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ARTICLE INFO ABSTRACT
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(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) obtained from waste/wastewater using a mixed microbial
culture (MMC) usually varies in its properties due to daily variation in the waste/wastewater composition
applied as feedstock. In the current study, the average molecular weight (MW) of PHBV was purposely reduced
from about 1 MDa to about 200 kDa by drying the PHBV-rich biomass at elevated temperature of 120 °C for 18 h
to ease extraction and handling. Furthermore, conversion into value-added chemicals such as trans-crotonic acid
(trans-CA) and trans-2-pentenoic acid (2-PA) by thermal decomposition (pyrolysis) benefits from the lower MW.
For the extraction of low MW PHBYV, the use of the bio-based solvents 2-methyltetrahydroxyfuran (2-MTHF) and
dihydrolevoglucosenone (cyrene) was studied. The maximum extraction yield of 62 + 3 % with purity of > 99 %
was achieved with 2-MTHF at 80 °C for an hour with high biomass to solvent ratio of 5 % (g/mL). Cyrene-based
extractions resulted in the highest yield of 57 & 2 % with purity of > 99 % at 120 °C in 2 h with 5 % (g/mL)
biomass to solvent ratio. The mass balance closure over the extraction process indicated that about 15 % and 10
% of polymer has remained in the residual biomass after extraction by 2-MTHF and cyrene, respectively. The
performance of these new solvents to extract polymers with various average MW was compared to the bench-
mark extractions using chloroform and dimethyl carbonate (DMC). It was found that for the polymers with low
average MW the extraction efficiency of the proposed solvents exceeds the benchmark solvents.

1. Introduction

Polyhydroxyalkanoates (PHAs) are a class of thermoplastics derived
from renewable biomass sources [1]. The variability in the applications
of PHAs is diverse, ranging from biodegradable packaging to medical
products [2]. PHAs are considered as an attractive alternative to con-
ventional fossil fuel derived polymers due to their biodegradability and
biocompatibility, as well as their renewable character, thereby reducing
fossil feedstock dependency and its associated environmental impact
[3]. Two routes exist for PHAs produced via bacterial fermentation,
being either through pure cultures, or via mixed cultures. Sterile con-
ditions are used to grow monocultures in the pure culture-route, which
contains a single species of microorganism. The monocultures are fed
with substrates like glucose, starch, or vegetable oil to produce PHA rich
biomass. Whereas via a mixed culture, more than one type of

microorganisms is grown on the same substrate, using volatile fatty
acids (VFAs) as ideal precursors for PHA synthesis. This approach is
characterized by reduced fermentation costs as it is not required to
pretreat the substrate and sterilization is not necessary. These benefits
make mixed cultures an attractive route for PHA production, extending
the possibility to use cheaper carbon sources such as municipal solid
waste and industrial wastewaters [4].

Food waste is currently a global concern due to the rapid growth of
urban population and economic development [5]. Although the number
of food waste treatment plants has also increased, traditional treatment
techniques come with several limitations. Greenhouse gases emission,
odor production and leaching are the main issues driven from conven-
tional food waste treatment techniques such as incineration, composting
and landfilling [6]. Therefore, valorizing these waste streams by
fermentation to produce high-value bio-based platform chemicals
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increasingly gains interest [7,8]. For instance, food waste is a potential
feedstock for microorganisms due to large quantity of VFAs production
during its anaerobic digestion process [9-11]. In 2012, Paques Bio-
materials B.V. established a pilot plant to produce PHA from different
waste streams, such as industrial wastewater and food waste. From 2015
to 2021, the pilot plant operated continuously using source separated
organics, which are dominated by food and garden waste. This process
on source separated organics, including food waste, has the potential to
produce a biomass with high PHBV content e.g. up to 77 + 18 gPHA.
gVSS'1 (n = 3) in pilot-scale trials [12].

During the fermentation process in the MMC, the ratio between VFAs
with an even number of carbons and with an odd number of carbons,
will impact the ratio of HB (3-hydroxybutyrate) and HV (3-hydrox-
yvalerate) monomers in the final PHBV (Poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) copolymer [13]. When a waste stream is used as
feedstock, it is challenging to produce PHBV copolymer with a constant
quality in large scale due to the daily variation in the composition of the
waste stream, for that reason, the value of the polymer is less than when
produced from highly controlled fermentation cultures. Alternatively, it
is possible to obtain highly valuable chemicals by pyrolysis of PHBV
copolymers [14]. Trans-CA and 2-PA are the main pyrolysates in ther-
mal decomposition of PHBV, the estimated market price of tranc-CA
justifies the added process cost of the pyrolysis [15]. Trans-CA and its
esters have a wide range of applications in textile, paint, coating and as a
building block in synthesis of co-polymer with vinyl acetate [14,16]. The
esters of 2-PA can be used in flavoring essences. However, its function is
currently limited to use as a raw chemical in biomedical and pharma-
ceutical research purposes [17,18]. Despite their great potential to be
employed in various applications, the current market of these unsatu-
rated carboxylic acids is limited as a result of their complex production
routes. Thus, providing a relatively straightforward and bio-based
pathway is expected to enhance their market. In the current study, we
focused on the solvent extraction of MMC-based PHBV with various
average MW. The thermal decomposition of the polymer towards 2-alke-
noic acids will be studied in the follow up work.

The molecular weight of PHBV copolymers is one of the crucial
characteristics determining their solubility. The higher the MW, the
lower the solubility of polymer, which leads to lower extraction yields in
the solvent extraction method for polymer recovery. Solvent extraction
of PHA from biomass has been widely studied [19,20]. It involves
dissolution of the polymer in a solvent followed by an appropriate re-
covery technique, for which mostly precipitation techniques are used to
retrieve the polymer in the solid form. Various types of solvents have
been reported to extract PHA from a MMC [21]. Among them, dimethyl
carbonate (DMC) is gaining more interest as a green solvent [21-24].
Samori et al. [25] reported an extraction yield of 49 % with the purity of
94 % for PHB recovery from a MMC using DMC. Although applying a
good solvent such as DMC enhances the extraction yield of the polymer,
next to the extraction also the recovery from the solvent should be
considered. To retrieve the polymer from the solvent in high purity, an
antisolvent must be applied. For solvents such as DMC and chloroform
(not green, but often reported as a reference solvent [23,26,27]), it can
be challenging to precipitate out the polymers when they have a lower
MW due to their high solubility. Overall, the performance of a solvent-
antisolvent couple can be affected by the nature of the biomass as well as
the characteristics of the polymer.

