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A B S T R A C T

Polyhydroxyalkanoates (PHA) are biodegradable plastics of microbial origin, whose biodegradability and
thermochemical properties make them greener alternatives to conventional plastics. Despite their high industrial
potential, the PHA’ high production costs still hinder their application. Mixed microbial biomass combined with
agro-industrial wastes are being used to strategically reduce these costs. However, it is still necessary to optimize
the downstream processing, where the extraction process amounts to 30–50% of the total costs. Conventional
processes apply chlorinated solvents to recover PHA from microbial biomass but cannot be implemented in-
dustrially due to environmental regulations. Alternative solvents, with good results of purity and recovery yields,
usually have a negative impact on the molecular weight of the final polymer. In this work, the addition of a pre-
treatment based on non-ionic surfactants (Tween® 20, Brij® L4, and Triton™ X-114) to extract PHA from mixed
microbial biomass selected on fermented agro-industrial wastes was investigated. The best results were obtained
with Tween® 20 allowing for an increase in 50% compared with the use of dimethylcarbonate without any pre-
treatment (from 38.4 ± 0.8% to 53 ± 2%) and very close to those obtained with chloroform (63%). The
extracted polymer was analysed and characterized, revealing a PHA of high purity (> 90%) and low molecular
weight loss (under 24%). Additionally, a material-focused economic and a carbon footprint analysis were per-
formed and supported the selection of the method as one of the cheapest options and with the lowest carbon
footprint.

1. Introduction

Polyhydroxyalkanoates (PHA) are biopolyesters synthesized by
many bacterial species as intracellular reserves of carbon and energy.
Their biodegradability and thermochemical properties make them sui-
table as greener alternatives to conventional plastics [1]. Despite their
high industrial potential, PHA are considered biopolymers of high
production costs, which continue to be a limiting step on their appli-
cation.

Mixed microbial biomass, instead of pure cultures, and agro-in-
dustrial wastes, as substrates, are being used to strategically reduce the

production costs. However, the downstream processing still represents
the major drawback of the process, with the extraction process
amounting to 30–50% of the total costs [2,3]. Downstream strategies
consist mainly on the extraction of PHA granules from bacterial cells, in
some cases preceded by a pre-treatment to improve the recovery yield.
Then, a step of purification may be introduced to meet the purity re-
quired by the final application. In this sense, the ideal method should
lead to a high purity and recovery level at the lowest cost [4].

Early, processes resorted to chlorinated solvents to recover PHA
from microbial biomass [4,5]. Those disrupt the lipid portion of the cell
wall and allow for PHA solubilisation resulting in high extraction yields
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with little damage to polymer chains. However, environmental re-
strictions limited their industrial use, imposing the urgency to search
for more benign and less toxic alternatives [2],[6].

The extraction procedures currently adopted on pure microbial
strains can be divided into two main classes: PHA solubilisation/re-
covery with organic solvents and the dissolution of Non-PHA Cell Mass
(NPCM) with chemicals (i.e. acids, alkalis, and surfactants) or enzymes
[7,8,9,10]. However, both approaches present several disadvantages
[7],[11],[12]. Alternative solvents (e.g. propylene carbonate, ethyl
acetate, methyl isobutyl ketone) were reported with good results of
purity and recovery yields, but with a negative impact on the molecular
weight of the final polymer, which can limit the polymers’ applications.
Moreover, other benign alternatives were tested, such as ionic liquids
and supercritical fluids, but some are still too costly to represent a valid
substitute [2],[8],[13].

While some of the issues have been solved for pure cultures even
using surfactants [14,15], the mixed microbial biomass pose an extra
challenge due to their heterogeneity and complex cell structure, more
resistant to hydrolysis. Besides, different substrates and processes of
production led to different types of microbial biomass, meaning that an
extraction process developed for a particular microbial biomass may
not be efficient for all cases. For these reasons, mixed microbial biomass
are often overlooked and research on extraction procedures is still
scarce [8].

Samorì et al. (2015) reported an innovative PHA extraction proce-
dure from mixed microbial biomass by proposing the use of dimethyl
carbonate (DMC), a non-polar solvent with good miscibility with water,
readily biodegradable, and non-toxic [16]. DMC resulted in a recovery
yield of 63%, after a two-step extraction was performed, and provided a
polymer with good quality and a purity of 95%. In order to increase the
extraction yield and develop a process that can also be applied to mixed
microbial biomass more resistant to dissolution, a pre-treatment step
should be considered.

The NPCM dissolution with chemicals began with nonselective
dissolution systems, mainly represented by alkalis (i.e. sodium hydro-
xide - NaOH and sodium hypochlorite - NaClO) and acids digestion,
which, if too concentrated, can lead to degradation of both NPCM and
PHA, thus reducing the recovery yield and lowering PHA molecular
weight [9],[10],[17]. These methods were then replaced by selective
dissolution chemicals, including anionic (i.e. sodium dodecyl sulphate -
SDS), cationic (i.e. hexadecyltrimethylammonium bromide - CTAB),
non-ionic surfactants (i.e. Tween 20 and Triton X-100) and proteolytic
enzymes. These surfactants can be directly applied to the wet microbial
biomass, avoiding the expensive dewatering step, not affecting the
properties of the final product. On the other hand, they should be used
in high concentrations and result in a low extraction purity, often re-
quiring a final purification step [2],[7],[18]. Table 1 presents an
overview of the reported PHA extraction procedures for mixed biomass
and their impact in the polymer characteristics.

