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ABSTRACT

Reduced downstream costs, together with high purity recovery of polyhydroxyalkanoate
(PHA), will accelerate the commercialization of high quality PHA-based products. In this
work, a process was designed for effective recovery of the copolymer poly(hydroxybutyrate-
co-hydroxyhexanoate) (P(HB-co-HHXx)) containing high levels of HHx (>15 mol%) from
Ralstonia eutropha biomass using non-halogenated solvents. Several non-halogenated
solvents (methyl isobutyl ketone, methyl ethyl ketone, butyl acetate and ethyl acetate) were
found to effectively dissolve the polymer. Isoamyl alcohol was found to be not suitable for
extraction of polymer. All PHA extractions were performed from both dry and wet cells at
volumes ranging from 2 mL to 3 L using a PHA to solvent ratio of 2% (w/v). Ethyl acetate
showed both high recovery levels and high product purities (up to 99%) when using dry cells
as starting material. Recovery from wet cells, however, eliminates a biomass drying step
during the downstream process, potentially saving time and cost. When wet cells were used,
methyl isobutyl ketone (MIBK) was shown to be the most favorable solvent for PHA recovery.
Purities of up to 99% and total recovery vyields of up to 84% from wet cells were reached.
During polymer recovery with either MIBK or butyl acetate, fractionation of the extracted
PHA occurred, based on the HHx content of the polymer. PHA with higher HHx content (17-
30 mol%) remained completely in solution, while polymer with a lower HHx content (11-16
mol%) formed a gel-like phase. All PHA in solution could be precipitated by addition of 3-
fold volumes of n-hexane or n-heptane to unfiltered PHA solutions. Effective recycling of the
solvents in this system is predicted due to the large differences in the boiling points between
solvent and precipitant. Our findings show that two non-halogenated solvents are good

candidates to replace halogenated solvents like chloroform for recovery of high quality PHA.
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INTRODUCTION

Polyhydroxyalkanoates (PHA), microbially produced polyesters, are of special interest
because these biocompatible and biodegradable polymers offer processing properties that are
similar to chemically synthesized plastics. Depending on their composition, they can be used
for fabrication of a wide range of products including packaging material (Chen 2009),
household products (Philip et al. 2007), up to medical scaffolding (Shum-Tim et al. 1999;
Sodian et al. 1999; Williams et al. 2002), sutures (Shishatskaya and Volova 2004,

Shishatskaya et al. 2002) and other applications.

Efficient recovery and purification of PHA from cells is required for its cost efficient
industrial production. Comprehensive reviews of published recovery strategies are presented
by Kunasundari and Sudesh (2011) and Jacquel et al., (2008). For example, different
chemical-based digestion methods have been developed One critical consideration of these
processes, is that harsh chemical treatment to achieve high purities may lead to a reduction of
the molecular weight of the polymer (Ramsay et al. 1994). Yang et al. (2011) developed an
strategy for poly(hydroxybutyrate-co-hydroxyvalerate) (P(HB-co-HV)) recovery using linear
alkylbenzene sulfonic acid LAS-99 as an alternative to the commonly used sodium dodecyl
sulfate. In this method, only 20% of the surfactant was required, compared to previous SDS-
based methods. The main disadvantages of these chemical based strategies are the large
amount of salt produced as a by-product and the amount of surfactant-containing wastewater

generated from the process, potentially resulting in high costs for wastewater treatment.

Digestion-based recovery strategies utilize enzymatic treatment of cellular components to
release PHA. Kapritchkoff and coworkers ( 2006) investigated the utilization of different
enzymes for the recovery of PHA. Compared to solvent-extracted PHA, the molecular weight
may be lower following enzymatic recovery methods despite the mild reaction conditions

(Kathiraser et al. 2007).
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Mechanical methods have been combined with chemical treatments for cell disruption during
PHB recovery, including the use of bead mills or high pressure homogenization, along with
sodium hypochlorite treatment (Tamer et al. 1998). After disruption of the cells, a separation
of PHA from cell debris must still be achieved. Such separation methods include
centrifugation, filtration, floatation or aqueous two-phase systems (ATPS). However,
currently ATPS systems are not often industrially applied due to their tremendous complexity

(Bensch et al. 2007).