In this study, three batches of biomass containing PHBV with
different MW were produced. The recovery of low molecular weight
polymer has been investigated using two biobased solvents, 2-MTHF and
cyrene. Cyrene is a new bio-based solvent produced by reduction of
levoglucosenone which is a pyrolyzate from fast pyrolysis of cellulose
[28]. The application of this new solvent is dramatically growing over
the time. It is used as lipase-catalyzed bio-transformations [29], poly-
merization to of the methacrylic derivative of cyrene [30] and as a
solvent for polyethersulfone and poly(vinylidene fluoride) membrane
preparation via phase inversion [31]. Cyrene has also been used as a
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diluent in extractive distillation to purify bio-based levulinic acid [32].
Moreover, it was found that cyrene can be a promising candidate in
separation of aromatic/aliphatic systems [33]. To the best of our
knowledge, these solvents have never been employed to extract PHA
from MMC. Thus, the effect of several operational conditions on PHA
recovery from MMC using cyrene and 2-MTHF were investigated.
Furthermore, Chloroform and DMC based extraction were performed as
benchmark extractions for the comparative assessment of the biobased
solvents in terms of extraction yield, polymer purity and characteriza-
tions of the extracted polymers. Lastly, the performance of all four sol-
vents were assessed for extraction of PHBV with various average MW
from a MMC.

2. Material and methods
2.1. Chemicals

2-Methyl tetrahydrofuran (2-MTHF, (>99 %)), chloroform (CHCl3,
(>99.8 %), dimethyl carbonate (DMC, (>99 %)), n-heptane (>99 %), n-
hexane (>95 %), benzoic acid (>99.5 %), sulfuric acid (95-98 %),
polyhydroxybutyrate (PHB (99 %)), methyl(R)-3hydroxyvalerate (>98
%), chloroform-D (>99.8 %), Methanol (MeOH, (>99.9 %)), ethanol
(EtOH,(>99.9 %)), trans-crotonic acid (>98 %), trans-2-pentenoic acid
(>98 %), acetone, 1,2,4,5-Tetrachloro-3-nitrobenzene and tetrahydro-
furan were purchased from Sigma-Aldrich. Cyrene (>98.5 %) was kindly
provided by the CIRCA Group. The water used was ultrapure (Milli-Q,
with a resistance of 18.2 pQ cm at 25 °C). The chemicals and nutrient
composition used for PHA production are described in the latest publi-
cation of the Paques Biomaterials pilot plant [12].

2.2. PHBV production using mixed microbial culture

Four separate batches of dry biomass were used in this work. Three
batches contained PHBV-rich biomass that was produced in a pilot
bioreactor system with a liquid volume of ca. 200 L (Biocel Orgawold,
Lelystad, The Netherlands) from leachate from organic waste [12]. They
were obtained by mechanical dewatering with a centrifuge at 3000g and
dried in a tray oven for 18 h at 120 °C. Batch 3 was produced in a
different 4 m> bioreactor system from Paques Biomaterials according to
the procedure described by Werker et al. [34] and the PHBV biomass
was stabilized with acid [35] and dried with a contact type dryer at
around 100 °C for 1 min.

2.3. Thermal stability of PHBV during drying PHBV-rich biomass

To evaluate the polymer degradation during its drying step, the
PHBV-rich biomass (batch 1) was produced as explained in the previous
section. After dewatering, the biomass was placed in an oven at 120 °C,
followed by sampling over the time. The samples were analyzed by GPC
to determine the average MW, the number average (Mn) and poly-
dispersity index (PDI) of PHBV.

To quantify experimental results, a correlation was applied that re-
lates the scission rate and the degree of polymerization (DP). The DP is
the average number of structural units per polymer chain [36], defined
in Eq. (1) as the number of total monomers (Nm) divided by the total
number of polymer chains (Np):

Ny
A’p

DP = @
Another expression for DP is presented by Carothers’ equation,
which expresses the degree of polymerization as function of the extent of
reaction [36]:
1

DP=—— @
I—-p
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where p is the conversion of the reaction. Off course, this relation sim-
plifies the real situation, as eventually this would result in an infinite
degree of polymerization, no side reactions are considered, and all
monomers end up in a single polymer molecule. Nevertheless, important
relations are based on Carothers’ equation, and using the definition of
Mn, Eq. (2) can be expanded, resulting in a link between DP and Mn:

MU

Mn =
n —p

= M, x DP (3

In the expression, Mn is the number average molecular weight, and
M is the molar weight of the repeating unit in the polymer.

Degradation of PHBV is reported to follow random scission in liter-
ature [37]. The possibility of breaking each bond was assumed to be the
same. The Ekenstam linear relation between time and reciprocal DP has
been used to describe thermal degradation of PHBV. The equation of the
proposed relationship is given in Eq. (4) [38]:

1 1
— =k 4
DP, DP, @

The rate constant k is defined as the scission rate constant with a unit
of s71. Total number of monomers was assumed to stay constant during
degradation, so upon breaking of polymer chains, Np increases by the
number of the scissions [36,39].