Non-ionic surfactants, the focus of this work, are amphiphilic mo-
lecules whose effect on cell aggregation and membrane permeability
was already reported [19,20]. Their use as extraction agents in biolo-
gical processes is also a recurrent topic in literature [19],[21],[22],
with some works already reporting its use for PHA extraction from pure
cultures [23],[24]. In this work, this uncharged class of surfactants was
selected, since they were reported as better solvents and/or disrupting
agents for some particular cells like brown macroalgae and microalgae
[25]. Consequently, higher yields of extraction with lower contents of
surfactant could be expected, as well as the decrease in the economic
and environmental impacts of the final process.

This work tested the application of a microbial biomass pre-treat-
ment using non-ionic surfactants of low cost, Tween® 20, Brij® L4, and
Triton™ X-114 as a way of increasing the efficiency of the extraction of
PHA with DMC for the mixed microbial consortia investigated. The
microbial biomass used was selected on fermented dairy wastes.
Furthermore, the results of the average molecular weight and thermo- Ta
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chemical characterization of the extracted PHA were evaluated to as-
sess the impact of the extraction procedure on the polymer character-
istics. The process that resulted in the highest polymer yield, higher
purity and lower molecular weight loss will be proposed for a future
optimisation envisaging industrial implementation. Moreover, both a
material-focused economic analysis and an environmental analysis
considering the carbon footprint of the process were performed. The
objective was to determine which pre-treatment option was the
cheapest, how different parameters could affect the production costs,
and also, which process option corresponded to the lowest carbon
footprint.

2. Materials and methods

2.1. Materials

2.1.1. Microbial biomass
To develop the PHA extraction procedure, a PHA-rich microbial

biomass produced following the same protocol as in Colombo et al.
(2019) was used [26]. The cells were collected from an accumulation
reactor fed with fermented dairy wastes. After being collected, the
microbial biomass was centrifuged at 10,000 g for 15 min at room
temperature, the supernatant was discarded, and the pellet washed
three times with 0.9% of NaCl solution. The final pellet was freeze-dried
and kept in a desiccator for further procedures.

2.1.2. Reagents
The compounds tested on the PHA extraction from the microbial

biomass were the polyoxyethylene sorbitan monolaurate (Tween® 20,
Mw (molecular weight) = 1228, hydrophilic-lipophilic balance;
HLB = 16.7 [27]), polyethylene glycol dodecyl ether (Brij® L4, ,
Mw = 362, HLB = 10 [28]), dimethyl carbonate (DMC), chloroform,
all supplied by Sigma-Aldrich (Darmstadt, Germany), and polyethylene
glycol tert-octylphenyl ether (Triton™ X-114, Mw = 537, HLB 12.3
[29]) supplied by Acros Organics, Thermo Fisher Scientific (Waltham,
MA, USA). The ethanol used to wash the biomass was supplied by VWR
Chemicals (purity ≥ 96%). Tetrahydrofuran (THF, purity ≥ 96%) for
liquid chromatography LiChrosolv® and poly-3-hydroxybutyrate (P
(3HB)) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (P(3HB/
3HV)) standards were provided by Sigma-Aldrich (Darmstadt, Ger-
many). For extraction/transesterification prior to Gas Chromatography
analysis pure chloroform, methanol, heptadecane and sulphuric acid
used were provided by Sigma-Aldrich.

2.2. Methods

2.2.1. Solubilisation tests
PHA solubility tests were performed to minimize the risk of losing

PHA by solubilisation during the microbial biomass digestion with the
non-ionic surfactants. Moreover, this was also helpful to understand the
mechanism behind the use of non-ionic surfactants. These tests were
performed by mixing 0.5 g of commercial P(3HB) (Sigma-Aldrich,
Darmstadt, Germany) with 5 mL of surfactant (Tween™ 20, Triton™ X-
114, Brij® L4) at 60 °C for 4 h, with gentle mixing. The liquid fractions
were then analysed by FT-IR and compared to the spectra of each
surfactant to evaluate the possible presence/solubilisation of the bio-
polymer.

2.2.2. Extraction procedure
In this work, PHA were extracted from microbial biomass starting

with a pre-treatment using non-ionic surfactants previous to PHA ex-
traction with DMC. Thus, a two-step approach was developed. The first
step consisted in a selective dissolution of the non-PHA cell mass
(NPCM) by using non-ionic surfactants, followed by a second step
corresponding to the PHA extraction using DMC in the same conditions
proposed in literature [2].

The pre-treatment step was carried out at 60 °C and with orbital
stirring set at 80 rpm for 4 h of contact between cells and the non-ionic
surfactant, accordingly to results of preliminary assays (data not
shown). To optimize the pre-treatment step, three non-ionic surfactants
were tested, two solid–liquid ratios (S/L ratios) and two non-ionic
surfactant concentrations. All three variables were combined resulting
in a total of 12 tests, performed in duplicate.

Then, the pre-treated microbial biomass was centrifuged at 47,432 g
for 30 min at 25 °C, the supernatant was discarded and the pellet was
washed three times following the sequence: 5 mL of deionized water,
5 mL of ethanol (70% v/v) and 5 mL of deionized water. After dis-
carding the supernatant, the pellet was left to dissolve in DMC by
keeping the same conditions reported by Samorì et al. (2015), namely
1 h of contact at 90 °C, with a S/L ratio of 0.025 gcells.mL-1DMC solvent.
Finally, the mixture was vacuum filtrated with glass microfiber mem-
branes (0.45 µm of porosity), and the DMC was left to evaporate. The
dry weight of the obtained extract was measured by drying the samples
in an oven at 30 °C until constant weight.