Recovery of PHA from bacterial cells using organic solvents is often applied in industrial
processes due to the recovery efficiency of the process, polymer purity obtained, and the
possible removal of endotoxins from the recovered polymer, which is important for medical
applications (Lee et al. 1999; Sevastianov et al. 2003). In a first step, the PHA is extracted
from biomass with a suitable solvent (e.g. chloroform) and then separated from the residual
biomass, e.g. through centrifugation and filtration. Polymer precipitation is then conducted
with the addition of a non-PHA-dissolving solvent (e.g. methanol) or the polymer is recovered
through cooling the solution or by solvent evaporation. Chloroform was the first solvent used
to extract PHB from cells (Lemoigne 1927) followed by other halogenated solvents, including
dichloromethane (Baptist 1962a). For the recovery of medium chain length (MCL) PHAs, a
variety of ketones, esters, and alcohols are potentially usable (Kinoshida et al. 2006; Noda

1998; Van Walsem et al. 2007).

In this work, we examine the recovery of poly(hydroxybutyrate-co-hydroxyhexanoate)
(P(HB-co-HHx)) polymer from wet and dry biomass using non-halogenated solvents. All of
the PHA recovered was produced using high cell density palm oil fermentations, comprised of
>139 g/L of biomass with a PHA content of 74% and an average HHx monomer content of 19
mol% (Riedel et al. 2012). Another success factor considered in this work was the separation

of residual oil or fatty acids from the PHA. Lastly, some representative solvents used in this
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work were found to promote separation of different polymers based on monomer content.
These observations suggest the development of a unique polymer purification and separation

procedure.

MATERIALS AND METHODS

Production of cell material for P(HB-co-HHX) recovery

Ralstonia eutropha Re2058/pCB113, a strain engineered from the R. eutropha wild-type
strain H16 (ATCC 17699) (Budde et al. 2011), was grown using fermentation conditions
described previously (Riedel et al. 2012), with triacylglycerols and fatty acids from different
plant oils as sole carbon sources, to produce biomass containing P(HB-co-HHXx) with high
levels of HHx (>15 mol%). Cells from fermentation broths were harvested, frozen at -80°C,

and processed as described below.

Test of solvents for PHA recovery

To test solvents for PHA recovery the polymer P(HB-co-20mol%HHXx) with a purity of 99%,
was used as starting material (each 30-60 mg). Equal volumes of the non-halogenated solvents
methyl isobutyl ketone, methyl ethyl ketone, butyl acetate (MIBK, MEK, BA, Sigma-Aldrich,
St. Louis, MO) , ethyl acetate (EA, Muskegon, MI) and isoamyl alcohol (1A, Mallinckrodt
Chemicals, Phillipsburg, NJ), were added the PHA, in sealed screw top test tubes, to form 5%
or 10% PHA/solvent-solutions. The PHA was dissolved by heating at 100°C in a heat block
for 4 h. After incubation, each solution was filtered through a 0.2 um polytetrafluorethylene
(PTFE) membrane filter. A defined aliquot was transferred into a pre-weighed borosilicate
glass test tube. The glass tubes were incubated at temperatures 10°C below the boiling point
of each solvent until dry. The samples were further dried under vacuum until they reached a

constant weight.
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Test of precipitants for recovery of PHA

To test precipitants, 5% stock solutions of PHA in MIBK and BA were prepared in sealed
vessels. For each precipitant tested, 1 mL of the 5% PHA solution was transferred into pre-
weighed borosilicate glass test tubes. PHA was then precipitated by addition of 0.5-5 volumes
of precipitant (n-hexane or n-heptane) at room temperature. The tubes were briefly vortexed
and incubated at room temperature for 1 h. Following mixing, the tubes were centrifuged for
10 min at 2500 x g and 20°C. The supernatant was discarded and the PHA pellet was initially

dried in a heating block at 50°C and finally in a vacuum oven at 80°C until dry.