Np, = Np,_, +s (5)

Combining Egs. (1), (4) and (5), the physical meaning of the Eken-
stam relation becomes that the number of scissions is proportional to
time when random scission dominates (Eq. (6)):

1 1 Np+s Np, s

- = = 6
DP, DP, N Nu Ny ©

2.4. Recovery of PHBV from biomass

A schematic view on the recovery process is shown in Fig. 1. In all
experiments, first the polymer was extracted from the biomass by sol-
vent extraction. After extraction, the solution was separated from the
residual biomass by either centrifugation or filtration. Next, an anti-
solvent was added to the solution to precipitate the PHBV. The precip-
itated polymer was separated from the supernatant (the remaining
solution) using a centrifuge at 7000 rpm for 10 min.

For selection of solvent extraction conditions to obtain PHBV from
biomass, an important consideration is that there is not one generalized
method that can be applied for all solvents to compare the performance
of these solvents with each other. The optimum conditions vary from

Solvent Antisolvent
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solvent to solvent. Therefore, for the biobased solvents investigated in
this study, a range of conditions was applied, and for the reference
solvents chloroform and DMC, the methods reported by Mongili et al.
[23] was used.

Investigations on the extraction conditions with the biobased sol-
vents 2-MTHF and cyrene were executed using biomass from batch 1.
The optimization was carried out in two steps. First, the precipitation
step was enhanced by varying solvent to antisolvent volume ratio (1-5),
time (24-48 h) and temperature (20-4 °C). To consider the possible
impact of the impurities associated to the soluble non-polymeric part of
biomass on precipitation efficiency, an extraction was carried out at
certain condition for all the experiments, followed by precipitation at
various conditions. Second, the operation parameters of extraction
(time, temperature, and biomass to solvent ratio) were optimized. The
temperature was kept constant at 80 °C for 2-MTHF and differed from 80
to 140 °C for cyrene based extraction experiments.

In the solvent extraction experiments, a quantity of 1-6 % (g/mL) of
dry biomass was suspended in 5 mL of the selected solvent in a boro-
silicate glass screw cap tube lined with a polytetrafluoroethylene (PTFE)
rubber cap. The solution was heated using a block heater and agitation
was carried out with a magnetic stirrer at 8000 rpm. After the chosen
extraction time (0.5-3 h), the solution was hot filtered through a pre-
damped Whatman filter paper (8-12 pm retention) to remove the cell
debris. Afterwards, the polymer was precipitated by adding a desired
amount of an antisolvent to the filtered solution. Finally, the polymer
was separated by centrifuge at 7000 rpm for 10 min followed by washing
with ethanol and dried in vacuum oven at 50 °C for 24 h.

The mass balance over the extraction process was checked to
discover the limiting stages during the extraction. The initial PHBV
content of the biomass and remaining quantity of the PHBV in residual
biomass and supernatant was determined by gas chromatography (GC).
The fraction of the polymer that was lost during the handling was
calculated based on mass balance closure over the PHBV for the entire
process.

2.5. PHBV quantification

GC and thermal gravimetric analysis (TGA) were applied to quantify
PHBV. Following the method of Braunegg et al [40], about 10 mg of a
sample was treated with 2 mL of acidified methanol with HySO4 (3 %v/
v), 2 mL of chloroform and an internal standard of 50 pL benzoic acid (2
g benzoic acid in 50 mL methanol). The samples were placed in screw
cap borosilicate glass tubes and heated to 100 °C for 4 h. The tubes were
vortexed every 30 min for roughly 15 s. After the solution had cooled

Solvent + Antisolvent
Evaporation
—
A

Supernatant

Biomass Filtration/

SLCEi Centrifugation

Precipitation

Washing/
Centrifugation

Centrifugation

Residual
biomass

PHBV

Fig. 1. The schematic view of the extraction process to recover PHBV from the biomass.
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down, it was transferred to a falcon centrifuge tube followed by adding
2 mL of milli-Q water to remove non-reacted acid. Then, the solution
was centrifuged for 5 min at 8000 rpm. Afterwards, the bottom layer of
the solution was transferred to a GC vial using a syringe. An amount of 1
pL of the sample was injected in a Thermo Scientific Trace 1300 gas
chromatograph equipped with a Flame ionization detector (FID) and an
Agilent DB-Wax column (60 m, 0.25 mm, 0.25 pym). The gas carrier was
helium at a flow rate of 35 mL/min. The temperature gradient started at
30 °C with a constant heating rate of 5 °C/min until it reached 120 °C
and then at a rate of 25 °C/min till it reached 250 °C. The samples were
analyzed in triplicate. A calibration curve for PHB and PHBV was pro-
duced using pure PHB and methyl(R)-3hydroxyvalerate, respectively.
The fraction of PHB and PHBV in the sample were defined by:

_ Mpup Ge

Xpup = ———— @)
mSample

Xppv = 1 — Xpup (€)]

Purity% = (Xpyp + Xpupy) % 100 ©

where mpyp g is the amount of PHB calculated from the GC, mgample is
the amount of extracted material applied for analysis. Eq. (10) was used
to determine the recovery yield of the polymer:

mpugy £ X Purity
DpHBV E 2 AT

Extraction yield % = 100 (10)

Mpp X XpHBV.DB

where mpypy g is the total amount of the collected polymer after
extraction, mpg is the mass of dry biomass used for extraction and Xppgy,
pa is the polymer fraction in the biomass.

2.6. PHBV qualification

Thermal Gravimetric Analysis (TGA) The degradation tempera-
ture of the extracted polymers was measured using TGA-550 instrument
operated under nitrogen flow and heated samples from room tempera-
ture to 400 °C at a rate of 10 °C/min.

Gel Permeation Chromatography (GPC) The sample was dissolved
in tetrahydrofuran (THF) with 6 mg/mL concentration and filtered
through 0.2 pm disc filters into a vial. In the case of high molecular
weight polymers, the samples were prepared in the screw cap vials and
heated at 55 °C until about 90 % of the polymer is dissolved. GPC
analysis was done at room temperature by injecting 20 pL of the dis-
solved polymer in an Agilent 1200 series GPC using THF as the eluent at
a flowrate of 0.35 mL/min. Polystyrene was used as a calibration stan-
dard. The analysis was done in triplicate to determine the analysis error
which was less than 0.5 %.