For all tests, the biopolymer recovery yield (Eq. (1)) was calculated
and a statistical analysis was performed to define the best conditions to
be adopted in the pre-treatment step. After defining the optimal con-
ditions for the pre-treatment of the microbial biomass with the best
non-ionic surfactant, a higher S/L ratio (0.075 gcells.mL-1DMC solvent) in the
further step with DMC was tested and the data compared with the re-
sults obtained in the literature [2]. All tests were performed in duplicate
being the recovery yields (Eq. (1)) and respective deviations de-
termined.

= ×PHA recovery
PHA recovered g

PHA initial g
(%)

( )
( )

100
(1)

For the optimized process, the extracts of biopolymer produced
were analysed in terms of purity by thermogravimetric analysis (TGA),
according to the procedure reported in the literature [30], and the
molecular weight by a HP-SEC/. The final process developed was ap-
plied to perform a final extraction in a larger scale, ending with the
characterization of PHA by Dynamic Light Scattering (DSC), TGA and
Gas Chromatography (GC).

2.2.3. Control tests
To evaluate the effectiveness of the optimized extraction procedure,

two control tests were performed using DMC and chloroform, respec-
tively. For the test with DMC, the microbial biomass samples were in-
cubated with DMC (90 °C for 1 h with a S/L ratio of 0.025 gcells.mL-1DMC

solvent) further centrifuged at 4000 rpm for 1 min and then filtered with
polypropylene membrane filters of 0.45 μm porosity [2]. For the test
with chloroform, microbial biomass samples were suspended in CHCl3
(38 °C for 3 days with a S/L ratio of 0.025 gcells.mL−1

solvent) and were
then filtered with polypropylene membrane filters of 0.45 μm of por-
osity [31]. For both cases, the polymer was recovered by solvent eva-
poration.

2.2.4. Statistics
PHA recovery yield data were statistically analysed by one-way

ANOVA to compare means with a level of significant difference set at p-
value < 0.05; the Duncan test was used as the method to compare
means. All statistical analyses were performed by using SPSS software
(SPSS Statistics v. 25.0, IBM, Armonk, NY, USA).

2.2.5. Analytical methods
2.2.5.1. High-performance size exclusion chromatography combined with a
triple detector array (HP-SEC/TDA). The PHA molecular weights were
determined by high-performance size exclusion chromatography
combined with a triple detector array (HP-SEC/TDA) measurement.
The HP-SEC equipment consisted of a Viscotek system (Malvern
Instrument Ltd, Malvern, UK) equipped with a Knauer HPLC pump
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K501, and a Biotech Degasi GPC degassing device. The detector system
was a Viscotek mod. 302 Triple Detector Array (TDA), which is
composed by Laser Light Scattering detector (90° and 7°; wavelength
670 nm), Refractive index (RI) detector (cell volume of 12 μL; light
emitting diode (LED) at 660 nm wavelength) and viscosimeter detector
(four capillaries with a differential Wheatstone bridge configuration). A
PLgel 20 µm MIXED A column (7.5 × 300 mm) was used·THF was used
as mobile phase at a flow rate of 1 mL.min−1. Columns, injector, and
detectors were maintained at 35 °C. Samples were dissolved in
chloroform at concentration 2–6 mg/mL and filtered on a 0.2 μm
membrane before injection. The injection volume was 100 μL. All the
samples were analyzed in duplicate.

The system was calibrated with the polystyrene (PS) narrow stan-
dard of known Mw, polydispersity and intrinsic viscosity (Malvern
PolyCAL PS standards − 105 kDa). A differential refractive index in-
crement (dn/dc) value of 0.047 was used for further calculations [32].

2.2.5.2. Gas chromatography (GC). The determination of PHA cell
content and PHA composition were performed by GC adapted from
Moita and Lemos (2012) [33]. Two mg of microbial biomass were
incubated with 1 mL of a solution of chloroform with heptadecane as
internal standard and 1 mL of acidic methanol solution (20% H2SO4), at
100 °C for 3.5 h. After cooling, 0.5 mL of water were added for
extraction. The chloroform phase was collected and molecular sieves
(0.3 mm) were added to ensure water adsorption. 2 μL of the obtained
solution were injected into a gas chromatograph coupled to a Flame
Ionization Detector (GC-FID, Bruker 400-GC). A Restek Stabilwax-MS
capillary column was used with hydrogen as the carrier gas (50 kPa)
using a splitless injection mode at 240 °C. The oven temperature
program was defined as follows: 40 °C; then 20 °C.min−1 until
100 °C; then 3 °C.min−1 until 155 °C; and finally, 20 °C.min−1 until
220 °C. The detector temperature was set at 230 °C. 3-Hydroxybutyrate
(3HB) and 3-hydroxyvalerate (3HV) concentrations were calculated
using standards of a commercial P(3HB/3HV) (88%/12%, Sigma-
Aldrich) and corrected using a heptadecane internal standard. The
calibration curve for 3HB ranged from 0.0688 mg.mL−1 to
4.40 mg.mL−1 and for 3HV, from 0.00938 mg.mL−1 to
0.600 mg.mL−1.