Test of lipid and fatty acid precipitation

Since PHA investigated in this work was produced by cultures grown on plant oils, it was
necessary to determine if residual lipids from the palm oil culture broth could be precipitated
by methods used for polymer precipitation. Solutions (5% w/v) of palm oil, oleic acid (C18:1),
palmitic acid (C16:0), and lauric acid (C12:0) were prepared using BA or MIBK as the
solvents in screw-capped tubes. Three volumes of n-hexane were added, and the solutions
were observed for precipitation of triacylglycerols or fatty acids during overnight incubation

at room temperature or 4°C.

Recovery of PHA from dry cells in 2 mL scale

Sealed bottles containing 600 mL volumes of fermentation broth were thawed in warm water,
and then centrifuged for 20 min at 7200 x g. The cell pellet was washed with a mixture of 500
mL water and 100 mL n-hexane (Mallinckrodt Chemicals, Phillipsburg, NJ) to remove any
residual oil. The wet cell pellet was homogenized by mixing with a spatula, frozen at -80°C
and then freeze-dried. The PHA content of the freeze-dried cells was determined as described
below. Equivalent masses of freeze-dried cells, containing 40 mg of PHA, were weighed in

screw capped sealed glass tubes. In each tube, 2 mL solvent was added to form 2%
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PHA/solvent mixtures. Chloroform, MIBK, MEK, BA, or EA were used as solvents for
polymer recovery. PHA was extracted by incubating samples at 50°C, 75°C or 100°C for 4 h
and were mixed by briefly shaking tubes by hand every 30 min. Samples were cooled to room
temperature and centrifuged at 2000 x g for 10 min at room temperature. In some cases, the
formation of a gel-like phase between the residual cells and organic phase was observed. This
gel-like phase will thus be referred to as PHA/solvent-gel, in contrast to the PHA/solvent-
solution (e.g. PHA/MIBK-gel or PHA/BA-solution). A typical PHA/solvent-gel that formed
during a MIBK extraction is shown in Fig. 1. PHA/solvent-solutions and PHA/solvent-gel, if
present, were each transferred to individual, pre-weighed borosilicate glass tubes. PHA was
then precipitated with 3 volumes of n-hexane, briefly vortexed at room temperature,
centrifuged at 2000 x g and then washed twice with n-hexane. The washed polymer was dried
overnight at 50°C. Monomer composition of the P(HB-co-HHXx) copolymer was determined

by methanolysis, as described below.

Recovery of PHA from dry cells in 40 mL scale

Samples of freeze-dried biomass, containing 0.8 g PHA, were each extracted with 40 mL of
non-halogenated solvents (EA, MIBK, MEK or BA) to form 2% PHA/solvent mixtures.
Extraction occurred at 100°C in 125 mL flat-bottom flasks under reflux cooling conditions for
4 h. The samples were cooled to room temperature and centrifuged at 6000 x g for 10 min in
50 mL polypropylene tubes. The flat-bottom flask was rinsed twice with 2.5 mL solvent and
used to wash residual cell material. The PHA was precipitated with three volumes of n-hexane
at room temperature and washed three times with n-hexane. The washed polymer was dried at
50°C overnight. Both the monomer compositions of PHA polymer and residual cell material

were determined as described below.

Larger scale recovery from dry cells with ethyl acetate (EA)
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A 2% PHA solvent mixture was created by adding 1.78 L of EA to freeze-dried cells
containing 35.5 g PHA. PHA was extracted in a 5 L round bottom flask for 4 h at 80-90°C.

The sample was centrifuged at 2200 x g for 20 min at room temperature. Aliquots of 1 L
PHA/EA-solution were precipitated with 3 L n-hexane at room temperature in 4 L Erlenmeyer
flasks with stirring. Supernatant was removed through decantation and the precipitated PHA
was washed twice with n-hexane, manually crushed into smaller particles with a spatula,

placed in a glass bowl, and then dried at 50°C overnight.