For analysis of the thermal stability of the polymers during drying,
the samples were first dissolved in chloroform and diluted in THF. About
10 pL of the sample was injected for analysis by GPC on a Shimadzu
Prominence GPC system with THF as the eluent at flow rate of 1 mL/min
and operation temperature of 40 °C.

3. Results and discussion
3.1. Production of PHBV-rich biomass from wastewater

The biomass from batch 1 and 2 was produced in a bioreactor that
was operated to produce PHBV-rich biomass from organic waste
leachate [12]. After the aerobic digestion process resulting in PHBV-rich
biomass, the biomass was collected and dried at high temperature
(120 °C) for longer periods of time(18 h) to in-situ lower the average MW
of PHBV. As can be seen from Table 1, the drying reduced the MW of the
sample from about 1.5 MDa, measured using freeze drying, to about 200
kDa.

In order to examine the thermal stability of the PHBV during the
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Table 1
Average molecule weight (MW) of polymers from the same production batch
with various drying methods.

Dewatering method Mn (kDa) MW (kDa) PDI
Oven drying at 120 °C 77.21 204.05 2.64
Freeze dry 545.81 1465.75 2.69

biomass drying procedure, samples were taken to analyze the average
MW and Mn of the polymer by GPC during the drying at 120 °C. As
shown in Fig. 2, the Mn of PHBV drops from about 550 kDa to 77 kDa
during 18 h drying at 120 °C. The experimental data were fit with the
Ekenstam model to obtain the bond-breaking rate constant, k. By having
k, the molecular weight could be predicted at a certain time length. The
scission rate was assumed to be constant over the whole process in this
model for simplicity and convenience. According to Eq. (4), molar mass
measured by GPC was first converted to the degree of polymerization,
and then k was obtained by linearly fitting the data points. The k value
describes how many bonds per repeated unit were breaking over time.
The scission rate constant after the fitting was 9.23 * 10”7 min~! which is
slightly lower than 10°® min~! which is reported by Kunioka et al. [37]
for PHBV with 45 % HV at 140 °C. The variation can be explained by the
difference in the applied temperature and HV content of the polymer
which are 120 °C and 22 wt% in the current study.

The scission rate, however, started with a faster scission and then
slow down at later stage. The cause of this phenomena might be the
impurities remained inside biomass [41]. Thermal degradation of PHBV
was reported to be dominated by p-elimination. Carbon at a-position
gave away the electron and caused a bond break [42]. Metal ions, as one
of the essential elements during the cultivation of microorganism, were
presented in the biomass as the impurities. Ca%t, for example, is Lewis
acids and acted as the electrophile that was willing to interact with the
carbonyl carbon and pulled the electron away to initiate the elimination
[43].

The average MW of a polymer has a great impact on its solubility and
consequently its solvent extraction efficiency. Therefore, the solvent
extraction of this low MW was also optimized in the current study as
most of the previously reported works have mainly focused on solvent
extraction of PHA with high MW. Moreover, to evaluate the effect of MW
on extraction efficiency, different batches of polymer with various MW
were synthesized and applied in extraction process using different
solvents.

x10°

Ekenstam model

5 O Experimental data | 7

45 .

Mn (Da)

0.5
0 500 1000 1500

Time (min)

Fig. 2. PHBV degradation over the time during drying of PHBV-rich biomass at
120 °C and fitted with Ekenstam model (Eq. (4)) which resulted in k value of
9.23 * 107 min™".
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To obtain a polymer sample with a high average MW, the PHBV-rich
biomass from batch 3 was produced in a different bioreactor system
according to the method of Werker at al. [34] and hardly any degra-
dation occurred due to the acid stabilization and very fast drying con-
ditions (1 min at 100 °C).

3.2. Optimization of the extraction with 2-MTHF and cyrene

To the best of our knowledge, 2-MTHF and cyrene have not been
used before to recover PHA from biomass. In this study, the capability of
these new bio-based solvents to extract PHBV was examined, and the
extraction conditions were optimized to achieve the highest yield.

3.3. 2-MTHF

Initially, the precipitation step was optimized. By performing an
extraction experiment using 2-MTHF at 80 °C, 1 h, and biomass to sol-
vent ratio of 5 % g/mL), followed by precipitation of the polymer at
various conditions. Due to the insolubility of the polymer in alkenes and
full miscibility of 2-MTHF and the alkenes, n-pentane and n-heptane
were selected as an antisolvent. Moreover, the solubility of the polymer
in the solvent reduces by decreasing the temperature. Therefore, the
precipitation was examined at room temperature (20 °C) and in the
fridge (4 °C). Finally, the ratio of the antisolvent to solvent was varied
from 1 to 4. The contact time for all the samples were kept constant at
24 h. as can be seen from the Fig. 3, n-heptane performs better than n-
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pentane in precipitation the PHBV dissolved in 2-MTHF. Moreover, the
precipitation efficiency increases about 10 % by decreasing the tem-
perature from ambient condition to 4 °C. Regarding the required amount
of the antisolvent, the volume ratio of the antisolvent to solvent varied
from 1 to 4. As shown in Fig. 3C, the yield gradually rises by increasing
the antisolvent to solvent ration from 1 to 3. However, the further
increasing the amount of the antisolvent does not result in higher yield.
Overall, it was found that n-heptane results in high precipitation effi-
ciency at antisolvent to solvent ratio of 3, and temperature of 4 °C within
24 h.