2.2.5.3. Fourier-transform infrared spectroscopy (FT-IR). Fourier
transform infrared spectroscopy (Perkin Elmer) equipped with
attenuated total reflection (Golden Gate, Specac) was used to analyse
the polymers after the extraction procedures and the surfactants after
the solubilization tests. Commercial P(3HB) (Sigma-Aldrich) was used
as a reference to identify if any of the functional groups were present. A
spectral range between 4000 and 500 cm−1 was used with 64 scans at a
resolution of 4 cm−1. The raw signal was pre-processed by a baseline
correction and then vector normalized, using the software Spectra. The
equipment was located in a room with controlled temperature
(21 ± 1 °C) and humidity (under 35 ± 2%) and background scans
were performed before each analysis to prevent the interference of
water and carbon dioxide.

2.2.5.4. Differential scanning calorimetry (DSC). Differential Scanning
Calorimetry (PerkinElmer, model Diamond DSC) was used to determine
the thermal characteristics of the PHA extracted. Around 3 mg of each
PHA sample was placed in the DSC cell aluminium pan. The first
heating ramp, with the aim to erase the thermal history, occurred at a
rate of 5 °C.min−1 from − 50 °C to 180 °C (run I). Then, the
temperature was held at 180 °C for 1 min followed by a cooling ramp
of 10 °C.min−1 to − 50 °C. After 1 min at − 50 °C, the samples were
reheated up to 180 °C at a 5 °C.min−1 rate (run II). An inert nitrogen
atmosphere was used during the purge.

The melting temperature (Tm) and the melting enthalpy (ΔH) were
obtained considering the values from the thermogram obtained during
the second heating ramp (run II). The crystallinity (Eq. (2)) was

calculated according to:

= ×Crystalinity (%)
ΔH(J/g)

ΔH (J/g)xw
100

0 (2)

where ΔH0 is melting enthalpy of the 100% crystalline P(3HB),
which is assumed to be 146 J.g−1 and w is the weight fraction of P
(3HB) in the sample [34],.

2.2.5.5. Thermogravimetric analysis (TGA). Thermogravimetric analysis
(Seteram, model Settsys Evolution 1750, TGA mode, S sensor) was used
to determine the thermal stability of the extracted PHA. Nitrogen was
supplied at 50 mL.min−1. The furnace temperature was set from 0 °C to
800 °C with a heating rate of 10 °C.min−1.

2.2.6. Economic analysis
An economic analysis was performed to elucidate the impact of the

material consumption on the production cost. Briefly, the total cost per
batch (CoG/batch) considering the pre-treatment and DMC extraction
and the cost per gram (CoG.kg−1) was calculated following Eq. (3) and
for the pre-treatment step using surfactants, Eq. (4):

= +
CoG

Batch
CoG

Batch
CoG

BatchTotal Surfactant DMC (3)

= ∗ ∗ ∗
CoG

Batch
Concentration MolarWeight Biomass

ratio
Price

Surfactant S
L (4)

Moreover, for the extraction using DMC, Eq. (5) was applied:

= ∗
CoG

Batch
Biomass

Ratio
Price

DMC S
L (5)

To calculate CoG.kg−1, both Eqs. (6) and (7) were applied:

= ∗
Production

Batch
PHA Content Recovery Yield

(6)

=
CoG
kg

CoG
BatchTotal
Production

Batch (7)

Using these equations, the CoG.kg−1 was calculated and the effect
of different variables determined. This analysis considered large-scale
production of 1000 kg of biomass with a similar PHA content as the
mixed microbial biomass used in this work and the 14 conditions (12
for surfactants and 2 as controls) here developed (Table 2). For this
analysis, the only economic data needed were the prices in Euros ob-
tained from the Alibaba website for the chemicals analysed, including
the supplier, i.e. Tween 20 - €0.95.L-1 (Qingdao Ocean Import And
Export Co., Ltd.), Triton X-114 - €2.77.L-1 (Shaanxi Herben Bioengi-
neering Co., Ltd.), Brij L4 - €0.82.L-1 (Hebei Guanlang Biotechnology
Co., Ltd.), DMC - €0.41.L-1 (Smileda Co., Ltd.), CH3Cl - €0.45.L-1

(Shandong S-Sailing Chemical Co., Ltd.).
Then, a sensitivity analysis (systematic variation of individual

parameters) was performed to evaluate the impact of having variations
in the price of the materials employed (50 or 200% from the current
price), the recovery yield (± 20% of each of the values) and the PHA
content in the biomass (± 25% to the current value of 50%). The best
pre-treatment surfactant and condition were selected to perform an
additional analysis. Finally, as an example of large-scale production, the
CoG/batch and CoG.g−1 for a 1,000 kg of biomass processing were
calculated, this along a subsequent sensitivity analysis.

2.2.7. Carbon footprint determination
The carbon footprint was determined for the three protocols to ex-

tract PHA as an indicator of environmental performance. It consists in
the sum of greenhouse gas emissions (GHG), expressed as carbon di-
oxide equivalent (CO2 eq), along the supply chain of the chemicals,
water and electricity consumed (Table S1 of the Sup. Information). The

B. Colombo, et al. Separation and Purification Technology 253 (2020) 117521

4



quantities in Table 2 and the carbon footprint are expressed per 1 kg of
PHA obtained, allowing for the comparison between the three proto-
cols. Electricity consumption for each equipment was estimated based
on the time of operation, nominal power and fraction of occupancy over
total capacity. The adoption of the nominal power instead of the real
power can lead to an overestimation of the electricity consumption and
thus, it should be considered as the worst-case scenario. The carbon
footprint for the supply chain of DMC, chloroform and electricity
(considering the mix of energy sources of electricity consumed in Por-
tugal) was sourced from the Ecoinvent 3.6 database [35], while for
Tween 20, it was based on a manufacturer estimation [36]. For ultra-
pure water, the carbon footprint is associated with tap water production
[37], and electricity consumed during ultra-purification [35]. The
global warming potentials considered for each GHG are those re-
commended by the Intergovernmental Panel on Climate Change (IPCC)
for a time horizon of 100 years [38].