Larger scale recovery from dry cells with methyl isobutyl ketone (MIBK)

A total volume of 1.35 L MIBK was added to freeze-dried cells containing 27 g PHA, to form
a 2% PHA solvent mixture. The PHA mixture was then transferred to a 5 L round bottom
flask. Polymer was extracted at 100°C with stirring under reflux conditions for 4 h. The
sample was cooled to room temperature overnight and centrifuged in glass centrifuge bottles
at 2200 x g for 10 min at room temperature. Aliquots of 1 L PHA/solvent-solution were
precipitated with 3 L n-hexane at room temperature in 4 L Erlenmeyer flasks with stirring.
Supernatant was removed through decantation and the precipitated PHA was washed twice
with n-hexane and then dried at 50°C overnight. Before drying, the washed polymer pellet
was manually crushed into smaller particles with a spatula and transferred into a flat-bottom

glass bowl.

Larger scale recovery from wet cells

Equal volumes (400-750 mL) of fermentation broth (containing cells and PHA) were thawed
in warm water and centrifuged for 20 min at 7200 x g at room temperature. The wet cell pellet
was transferred into a 5 L round-bottom flask, and solvent was added to form a 2% PHA
solvent mixtures (e.g. wet cells containing 60 g PHA in 3 L solvent). PHA was extracted at
100°C with stirring under reflux conditions for 4 h. At the beginning of the extraction, 0.33 L

of water per 1 L solvent was added to enhance mixing of the wet cell pellet with the solvent.
8
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After extraction, the sample was cooled to room temperature overnight and centrifuged in
glass centrifuge bottles at 2200 x g for 10 min at room temperature. Aliquots of 1 L
PHA/solvent-solution were precipitated with 3 L n-hexane at room temperature in 4 L
Erlenmeyer flasks under stirring. Supernatant was removed through decantation and the
precipitated PHA was washed 3 times with n-hexane and dried at 50°C overnight. Before
drying, the washed polymer pellet was manually crushed into smaller particles using a spatula

and transferred into a flat-bottom glass bowl.

After polymer extraction from wet cells using EA, residual cell material was further separated
from residual PHA/solvent-solution by centrifugation at 6700 x g in polypropylene tubes.
During centrifugation, residual cell material separated into two different fractions. Part of the
residual cell material collected at the solvent/water interface, while the rest formed a pellet at
the bottom of the tube. The interface between the organic and aqueous phases had a yellow
colored top portion and a white bottom portion (Supp. Fig. 2). Three separate sections of the
centrifuged material (residual cells/interface-top, residual cells/interface-bottom and residual
cell pellet) from one polypropylene tube were transferred into different polypropylene tubes,
washed three times with water, freeze-dried and analyzed to determine PHA content by

methanolysis.

Analytical methods

PHA concentration per cell dry weight (CDW), purity of the recovered PHA, and HHx
content of the copolymers were determined using a methanolysis protocol described
previously (Budde et al. 2011). In this procedure, pure standards of poly-3-hydroxybutyrate
and methyl 3-hydroxyhexanoate (Sigma-Aldrich, St. Louis, MO) were used to generate

calibration curves. Recovery yield (RY) was defined as:

Recovery yield (RY, %) _ mass PHA recovered (g) * Purity (%)

mass PHA in cells used in recovery batch (g)
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RESULTS

Many non-halogenated solvents that can serve as alternatives to chloroform for PHA recovery
have been identified in the academic and patent literature (Kinoshida et al. 2006; Noda 1998;
Noda et al. 2005; Van Walsem et al. 2007). We chose to investigate MIBK, MEK, BA, EA,
and IA as potential solvents for P(HB-co-HHx) produced from palm oil (Riedel et al. 2012).
Physical properties and safety characteristics of the chemicals used in this study are compiled
in Table 1. These properties would determine how effective a solvent would be in an
industrial recovery process. lIsolation of PHA from bacterial cells requires extraction,
separation, and washing steps. All non-halogenated solvents used in this study have lower
densities than water, which allowed for simple decantation of PHA solutions after extraction
and centrifugation. Also, the residual biomass remained in the agueous phase, separated from
the polymer solution. This phenomenon is a process advantage over chloroform, which has
higher density than water. Thus, PHA-chloroform solutions will form the bottom phase along
with the residual cell material. A general flow diagram of the recovery studies performed in

this work is presented in Fig. 2.