After obtaining the optimum precipitation conditions, the extraction
parameters were optimized. One of the critical operation parameters is
extraction temperature. The higher the temperature, the higher disso-
lution capacity of the polymer in the solvent and consequently the
higher extraction yield. However, PHBV is a polyester which is not a
thermally stable polymer, meaning that at too high temperature, the
polymer will thermally degrade and there is an optimum extraction
temperature to achieve the highest recovery yield without degrading the
polymer. The boiling point of 2-MTHF is 87 °C. In order to operate it at
atmospheric pressure, 80 °C was selected for extraction. The thermal
stability of the polymer was examined by a preliminary extraction
experiment and sampling over the course of time. The samples were
analyzed by GPC to measure the average MW and PDI of the extracted
polymer. As shown in Fig. 4, the average MW and PDI of the polymer are
approximately constant within the extraction. This indicates that the
PHBV is stable at extraction conditions and 2-MTHF is capable to
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Fig. 4. Extraction of PHBV from the biomass (batch 1) using 2-MTHF at 80 °C with the biomass to solvent ratio of 5 % (g/mL) and n-heptane as an antisolvent with a

volume ratio of 1:3 at 4 °C for 24 h.

dissolve PHBV with average MW of 80 kDa at 80 °C.

Where Fig. 4 displays the molar weight and polydispersity index, the
extraction yield as function of time is presented in Fig. 5. As can be
clearly seen from Fig. 5, the extraction yield reaches a steady value
within the first hour, and while the extraction yield increases from 54 to
62 % during the first hour, it does not enhance beyond 1 h extraction
time. The stabilized yield around 60 % is likely due to saturation of the
solvent. Therefore, 1 h was considered as an optimum extraction time. In
a next series of experiments, the minimum required amount of the sol-
vent was investigated by varying the ratio of biomass to solvent from 1
to 6 % (g/mL). The results are shown in Fig. 6, the yield is improved
about 3 % by decreasing the ratio from 5 to 2 %. However, from the
economic point of view, gaining only 3 % more polymer by increasing
the volume of the solvent with 2.5 factor is not efficient. In the next
experiment, the ratio of the biomass to solvent was increased to 6 % (g/
mL). As shown in Fig. 5, the recovery yield is slightly decreasing from
about 62 to 55 % by rising the ratio from 5 to 6 % (g/mL). Although the
reduction in the yield might not be statistically significant, performing
the experiments at a ratio higher than 5 % (g/mL) was challenging,
because of formation of a sludge when a limited volume of the solvent is
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Fig. 5. Optimization of the extraction time to recover PHBV from the biomass
using 2-MTHF at 80 °C with the biomass to solvent ratio of 5 % (g/mL) and n-
heptane as an antisolvent with a volume ratio of 1:3 at 4 °C for 24 h.
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Fig. 6. Optimization of the biomass to solvent ratio to recover PHBV from the
biomass using 2-MTHF at 80 °C for 1 h with and n-heptane as an antisolvent
with a volume ratio of 1:3 at 4 °C for 24 h.

applied. Thus, the optimum biomass to solvent ratio with regards to
experimental handling was set at 5 % (g/mL). Overall, the maximum
yield of 62 + 3 % was obtained at optimum operation conditions
(including both extraction and antisolvent precipitation). Since this
yield is far from the theoretical maximum yield of 100 %, the polymer
should remain either in the biomass or in the solvent. To gain more
information, the mass balance over the complete recovery process was
studied to figure out the limiting stages during the recovery.

The schematic view of the process is shown in Fig. 1. The polymer
content of each step was measured as explained in Section 2.4. After
each extraction experiment, the polymer content of the residual biomass
and supernatant were determined by GC. Regarding the extraction
process using the biomass from batch 1 with 2-MTHF, it was found that
about 15 % of the polymer was left in the supernatant after the pre-
cipitation by antisolvent. The large fraction of polymer not precipitating
upon addition of the antisolvent can be explained through the relatively
low average MW and resulting high solubility of the polymer. For this
PHBV it can be concluded that the main limiting stage in the overall
process is likely the precipitation. Moreover, about 15 % of the polymer
is remained in the residual biomass after extraction at optimum
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operation condition. This content did not reduce significantly even
though by applying a second extraction with 2-MTHF. The cross flow
multistage extraction with 2-MTHF on the residual biomass increased
the yield only about 3 %. It confirms that a strong and complex cellular
matrix is formed that results in an impenetrable barrier around the
polymer in MMC. This formation of the complex cellular matrix was first
suggested by Patel et al. [44] and later confirmed by Samori et al [25].
Mass balance closure over the polymer in a single stage extraction in-
dicates that less than 10 % of polymer was lost during the handling. To
confirm the mass balance closure of the PHBV, the extraction was
repeated without the antisolvent precipitation. The polymer was
retrieved by evaporating the solvent leading to 85 + 7 % recovery yield
with the purity of 79 + 5 % which is in line with the previous method.

3.4. Cyrene

For optimization of the precipitation, a preliminary extraction was
performed at 180 °C, 15 min, and solvent to antisolvent ratio of 5 %(g/
mlL) for all the experiments, followed by precipitating the polymer at
various conditions. Due to insolubility of the PHBV in water and ethanol,
and full miscibility of cyrene with water and ethanol, they were chosen
as an antisolvents. The performance of each antisolvent stand alone and
a mixture of them were examined. As can be seen from Fig. 7, ethanol is
not able to precipitate the majority of the dissolved polymer. On the
other hand, water retrieves not only the polymer but also biomass re-
siduals resulting in non-pure brown polymer. However, the mixture of
these two acids in the ratio of 1:1 delivers the highest yield. Due to the
low average molecule weight (MW) of the polymer, it was not possible to
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completely precipitate the polymer. Moreover, reducing the tempera-
ture resulted in the precipitation of dissolved residuals of the biomass as
well. Therefore, all the precipitation experiments were done at room
temperature for 24 h. In general, the highest precipitation efficiency was
achieved an equal volume ratio of solvent to antisolvent (water: ethanol
(1:1 (v:v))) at 20 °C within 24 h.