3. Results and discussion

3.1. Solubilisation tests

PHA solubility tests were performed for all surfactants. FT-IR of the
liquid fraction after the solubilisation tests with PHA matched the
spectra of the commercial surfactants, indicating that for all cases, the
polymer was not soluble in the surfactants chosen (Fig. S1 of the Sup.
Information). Furthermore, none of the typical P(3HB) bands were
observed in the liquid fractions of the solubilisation tests.

3.2. Tests with conventional methods

The mixed microbial biomass used in this work had a PHA content
of 50% of cell dry weight. The polymer consisted of P(3HB/3HV), with
an 3HV molar content of 12%. Part of this microbial biomass was used
for the extraction of PHA using chloroform (CHCl3) and DMC, following
the conditions proposed by Samorì et al. (2015), and being the main
results presented in Table 2. The PHA recovery yields, for both DMC
and chloroform, 38.4% and 63.5%, respectively, were lower than those

previously obtained in literature, 49% [2], and > 90% [8],[13], re-
spectively. By mixing 0.1 g of lyophilized microbial biomass with DMC
using the same S/L ratio of 0.025 gcells.mLsolvent-1, the maximum re-
covery yield obtained was 38.4 ± 0.8%, which is a result 20% below
the value reported by Samorì et al. (2015) for microbial biomass se-
lected under different conditions and with a different substrate. This
lower recovery could result from the use of different microbial cultures
and substrates for PHA production in Samorì et al. (2015) and in this
work.

These results illustrate one of the problems of working with mixed
microbial biomass. The different origin of the substrate and microbial
inoculum used in each PHA production process leads to different mi-
crobial compositions of biomass that can show different characteristics.
While DMC seems to efficiently dissolve PHA, it may not be ideal for
cell disruption, limiting the solvent access to PHA [14]. To overcome
this problem, the introduction of a pre-treatment step was previously
investigated using sodium hypochlorite (NaClO), that successfully
helped in the disruption of the cells but high temperatures were re-
quired, 100 °C for 1 h [2]. Moreover, NaClO is far from being the best
solution for a disrupting agent, due to its role in the formation of ha-
logenated toxic by-products [39–41]. Finally, a reduction on the Mw of
the extracted polymer is usually observed, which can compromise fu-
ture application of the polymer [1].

The results obtained with chloroform and DMC worked as controls
for the subsequent assays, where the use of non-ionic surfactants as pre-
treatment agent is proposed.

3.3. Pre-treatment with surfactants and ANOVA results

In this work, a pre-treatment step using non-ionic surfactants was
studied as a way of improving the DMC extraction and, consequently,
the sustainability of the overall process. The pre-treatment consisted on
the selective dissolution of the non-PHA cell mass (NPCM) with non-
ionic surfactants. Table 2 shows the conditions applied and results
obtained in these assays.

The results in Table 2 show that the highest S/L ratio, in general,
allowed for better results with the three non-ionic surfactants at both

Table 2
Conditions, recovery yield (%) and ANOVA results of the extractions performed.

*Averages followed by the same letter are not statistically different for a p < 0.05.
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concentrations tested. On the other hand, the surfactant concentrations
tested did not seem to have a significant impact on the extraction
procedure, which allowed choosing the lowest concentration,
100 mmol.L-1, consequently decreasing the impact of the overall pro-
cess. Preliminary assays showed that concentrations lower than
100 mmol.L-1 resulted in lower yields (data not shown).

Moreover, it can be seen that for any condition adopted (surfactant
concentration and S/L ratio), Triton™ X-114 resulted in the worst scores
in terms of PHA recovery yield, while Tween 20 shows the best results,
which correlates with the HLB data attributed to each surfactant (Triton
X-114 with HLB = 12.3 [29], and Tween 20 with HLB = 16.7 [27]). In
order to understand which of the conditions tested in the pre-treatment
step allowed getting the best results (not statistically different), a one-
way ANOVA was performed on the 12 tests. The results are expressed in
Table 2 in terms of letters. The best results, marked in grey in Table 2,
were defined by the use of Tween® 20 at 150 mmol.L-1 independently of
the S/L ratio tested or at 100 mmol.L-1 for the highest S/L ratio tested,
and Brij® L4 at 150 mmol.L-1 for the highest S/L tested.

After the optimization of the different conditions and analysis of the
results, Tween® 20 and Brij® L4 were chosen as best digestive/dis-
rupting agents of NPCM.