Testing PHA solubility in chosen solvents

To evaluate which solvents were capable of dissolving our PHA copolymer, previously-
extracted P(HB-co-20mol%HHXx), with a purity of 99% was used as the starting material.
With the exception of IA, all solvents tested were able to dissolve the copolymer (Fig. 3),
resulting in a workable PHA/solvent solution. Recovery yields of up to 99% were achieved

from the 5% PHA solutions.

Test of precipitants for recovery of PHA
The precipitants n-hexane and n-heptane were tested for PHA precipitation. PHA was

precipitated from 5 wt% solutions at room temperature. The various combinations of solvents

10
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and precipitants gave similar results. A threefold volume of either precipitant (per volume of

PHA solution) was sufficient to recover almost 100% of the PHA (Fig. 4).

Test of lipid precipitation by n-hexane

In order to determine if residual lipids from the palm oil culture broth would also come out of
solution upon addition of n-hexane, attempts were made to precipitate oil or fatty acids from
different 5% lipid solutions in solvent (MIBK, BA). These test solutions contained a
significantly higher concentration of lipids than one would expect to co-extract with PHA. All
lipids went into solution in MIBK or BA at room temperature, although with palmitic acid,
the fatty acids precipitated when incubated at 4°C (Supp. Fig. 1). After addition of n-hexane,
no lipid precipitation was observed at room temperature, but when solutions were incubated at
4°C, lipids in the palmitic acid solution once again came out of solution (Supp. Fig. 1). These
findings indicate that substantial co-precipitation of oil and fatty acids during PHA
precipitation is unlikely using methods described in this work. However, precipitated PHA
must still be washed with additional volumes of precipitant in order to remove the residual
solvent, which can contain residual lipids, to ensure that lipid contamination of the polymer

does not persist upon drying.

Copolymer recovery from R. eutropha cells at 2 mL scale

In order to screen solvents for PHA recovery from biomass, P(HB-co-HHXx) was extracted
from dry cells containing 76% PHA of CDW with an HHx concentration of 15 mol%.
Extractions were performed at various temperatures (50°C, 75°C, and 100°C) with a PHA to
solvent ratio targeting 2% PHA solutions at the 2 mL scale (Table 2). Chloroform was used as
a control solvent and was able to recover almost all PHA present in cells (> 98%) at 75°C or
100°C. At 50°C, the recovery yield from chloroform solutions was slightly lower at 95%, and
the HHx content of the recovered polymer also increased slightly as compared to samples

incubated at higher temperatures.
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Along with the typical PHA/solvent-solutions, PHA/solvent-gel formation was observed at
the bottom of the organic phase during polymer extraction with MIBK or BA (Fig.1). The
PHA/solvent-gel formation was observed with these solvents only at temperatures of 100°C
and 75°C. The final yield of polymer from PHA/MIBK-solution or PHA/BA-solution
decreased with a decrease in recovery temperature, whereas the amount of polymer in the
PHA/MIBK-gel was higher at the lower temperature. The recovery yield from PHA/BA-gel
did not change as temperature decreased. The total recovery yield, taking into account PHA in
solution and in the gel phase, decreased for both MIBK (79% to 72%) and BA (74% to 60%)

extractions at 75°C compared to 100°C.

Interestingly, in the recovery processes where a gel phase was observed, the monomer
compositions of polymer recovered from PHA/solvent-solution and PHA/solvent-gel were
different from each other. Polymer recovered from PHA/solvent-solution had a notably higher
HHx level (17 mol%) compared to the polymer recovered from the PHA/solvent-gel (14-15
mol%) or compared to the total polymer recovered using chloroform as the solvent (15 mol%).
The polymer recovered from the PHA/MIBK-solution or PHA/BA-solution at an extraction
temperature of 50°C had an even higher HHx concentration at 21 mol% or 19 mol%,
respectively. PHA recovery using MEK or EA exhibited a high recovery yield (> 95%) at
temperatures of 75°C and 100°C. However, at 50°C, the recovery yield decreased to 87% or
76%, respectively, concomitant with a slight increase in HHx content to ~17 mol%. No

PHA/solvent-gel formation was observed during recovery with MEK and EA.