After optimizing the precipitation step, the extraction parameters
were further investigated to obtain the highest extraction yield using
cyrene. Fig. 8 represents the extraction yield at different temperature
over the course of time. As can be seen from the graph, there is a clear
increase in the extraction yield over the time at 80 °C (the lowest tem-
perature), while the initially much higher yield at 140 °C (the highest
temeprature applied) clearly drops after>1 h. The time-dependent yield
profiles are much less pronounced for the intermediate temperatures of
100 and 120 °C. Overall, the highest yield seems to be obtained at
120 °C. The opposite trends at lowest and highest operational temper-
atures are the result of two opposing effects that occur simultaneously.
An improved solubility of the polymer in cyrene is observed at
increasing temperature, while at the higher temperatures a limiting
thermal stability of the polymer reduces the yield after prolongued
exposure to such high temperatures. When 120 °C was set as an
extraction temperature, the recovery yield reached a plateau after 2 h
which might be because of the saturation of the solvent. Thereupon, the
proper mass ratio of the biomass to solvent was further examined by
keeping the mass of the biomass constant at 0.5 g while the amount of
the solvents differed to achieve the ratio of 4 to 8 % (g/mL). As can be
seen from Fig. 9, there is not a remarkable reduction in the yield by
increasing the ratio from 3 to 5 %(g/mL). However, further increase in
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Fig. 7. Optimization of the precipitation for cyrene based extraction at 180 °C and 15 min using ethanol and water as an antisolvent AT 20 °C.
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Fig. 8. Extraction yield as function of extraction time and temperature. Dis-
played is the amount of PHBV recovered from the biomass using cyrene with a
biomass to solvent ratio of 5 % (g/mL) and in the antisolvent precipitation stage
a water: ethanol (1:1(v: v)) as an antisolvent with a volume ratio of 1:1 at 20 °C
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Fig. 9. Optimization of biomass to solvent ratio to recover PHBV from the
biomass using cyrene at 120 °C for 2 h with water: ethanol (1:1(v: v)) as an
antisolvent with a volume ratio of 1:1 at 20 °C for 24 h.

the ratio arose both reduction in the yield and processing problems due
to the high concentration of the mixture. It brings to the conclusion that
the minimum required amount of solvent is 10 mL which is equal to 5 %
(g/mL) of biomass to solvent ratio. Overall, the highest yield of 57 + 2 %
was gained at 120 °C and 2 h.

The analysis of the residual biomass illustrated that about 10 % of the
polymer has left in the residual biomass at optimized extraction condi-
tions. The quantification of the polymer by GC requires trans-
esterification reaction in the present of a strong mineral acid, due to the
instability of cyrene in acidic condition, the remaining polymer in the
supernatant was not measured by GC. However, it is reasonable to as-
sume that a quantity of polymer was lost during handling. The lost
polymer is expected to be of similar amount as observed during handling
after extraction with 2-MTHF (which was about 7 % loss). Based on this
assumption, it is calculated that about 26 % of the polymer did not
precipitate from the supernatant.

3.5. Comparative assessment of the solvents for extraction of PHBV from
mixed microbial culture

The average MW of a polymer has a great impact on its solubility in
corresponding solvent and consequently on the maximum capacity of
the solvent to extract it. In this study, the average MW of the PHBV is
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much lower than what has been reported in the literature. Therefore, it
was not possible to fairly compare the performance of these new solvents
with previously discovered solvents. Furthermore, the capacity of the
solvent can be affected by the nature of the biomass as well. For instance,
Somori et al. [25] found that using DMC to extract PHBV from a MMC
allows 49 % recovery yield. Later, de Souza Reis et al. [24] reported 90
% recovery at the same extraction condition with DMC. They concluded
that the difference might be due to applying different wastewater as a
feedstock for the microorganism and complex interaction between the
PHBV and non-polymeric cell debris. To allow for direct comparison of
the yields with the solvents DMC and chloroform and to eliminate the
impact of unknown parameters associated to biomass-specific effects on
extraction efficiency of each solvent, also with DMC and chloroform
extractions were performed. The extraction condition for chloroform
and DMC were based on the latest work by Mongili [23]. The results are
shown in Table 2. As explained in Section 2.2, the biomass named batch
1 and batch 2 are both produced via the fermentation of the food wastes.
They differ only in average MW which is higher for batch 2. On the other
hand, Batch 3 was prepared by fermentation of a secondary sludge of the
municipal wastewater treatment plant which possesses the highest
average MW of kDa. It became clear that by decreasing the average MW
of the polymer the extraction yield with chloroform and DMC decreases
by cause of the difficulty in the precipitation of highly soluble molecules.
An inverse trend was observed for 2-MTHF and cyrene, showing the
highest yield for lowest MW PHBYV of 62 and 57 %, respectively. How-
ever, the solubility of the polymers with high average MW is limited for
these solvents. It leads to the conclusion that there is an optimum
average MW for every solvent-antisolvent pair to achieve the highest
recovery yield. Up to that point the yield is limited by the precipitation
using an antisolvent and above that MW, the solubility of the polymer in
the solvent is limiting the extraction.

For batch 3 with the highest average MW, the maximum quantity of
the polymer was harvested using chloroform with the yield of 74 % and
purity of 96 %. Similar results were obtained with DMC, illustrating that
indeed DMC has a high potential to replace chlorinated solvents [21,24].

Also, the effect of the extraction procedure on monomer composition
of the polymer and its thermal degradation temperature were investi-
gated by GC and TGA, respectively. According to the GC results for the
biomass, the mass ratio of the HB to HV monomer before the extraction
is 2, 3 and 3 for batch 1, batch 2 and batch 3, respectively. The mass ratio
of the monomers for the polymer after extraction by various solvents are
presented in Table 2. There is an increase in the monomer ratio for some
polymer meaning that the corresponding solvent has possibly dissolved
more HB units. Regarding the thermal analysis of the polymer, as can be
seen from Table 2, the degradation temperature (Tqeg.) of the polymer
with low average MW does not vary using various solvent-antisolvent
couple. However, the Tgeg for the polymer extracted from batch 3 by
2-MTHEF is about 35 °C lower than the polymer extracted by other sol-
vents using the same batch of the biomass. It might be due to the rela-
tively lower average MW of the polymer obtained by 2-MTHF.