To further optimize the process, by reducing the amount of solvent
needed in the process, a last assay was performed to evaluate the im-
pact of the S/L ratio but in the second step, i.e. the extraction with
DMC. In this context, instead of the 0.025 gcells.mLsolvent-1 tested by
Samorì et al. (2015), a S/L ratio of 0.075 gcells.mLsolvent-1 was applied.
The recovery yield results obtained were notably lower (between 26
and 29%) for the higher S/L ratio tested and even if compared with the
use of sole DMC. This can be explained by the formation of a “gel-like”
structure observed during this assay), which made impossible the se-
paration of the DMC phase rich in PHA from the pre-treated microbial
biomass. This may be justified by the precipitation of other cellular
structures with DMC, like proteins, as previously observed [42]. Be-
sides, it was well documented that disrupted biomasses produce am-
phiphilic molecules having colloidal properties [43]. For this reason,
the S/L ratio of 0.025 gcells.mLsolvent-1 was used in further studies.

3.4. Impact on molecular weight and polydispersity index

The molecular weight (Mw) distribution is one of the main drivers
controlling the end-use of PHA, since it can limit several applications
[1]. For this reason, the impact of the extraction procedure on the Mw
of the polymer was studied. For the best conditions previously selected,
the average Mw and polydispersity (PDI) of the PHA obtained were
determined (Table 3). The molecular weight of the samples ranged from
0.76 to 0.91 MDa, which is slightly lower than the initial value de-
termined on the PHA extracted with CHCl3, 1.0 MDa. The values are in
range with the data reported in literature [44–47], but lower compared
with what was reported by using sole DMC to extract PHA from a mixed
culture, 1.3 MDa [2], a difference that could be due to the different
biochemical characteristics of microbial biomass source. Still, the use of
surfactants in the pretreatment step had a much lower impact on Mw
that the currently proposed methods. Using NaClO, Samorì et al. (2015)
reported Mw decreases of 54 to 85%, while in this work decreases
ranged 9 to 24% [2].

The Mw reduction was more evident in the samples using Tween®
20, which might indicate that this surfactant has a more significant
impact in the polymer chain length, even though it led to higher ex-
traction yields. Regardless of the lower molecular weights, the poly-
dispersity indexes (PDI) of the samples were between 1.85 and 1.99,
indicating narrow chain length distributions. The lower value of PDI for
the assay with Brij L4 confirms the lower reduction on Mw observed.
The values obtained were also in agreement with what was previously
reported [1],[48]. Considering all the results obtained, namely recovery
yield, Mw and PDI, the work proceeded with Tween® 20 and Brij® L4 by
adopting the best conditions representing tests 10 and 12.

3.5. Thermochemical characterization of PHA extracted after microbial
biomass pre-treatment with Tween® 20 and Brij® L4

The detailed thermo-chemical characterization of PHA after pre-
treatment with Tween® 20 and Brij® L4 for the best conditions re-
presented by tests 10 and 12 was assessed by DSC, FTIR, TGA, and GC
analysis. The results obtained are summarized in Table 4.

GC analysis was conducted on both samples. Results of the polymer
extracted after pre-treatment with Tween® 20 indicated a copolymer of
P(3HB/3HV) with an 3HV content of 9% and a purity of 93.9% (g PHA/
100 g total solids). Although a similar proportion of 3HB/3HV was
determined for the PHA extracted after cell disruption with Brij® L4, the
purity was much lower, 56.8% (g PHA/100 g total solids), which may
be attributed to the presence of contaminations, possibly the surfactant
itself, or other compounds released during the pre-treatment step.

DSC is an extremely useful tool for the characterization of PHA
thermal properties [1]. In this work, this technique was used to de-
termine the melting temperature (Tm), enthalpy (ΔHm), and the glass
transition temperature (Tg) of the polymers extracted with Brij® L4 and
Tween® 20. The crystallinity was determined from the values of ΔHm.
Both samples showed similar values of Tm and Tg and corresponded to
the values reported for copolymers with similar 3HV content [44],[46],
[49],[50]. The major differences observed between the samples were in
the melting enthalpy, and, consequentially, in the crystallinity. While
the values of crystallinity obtained for the sample extracted with Brij®
L4 were more consistent with what was previously reported for P(3HB/
3HV) with 9% 3HV content [49], a wide range of crystallinity values
has been reported [1],[51–53]. Besides, as reviewed by Laycock et al.

Table 3
Data of molecular weight and polydispersity index of the PHA extracted after the process conditions optimization.

Assay Conditions* Recovery Yield (%) Mw (MDa) Polydispersity Index (PDI)

10 Tween 20; 0.0625; 0.025 53 ± 2 0.763 ± 0.006 1.99
12 Brij L; 0.0625; 0.025 50 ± 3 0.908 ± 0.002 1.85
7 Tween 20; 0.03; 0.025 51 ± 4 0.848 ± 0.004 1.88
4 Tween 20; 0.0625; 0.075 51 ± 4 0.788 ± 0.002 1.91

* Surfactant, pre-treatment step S/L ratio (gcells.mLsolvent-1), PHA extraction with DMC (gcells.mLsolvent-1); Number of repetitions, n = 2, for Mw and PDI de-
termination.

Table 4
Characteristics of the polymers extracted with Tween® 20 and Brij® L4 using the
optimized conditions.

Parameter Tween® 20 Brij® L4

3HV (%) 9% 9%
Purity (%) by GC 92.3 56.8
Purity (%) by TGA 90.2 77.9
Tg (°C) −7.33 −5.00
Tm (°C) 145.69 147.30
Td (°C) 255.38 242.62
ΔHm (J/g) 12.65 51.14
Crystallinity (%) 9 34
Mw (Da) 763 259 908 981
PDI 1.99 1.85
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(2013), DSC is not the ideal technique for the measurements of crys-
tallinity, especially for copolymers [1].