Copolymer recovery from dried R. eutropha cells at 40 mL scale

At the 2 mL scale, the extractions at 100°C yielded the best results (see recovery yield and
purity, Table 2). Larger volume (40 mL) extractions were performed from dry cells,
containing 62% PHA with 22 mol% HHx. The purities of all recovered polymer samples from

PHA/solvent-solutions were > 95 %,

12
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The data from 40 mL scale recovery experiments are shown in Table 3. A PHA/solvent-gel
was observed using the solvents MIBK and BA, similar to results seen during the 2 mL
extractions. The purities of the recovered polymer samples from the PHA/solvent-gel were
lower relative to polymer from solution, with purities of 73% or 62%, using MIBK or BA,
respectively. The HHx concentrations of polymer recovered from either PHA/MIBK-solution
or PHA/BA-solution were, at 24 mol%, slightly higher compared to the polymer present in
cells (22 mol% HHx). Furthermore, the HHx content of the polymer recovered from the
PHA/MIBK-gel or the PHA/BA-gel was much lower, at 12 or 11 mol%, respectively.
Extraction with either EA or MEK gave a high polymer recovery yield of > 94%. The HHx
content of polymer from the PHA/EA-solution or PHA/MEK-solution was ~21 mol%, which
was similar to the HHx content measured in whole cells. Analysis of the residual cell mass
from extractions using MEK or EA showed that only minor amounts of unrecovered PHA (2
wit% of cell mass) were present. However, the PHA content of residual cell mass from cells
treated with either MIBK or BA was much higher, at 13% or 24%, respectively. The HHx
monomer content of PHA not extracted from the cells with these solvents was 11-12 mol%.
The total recovery yield from MIBK extraction was 84% (71% from PHA/MIBK-solution and
13% from PHA/MIBK-gel). The total recovery yield was lowest with BA, reaching only 76%

(68% from PHA/BA-solution and 8% from PHA/BA-gel).

Larger scale PHA recovery

To demonstrate the scalability of a PHA recovery process, polymer was recovered from cell
biomass using up to 3 L volumes of solvent (Table 4). Wet cells were used, instead of dry
cells, to avoid an energy and time consuming drying step for these large quantities of cell
material. For comparison, representative gel forming and non-gel forming solvents were used
in this laboratory scale up process. MIBK was chosen over BA for the PHA/solvent-gel

forming solvent, due to better yields in the previous experiments (Table 3). EA was chosen

13
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over MEK, because of its lower solubility in water, which would enhance separation of

wastewater and solvent following the PHA extraction step of a potential industrial process.

In recovery with MIBK at the 3 L scale from wet cells, PHA separation based on the HHx
content was observed, with polymer from PHA/MIBK-solution at ~20 mol% HHx and
polymer from PHA/MIBK-gel at ~15 mol% HHx (average HHx content of total PHA before
recovery was 20 mol%). The purity of the polymer from PHA/MIBK-solution was observed
to increase to >99% with efficient washing of the recovered polymer with n-hexane. The

overall recovery yield from both PHA/MIBK-solution and PHA/MIBK-gel was 84%.

