48].
As shown, the PHB-HVs, extracted using CHL or CYC, show similar thermal properties
with crystallinity of 46.2 and 53.7%, respectively. The crystallization process is kinetically
slower than that of commercial sample as shown by the lower Tc (100.6 ◦C) with respect to
124 ◦C of the commercial sample. These data are perfectly in accordance with the higher HV
content (2.2 and 2.7 mol%) of the extracted PHB-HVs compared to that of the commercial
sample (0.9 mol%). It is known that the minor HV comonomer units are excluded in the
crystal lattice of the major HB comonomer units, and this hinders the crystallization process,
resulting in a decreased degree of crystallinity and a lower crystallization temperature [48].

To conclude, the results of the GPC analysis are reported in Figure 7. The weight
molecular distributions for the two extracted PHB-HVs are similar, with higher values of
Mn and Mw (expressed in g mol−1) for the PHB-HV extracted by CYC. This confirms that
the CYC-based extraction procedure, even at high temperatures (125 ◦C), did not adversely
affect the average polymer chain length compared to the CHL-based procedure at low
temperatures (10 ◦C). On the contrary, the procedure with CYC led to the recovery of a
PHB-HV, with the same yield, producing a higher crystallinity and longer chain length. In
addition, an increase in the extraction time, from 10 to 30 min, had no significant effect on
Mn and Mw.
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Figure 6. 2nd heating and cooling DSC curves and derived calorimetric data of PHB-HV extracted
with CYC (125 ◦C, 20 min), extracted with CHL (10 ◦C, 24 h) and commercial PHB-HV.
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Finally, in order to qualitatively evaluate the filmability by casting of the recovered
biopolymers, bioplastic films were prepared, using the solvent casting method. The
recovered PHB-HVs were dissolved in chloroform and poured into a glass Petri dish. The
solvent was evaporated at room temperature and a film was obtained after evaporation.
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The digital images of the starting recovered wet PHB-HV, extracted by CYC, and the
corresponding film obtained by casting are showed in the graphical abstract. Films with
the same consistency and opacity were obtained using PHB-HV obtained by CHL extraction
and commercial PHB-HV.

3.3. PHA Extraction with Ionic Liquids

PHA extraction from a bacteria biomass using ILs has been the subject of a Patent [22]
and some studies. Kobayashi et al. [23] proposed a recovery process for PHA accumulated
in cyanobacteria (with PHA content of 5 wt.%), using [EMIM][DMP], recovering the
insoluble PHA by filtration. They observed that the solution viscosity became too high
with a bacteria concentration of higher than 0.1 wt.% and difficult filtration. For this reason,
they used 1.0 g of ILs for 1.0 mg of dried cyanobacteria, which are not concentrated enough
to be suitable for industrial applications. Despite the use of these extreme conditions, the
recovered PHB was contaminated by membrane residues and the PHB content resulted in
around 30 wt.% [23].

In this study, the experiments were conducted at higher biomass/IL ratios, 1/10
and 1/30 (w/w). Initially, a weight biomass/IL ratio of 1/10 and an extraction time
of 4 h at 60 ◦C was used for all three investigated ILs. Under these conditions, it was
possible to recover the insoluble PHA fraction by centrifugation using only [EMIM][DEP].
Furthermore, while using [EMIM][DMP] and [EMIM][MP], the PHA insoluble fraction
did not separate from the solution. In order to induce PHA coagulation, a few drops of
methanol were added as antisolvent. It was difficult to recover coagulated biopolymer
by filtration due to the high solution viscosities, also evidenced by Kobayashi et al. [23]
The wet filtrated solid was washed with methanol and the amount of dried solid residues
obtained for 1 g of treated biomass resulted in 0.45, 0.69 and 0.72 g, using [EMIM][MP],
[EMIM][DMP] and [EMIM][DEP], respectively. These values show that the amount of
recovered solid after IL treatment was well above the quantity of PHB-HV present in the
starting biomass (14.3%), showing a relevant presence of NPCM. On the basis of these
results, further tests were conducted for which the treatment time was increased (from 4 to
24 h) and the biomass/ionic liquid w/w ratio was reduced, from 1/10 to 1/30. However,
in all these tests, the recovered biopolymer resulted in contamination by a high amount
of membrane debris. TG curves of dried recovered solids after 24 h of treatment with the
three ILs with a biomass/IL ratio of 1/10 (w/w), using [EMIM][DMP] with biomass/IL
ratio of 1/30 (w/w) are compared with the PHB-HV extracted by CYC in Figure 8. As
shown, all the extracted samples are heavily contaminated by NPCM, with a PHB-HV
content of around 30% (evaluated as weight loss in the temperature range of PHB-HV
decomposition). This content increases to around 50% with more dilute conditions, as
shown with [EMIM][DMP] (Figure 8). The TG curves of recovered solids are similar to
those obtained by Dubey et al. [24] using [EMIM][DMP] to extract PHA from Halomonas
hydrothermalis bacteria (with a PHA content of 74 wt.%) with a weight ratio biomass/IL
of 1/10 and methanol to recover PHA by precipitation as performed initially in this work.
They obtained PHB with a 60% yield and a purity of 86%, determined by the N content,
indicating the presence of amino acid impurities in the recovered biomass.

The FTIR spectra of the extracted solids with [EMIM][MP] and [EMIM][DMP] in
diluted conditions after 24 h, reported in Figure 9, show a good purity using [EMIM][MP]
under these conditions.

Given the significant contamination of PHB-HV by residual cellular material, further
characterizations were not carried out on these samples. Further tests are needed to obtain
higher NPCM removal efficiencies and, consequently, higher PHB-HV purity to make the
procedure with ILs applicable on industrial scale.
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4. Conclusions

In this work, Rhodovulum sulfidophilum DSM-1374 was cultured using a 16/8 light-
dark cycle, obtaining a PHB content of 14.3% in the dry biomass. The excess supply of
carbon (lactate 6.0 g/L) and P-starvation conditions was proposed to enhance polymer
production. CYC and three ionic liquids ([EMIM][DEP], [EMIM][MP] and [EMIM][DMP])
were investigated to extract PHA from bacterial biomass, as alternatives to commonly
used halogenated solvents such as CHL. Recovery yields higher than 95%. were obtained
using CYC at 125 ◦C, after 10 min. The extracted PHA was confirmed to be PHB-HV with
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2.7 mol% of HV, with a purity, thermal properties, molar mass and dispersity similar to
those of the PHB-HV extracted with CHL, which was used as the reference solvent, and
of a commercial PHB-HV. These results showed that CYC at 125 ◦C presents a valuable
alternative to CHL in the extraction of PHAs from bacterial biomasses with the requirement
of only limited extraction times (10–20 min).

On the contrary, the three investigated ILs obtained PHAs highly contaminated by
cellular membrane residues. Using [EMIM][MP] with a biomass/IL ratio of 1/30 (w/w)
after 24 h, the extracted PHB-HV showed a good purity. Consequently, further inves-
tigations are required regarding the use of ILs as PHA extraction solvents, to increase
the selectivity of extraction and overcome the difficulties that occur during the filtra-
tion/centrifugation/washing steps, because of their high viscosity.
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