FT-IR has been often used as a method of “real-time” detection and
characterisation of PHA, since it requires a small sample size, minimal
sample preparation, and it is of rapid analysis, without solvents need
[52],. Fig. 1 compares the spectra of the PHA extracted using both
surfactants with PHA extracted with CHCl3 and a P(3HB) commercial
standard. The similarity between all spectra is evident and consistent
with the previously reported PHA spectra [54],. As seen in Fig. 1A,

typical PHA peaks are evident in both samples, with the peak corre-
sponding to the ester carbonyl (C = O) stretching in the
1740–1700 cm−1 region and the –CH3 and –CH2- stretching at
3000–2800 cm−1. Regarding PHA composition, 3HV content is thought
not to cause significant variations in the spectra. However, because
crystallinity has a tendency to decrease with the increase of the 3HV
content, subtle shifts in some of the bands related to crystallinity have
been observed, especially in the 1740–1700 cm−1 region [55],. Kansiz
et al. (2007) studied the FTIR spectra of PHA copolymers with 14% of

Fig. 1. A: FTIR spectra of the PHA extracted compared to a commercial standard (STD P(3HB)); B: Close-up of the FTIR spectra in the 1740–1700 cm−1 region (C]O
stretching); C: Close-up of the FTIR spectra in the 2290–2390 cm−1 region.
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3HV and its correlation with polymer crystallisation. These authors
observed major changes in the carbonyl band at around 1730 cm−1. In
this case, two bands were observed: a broader band at 1740 cm−1 and a
stronger and sharper band at 1720 cm−1 corresponding to the amor-
phous and crystalline phases, respectively. Fig. 1B represents this spe-
cific region where the presence of the reported bands is more evident in
the extracted samples than in the homopolymer. Also, both samples
extracted with CHCl3 and Tween® 20 exhibited lower peaks than the P
(3HB) standard, this being consistent with the presence of the 3HV
monomer. Finally, a peak in the 2290–2390 cm−1 region of the sample
extracted with Brij® L4 can be observed in Fig. 1C, which could confirm
the lower purity of the sample determined by GC.

Both samples were also submitted to TGA analysis to evaluate their
thermal stability (Fig. 2).

TGA analysis presented a major drop in mass at temperatures be-
tween 200 and 330 °C, corresponding to the thermal decomposition of
PHA, regardless of the surfactant used in the pre-treatment (Fig. 2A).
For the sample extracted with Tween® 20, there was an almost com-
plete loss of mass, until 270 °C, with only residual weight loss further
observed until 400 °C. These results indicate the higher purity of the
sample, around 90%, a value determined by measuring the main slope
of the TGA curve [30]. Extraction of PHA safter cell digestion with Brij®
L4 resulted in a polymer with a higher content of impurities, with a
mass loss between 250 and 400 °C that can be observed in the TGA
curve, confirming the result from GC. This result is usually associated
with the presence of organic compounds [10].

Fig. 2B represents the variation of the rate of decomposition with
increasing temperature (in terms of the conversion derivative curve of
the TGA) of both samples. This analysis allows for the determination of
the temperature of maximum PHA decomposition (Td) with a good
degree of precision [56]. The samples had similar Td with 242.62 °C and
255.38 °C for Brij® L4 and Tween® 20, respectively. The results were in
range with previously values reported for P(3HB/3HV) produced by
mixed microbial biomass [1],. Regardless of the slightly lower values of
Td obtained in this work when compared with literature [10],[56], the
phenomenon should be expected considering the lower 3HV content
[56],.

3.6. Economic and environmental analysis of the proposed method

This paper proposes a two-step process using a pre-treatment of the
mixed microbial biomass to extract PHA. From the two non-ionic sur-
factants that led to the best recovery yields, the choice was Tween 20
followed by the extraction of PHA with DMC, to successfully developed
the PHA recovery. This non-ionic surfactant was efficiently used to
induce the cell disruption in a concentration of 150 mM and a S/L ratio
of 0.0625 gcells.mLsolvent-1. The optimization of the first step allowed
thus the easiest recovery of PHA with high recovery yields (53 ± 2%)

and purity (93.9%), maintaining the high molecular weight of the
biopolymer (around 0.80 kDa), when compared with the use of DMC
alone for the same consortia (experimental results also performed in
this work). However, and foreseeing the future industrial im-
plementation, the recycling and reuse of the main solvents are essential
steps. In this work, these steps were contemplated. The surfactant may
be directly reused, since it is not dissolving the PHA, as it only acts in
cell disruption. The DMC used in the second step was completely se-
parated from the biopolymer by evaporation as also defined in the final
process depicted in Fig. 3.

In order to confirm the feasibility of the proposed process an eco-
nomic evaluation and a carbon footprint analysis were performed.

3.6.1. Economic analysis
To understand the impact of the addition of an extra pre-treatment

step in the final cost of the extraction process, an economic analysis was
conducted, where the CoG per kilogram of PHA was evaluated for each
condition tested. The calculation of the CoG.kg−1 for the 14 assays
shows that the least expensive option is the application of CH3Cl for
PHA extraction, with a €57.7 per kilogram when processing 1000 kg of
biomass (Fig. 4A). However, and as mentioned before, the use of
chloroform is the least green alternative [2],. All the pre-treatment
conditions resulted in a lower production cost, between €68.6 per
kilogram, for assay 12, and €123.6 per kilogram, for assay 2, with the use
of sole DMC resulting in one of the highest costs, €85.4 per kilogram
(Fig. 4A). These results are highly associated with the recovery yields
obtained; the use of only DMC resulted in a recovery yield of 38.4%,
while assay 2 showed a recovery of 34%.