3.6. Mass balance over the benchmark extraction process

The mass balance closure over the PHBV was applied for the
extraction process with reference solvents using the biomass from batch
1. The overall results are displayed in Table 3. Based on the highest
fraction of the polymer remaining in the supernatant, the main limiting
stage in extraction with the benchmark solvents is the precipitation.
Because of the high solubility of the polymer with low average MW, the
applied antisolvents are not capable of completely retrieving the poly-
mer. It may be possible to improve the recovery of the polymer from the
solvent by applying another antisolvent such as an alkane. The optimi-
zation of the precipitation step for the reference solvents was out of this
work’s scope. The focus of the present work is to investigate the impact
of average MW of PHBV on the extraction yield for the investigated
solvents and to select a proper solvent-antisolvent couple and extraction
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Table 2
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Solvent extraction of PHBV from mixed microbial culture with chloroform, DMC, 2-MTHF and cyrene at their optimum operation conditions using three biomass
batches with different average MW.

Biomass  solvent Extraction condition Precipitation condition Yield%  Purity%  HB/HV (g/ Mw Mn PDI Tdeg.
2) (kDa) (kDa) (5%)
Batch 1 Chloroform 2 h, 60 °C, 5 % (g/mL) n-Hexane,1:3 (v: v), 24 h, 4 °C 32 >99 4 100 40 2.5 240
DMC 1.5 h, 90 °C, 2.5 % (g/ EtOH,1:3 (v: v), 24 h, 4 °C 20 >99 4 148 78 1.9 240
mL)
2-MTHF 1h,80°C,5 % (g/mL) n-Heptane,1:3 (v: v), 24 h, 4 °C 63 >99 3 74 19 3.9 235
Cyrene 2h, 120 °C, 5 % (g/mL) Water: EtOH 1:1:1 (v: v), 24 h, 57 >99 3 79 25 3.16 240
20°C
Batch 2 Chloroform 2h, 60 °C, 5 % (g/mL) n-Hexane,1:3 (v: v), 24 h, 4 °C 44 >99 4 146 41 3.5 245
DMC 1.5h,90 °C, 2.5 % (g/ EtOH,1:3 (v: v), 24 h, 4°C 39 >99 4 178 81 2.2 245
mL)
2-MTHF 1h,80°C, 5% (g/mL) n-Heptane,1:3 (v: v), 24 h, 4 °C 64 >99 4 122 25 4.9 240
Cyrene 2h, 120 °C, 5 % (g/mL) Water: EtOH 1:1:1 (v: v), 24 h, 65 >99 3 120 28 4.29 243
20°C
Batch 3 Chloroform 2 h, 60 °C, 5 % (g/mL) n-Hexane,1:3 (v: v), 24 h, 4 °C 74 96 5 581 298 2 265
DMC 1.5h,90 °C, 2.5 % (g/ EtOH,1:3 (v: v), 24 h, 4 °C 71 96 4 526 260 2 260
mL)
2-MTHF 1h,80°C,5 % (g/mL) n-Heptane,1:3 (v: v), 24 h, 4 °C 11 99 3 475 208 2.3 230
Cyrene 2h, 120 °C, 5 % (g/mL) Water: EtOH 1:1:1 (v: v), 24 h, 40 98 4 525 238 2.2 265
20°C
Table 3 Table 4

The summary of the mass balance closure over PHBV during extraction from
batch 1 with chloroform, DMC, 2-MTHF and cyrene at corresponding optimum
extraction conditions.

Extraction with 2-MTHF (1 h, 80 °C and 5 %(g/mL)) and DMC (1.5 h, 90 °C, 2.5
% (g/mL)) retrieving the polymer by evaporation of a fraction of the solvent,
followed by precipitation using the antisolvent.

Extraction Yield PHBV in PHBV in PHBV lost
solvent (%) residual supernatant (%) during handling
biomass (%) (%)
2-MTHF 63 15 15 7
Cyrene 57 10 33
Chloroform 32 6 58 4
DMC 20 6 69 5
process.

The amount of remaining polymer in residual biomass is much lower
for the DMC and chloroform than reported by Samori et al. [25]. They
achieved an extraction yield of 49 % with DMC followed by solvent
evaporation. The second extraction from residual biomass with DMC
improved the yield up to 61 %. The third extraction did not increase the
yield any further, meaning that about 39 % of the polymer remained in
the residual biomass and is not extractable. Such large amount of
polymer not being extractable is most likely due to the complex inter-
action between polymeric and non-polymeric parts of the microbial cells
in MMC. It is noteworthy that the source of biomass and particularly the
average MW of the polymer are very different in our study. As already
mentioned, a similar behavior for DMC was also found by Souza Reis
et al. [24].

3.7. Investigation the combined solvent evaporation-antisolvent as
precipitation method

2-MTHF showed a great potential to recover the PHBV with low
average MW. However, obtaining pure polymer requires using n-hep-
tane as an antisolvent with volume ratio of 3. From economic point of
view, the lower antisolvent usage is preferred. Therefore, we investi-
gated further on how to reduce the required amount of the antisolvent
while still obtaining relatively pure polymer. Combing two precipitation
methods, solvent evaporation and applying an antisolvent, is the
approach which was taken to lower the antisolvent consumption for
retrieving pure polymer. At the optimized condition, 2-MTHF and DMC
based extraction experiments were carried out, followed by evaporating
a fraction of the solvent using a vacuum oven at 30 °C. Afterwards,
antisolvent (3 times the volume of remaining solvent) was added to
retrieve the polymer. As shown in Table 4, regarding 2-MTHF based

Solvent Evaporated fraction of the solvent (%) Yield (%) Purity (%)
2-MTHF 0 63 >99
2-MTHF 75 67 96
2-MTHF 91 67 94
2-MTHF 100 85+7 79 £5
DMC 0 20 >99