A sensitivity analysis performed on the materials costs, recovery
yield and PHA content (Fig. 5) shows that for the majority of the assays,
the most critical parameter is the materials cost. As recovery decreases
(assays 2 and 13), it became more important, but if it maintains a level
above 40% (as with the rest of the conditions tested), it is criticality
decreased. Moreover, the amount of PHA in the biomass also plays a
major role in dictating the potential production costs.

The results from the deterministic and sensitivity analyses allowed
to prove that the inclusion of a pre-treatment step was indeed the best
option, especially considering assay 10 (Tween 20, 150 mM, S/L ratio
of 0.0625), which corresponds to the process proposed, since it showed
the best operational results with a recovery of 53% and a purity of 93%
and one of the lowest costs, €71.5 per kilogram. In order to decrease the
extraction costs, the optimization should also include the reutilization
of DMC or its substitution for a cheaper solvent with similar char-
acteristics, since for assay 10, DMC corresponded to 86.5% of the costs.
As mentioned previously, in addition to the direct reuse of Tween 20 in
new pre-treatment cycles, the recycling of the solvent will be also re-
levant to decrease even more the amounts used, and consequently the
overall costs.

Fig. 2. A: TGA curve of the polymers extracted after biomass pre-treatment with Brij® L4 and Tween® 20; B: Derivate of the weight (%) vs. temperature (°C) of
samples and the corresponding Td values.
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In this work, the impact of the recovery yield was evaluated aiming
to understand its impact on the final costs. However, in practice, an
improvement on the yield would be a result of some modifications on
the experimental conditions (e.g. S/L ratio). Another aspect that needs
optimization is the PHA content of the mixed microbial biomass, since a
higher amount produced would result in a higher amount extracted.
Consequently, an improvement on the production and recovery yields
would result in a decrease of the CoG.kg−1, which will decrease, as
more product is being formed. Still, the values expected would be
higher considering that this calculation was only based on the cost of
the chemicals not contemplating the associated costs of equipment and
energy consumption, just to mention a few.

3.6.2. Carbon footprint analysis
To ensure that the pretreatment step added to the process does not

have a negative environmental impact on the process, a carbon foot-
print analysis was conducted. The results showed that the protocol with
the lowest carbon footprint was the protocol proposed in this study
(213 kg CO2 eq.kg−1 PHA), followed by the alternative DMC protocol
proposed by Samorì et al. (2015) (228 kg CO2 eq.kg−1 PHA) and the
conventional protocol with CH3Cl (372 kg CO2 eq.kg−1 PHA) (Fig. 6).
In comparison with the alternative DMC protocol, the proposed process
has a lower carbon footprint because the decrease of the amount of
DMC consumed leads to a reduction of the carbon footprint that is

higher than the increase associated with the additional consumption of
Tween 20 and water, and the increased consumption of electricity. The
largest contribution to the carbon footprint of these two protocols
comes from the DMC production (Fig. 6). The conventional protocol has
a carbon footprint 74% higher than the protocol proposed in this work,
being dominated mainly by the chloroform production (Fig. 6).

Summing up, this work provided an alternative process to extract
and purify PHA in a more sustainable way, which means, with high
efficiency and more environmental and economically viable.

4. Conclusions

Since the lack of a cost-effective production process still hinders the
wider implementation of PHA in the market, the development of new
processes to efficiently extract PHA is urgent. A sustainable process may
help to decrease the production costs, while maintaining the en-
vironmentally friendly nature of the technology, is essential. In this
work, the addition of a pre-treatment based on non-ionic surfactants to
extract PHA from mixed microbial biomass selected on fermented agro-
industrial wastes was investigated. It allowed to increase the PHA re-
covery efficiency by 50% during the DMC extraction step from
38.4 ± 0.8% to 53 ± 2% [2],. Furthermore, the best results obtained
were very close (53 ± 2%) to the yield obtained after using chloroform
to extract PHA (63%). Additionally, the economic evaluation

Fig. 3. Schematic representation of the several steps of the final process.

Fig. 4. Results for the economic analysis considering 1,000 kg of biomass. A: Results for the CoG.kg−1 for the 14 assays presented in Table; B: Results for the
sensitivity analysis (difference between highest and lowest calculated CoG.kg−1) for the materials costs variation (50 or 200% of the current price), recovery yield
(± 20%) and PHA content (± 25%).
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determined that this pre-treatment step is less expensive than the use of
only DMC, with the condition selected being the least expensive option,
and the carbon footprint analysis determined it to be the more en-
vironmentally friendly. The results showed that the addition of a pre-
treatment step focused on biomass disruption not only increases the
extraction yield but also creates a more robust process, that can be
applied to different types of microbial biomass. The use of non-ionic
surfactants also has a lower impact on Mw (<25%) compared to the
current pre-treatment alternatives, whose harsh chemicals and opera-
tional conditions decrease the polymer molecular weight up to 85%.
Finally, the several analytical techniques used showed that the devel-
oped process resulted in PHA of high purity, without the involvement of
an undoubtedly toxic solvent, showing its contribution to reduce costs
and environmental impact of PHA production, as proved in this work by
the economic evaluation and determination of carbon footprint.
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