DMC 80 32 98

DMC 91 80 98

DMC 100 94+5 98 +1

extractions, the yield is slightly increased from 63 to 67 % by evapo-
rating the majority of the solvent prior to adding antisolvent. Also, the
purity dropped from > 99 to 94 % by removing 91 % of the solvent,
meaning that it is possible to obtain relatively pure polymer with less
antisolvent consumption by removing a large fraction of the solvent
beforehand. Recovering the polymer with complete solvent evaporation
resulted in 85 + 7 % extraction yield with the purity of 79 £ 5 %. A
picture of the polymer obtained by solvent evaporation and antisolvent
precipitation is shown in Fig. 10. Precipitating the polymer with an
antisolvent yields into white granules while the product obtained by
solvent evaporation has a yellowish cake appearance. Similarly, for
DMC based extractions, removing 91 % of the solvent before adding the
antisolvent increases the yield from 20 to 80 % with relatively high
purity of 98 %. It is in line with the previous conclusion that the pre-
cipitation is the main limiting stage to recover low average MW polymer
by DMC. Moreover, the precipitation of the polymer by complete
evaporation of DMC results in 94 £+ 5 % extraction yield and 98 + 1 %
purity.

3.8. PHBYV extraction from wet biomass

Extraction of PHBV directly from a wet biomass is preferred to
reduce the cost associated to the drying of the biomass. Cyrene is fully
miscible in water and thereby it is not recommended to apply for
polymer extraction from a wet biomass. However, the solubility of 2-
MTHEF is limited in water. Therefore, the performance of 2-MTHF (at
80°C, 1 h, 2.5 % (g/mL))to recover the polymer from a wet biomass was
compared to DMC (at 90 °C, 1.5 h, 2.5 %(g/mL)). The wet biomass
contained 90 wt% water and 43 % PHBV on dry basis. It was found that
2-MTHF is capable to extract PHBV with 73 4+ 1 % yield and purity of >
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Fig. 10. A picture of the polymer extracted by 2-MTHF at 80 °C for 1 h, A) retrieving the polymer by solvent evaporation and B) with n-heptane as an antisolvent

with a volume ratio of 1:3 at 4 °C for 24 h.

99 % which is a similar performance compare to DMC. Since DMC-based
extraction resulted in 66 + 8 % yield and > 99 % purity. The polymer
obtained by 2-MTHF and DMC have an average MW of 535 and 555 kDa,
respectively.

3.9. Solvent and antisolvent recovery consideration

The recovery and reusability of the solvent and antisolvent is crucial
for an economic extraction process. 2-MTHEF is a volatile solvent with a
boiling point of 87 °C. The extraction was performed at 80 °C in a closed
vial with a sufficient volume to prevent the evaporation of the solvent.
After the extraction, the remaining 2-MTHF in the biomass residual can
be easily recovered by drying the residuals and condensing the vapor
phase. The separation of 2-MTHF and n-heptane can be also done by
distillation. Regarding cyrene, it is not volatile and has a high boiling
point of 227 °C. The remaining solvent in the residual biomass can be
obtained by rinsing the residuals with ethanol, followed by ethanol/
cyrene separation with distillation. Similarly, the mixture of the anti-
solvent (ethanol/water) can be also separated from cyrene by distilla-
tion, where it is noted that a small part of the cyrene will be in the
geminal diol [45].

4. Conclusion

In this study, bio-based PHBV-rich biomass was prepared using
organic waste leachate as a feedstock. The wet produced biomass was
subjected to an elevated temperature of 120 °C for 18 h to simulta-
neously dry the biomass and reduce the average MW of the polymer. As
the reduction of the average MW can enhance the solubility of the
polymer and increase the extraction efficiency by solvent extraction. The
extraction of the polymer with low average MW was optimized using 2-
MTHF and cyrene as a solvent. The maximum extraction yield of 62 + 3
% with purity of > 99 % was achieved with 2-MTHF at 80 °C for an hour
with high biomass to solvent ratio of 5 % (g/mL). Cyrene-based ex-
tractions resulted in the highest yield of 57 &+ 2 % with purity of > 99 %
at 120 °C in 2 h with 5 % (g/mL) biomass to solvent ratio. The mass
balance closure over the extraction process indicated that about 15 %
and 10 % of polymer has remained in the residual biomass after
extraction by 2-MTHF and cyrene, respectively.

Moreover, the performance of these proposed bio-based solvents was
compared with chloroform and DMC as a benchmark solvent using
different batches of the PHBV-enriched biomass with various average
MW. The results indicate that the proposed new solvents are preferred
over the benchmarks when the average MW of polymer is low. For
example, 2-MTHF resulted in 62 + 3 % extraction efficiency for PHBV
with MW of about 100 kDa while it was only 32 and 20 % for chloroform
and DMC, respectively. It can be explained with the difficulties in
precipitating out the small polymer molecules from the good solvents
due to their high solubility. In fact, the mass balance closure over the
extraction process confirmed that the precipitation step is the main

10

limiting stage when a good solvent is used to recover a polymer with
relatively low average MW. As about 58 and 69 % of the polymer
remained in the supernatant using respectively chloroform and DMC to
extract PHBV with the average MW of 100 kDa while it was only 15 %
for 2-MTHEF based extraction for the same batch of the biomass. Coming
to the conclusion that selecting a proper solvent-antisolvent couple to
recover pure polymer strongly depends on the average MW of the
polymer.

To reduce the antisolvent usage, the solvent evaporation and adding
an antisolvent were combined for 2-MTHF based extraction experiment.
It was found that by evaporating 91 % of the solvent prior to adding the
antisolvent, it is still possible to recover the PHBV with relatively high
purity of 94 %. Moreover, applying 2-MTHF for the PHBV extraction
from wet biomass which resulted in 73 + 1 % yield and purity of > 99 %
which is a comparable performance to DMC based wet extraction.
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