PHA recovery with EA from wet cells in a 1.5 L scale showed no PHA/EA-gel formation, as
expected. The recovered polymer had a purity of 98% with an HHx content of 21 mol%.
During centrifugation of the extraction mixture, a separation of the residual cell material into
three distinct phases was observed, as described in Materials and Methods (Supp. Fig. 2). The
PHA content from the residual cells/interface-top (the upper phase) had a PHA content of
58%, the residual cells/interface-bottom (the middle phase) had a PHA content of 31% and the
residual cell pellet (bottom phase) a PHA content of 27%. We hypothesize that, during
recovery of PHA from wet cells using EA as the solvent, a mixture of EA, water, and residual
cell debris formed, resulting in a significant portion of the polymer remaining with the wet
cell mass. All three phases had an average HHx content of 22 mol% (Supp. Fig. 2). The
recovery yield from the PHA/EA-solution from wet cells was only 71%, whereas PHA
recovery from dry cells in a 1.8 L extraction gave a recovery yield of 93% with a purity of

95%.

DISCUSSION

There are several requirements that must be met for a PHA production process to be
sustainable and economically viable. High yield PHA production must be reached from a
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readily available carbon source (e.g. palm oil; (Riedel et al. 2012)). Also, there must be an
efficient recovery process that allows for consistent isolation of high purity polymer (Jacquel
et al. 2008). The use of chlorinated solvents such as chloroform, methylene chloride or 1,2-
dichlorethane has been shown to lead to high purity levels during PHB recovery (Ramsay et al.
1994). Use of non-halogenated solvents will reduce the hazards for the operators and for the
environment. In this study, we designed a process for the recovery of P(HB-co->15mol%HHXx)
from bacterial biomass. Based on their physical properties and safety characteristics (Table 1),
which are important for industrial scale-up process (e.g. energy to pump, energy to heat or
cool, solvent separation from wastewater) and use of recovered bioplastics for different
applications (e.g. food service, household, and medical products), respectively, the following
solvents were chosen for evaluation of PHA recovery: MIBK, BA, EA and IA. All solvents,
with the exception of 1A, were able to effectively dissolve this polymer. We demonstrated
PHA extraction from dry and wet cells at different scales, from 2 mL up to 3 L. We decided to
focus on BA and MIBK, due to their lower miscibilities with water as compared to EA and
MEK (Table 1), resulting in a better separation of the organic phase from the aqueous phase
during PHA recovery from wet cells. Recovery from wet cells eliminates a biomass drying
step from the downstream process, saving time and cost. With MIBK, we were able to recover
PHA from wet cells with the same efficiency (recovery yield 84%) as from dry cells with
purities reaching 99% (Tables 3 and 4). With EA, the recovery yield with wet cells was 71%
(Table 4), which was significantly lower compared to the recovery yield from dry cells (93-

999%) (Tables 2-4).

During PHA recovery with BA and MIBK, a separation of the copolymer occurred based on
HHXx content. PHA with a higher fraction of HHx monomer (17-30 mol%) was observed in
the PHA/solvent-solution, whereas polymer with lower HHx fraction formed a PHA/solvent-

gel (11-16 mol%) located between residual cell material and the PHA/solvent-solution. Also,
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small amounts of PHA containing low levels of HHx (11-12 mol%) remained in the residual
cell material. This indicates that higher HHx content makes the polymer more soluble, as has
been observed previously (Noda et al. 2005). It is unclear whether the gel was present
throughout the extraction, or only appeared as the solution cooled during centrifugation. The
fractionation of PHA during recovery confirms our previous finding that the strain used in this
study makes PHA with varying HHx content during fermentation on palm oil (Budde et al.

2011).

The recovery yield from the MIBK and BA PHA/solvent-solutions were observed to be much
lower in 2 mL extractions compared to the other extractions (Tables 2-4). These results can be
explained through a better separation of the PHA/solvent-solution from the PHA/solvent-gel
due to greater force (higher RPM) during the centrifugation step of the larger scale extractions,
as compared to the 2 mL extractions. Overall, MIBK had the capacity to recover more PHA
from cells than BA in our studies (Tables 2 and 3). With non-gel forming solvents (MEK and

EA) high recovery yields from 93 to 99% could be reached using dry cells (Tables 2-4).

Chen et al., (Chen et al. 2001) demonstrated the recovery of P(HB-co-11mol%HHXx) from dry
cells at an industrial scale using EA. In the aforementioned study, 5,000 L of EA was added to
200 — 500 kg dry cells, with a PHA content of 50%, to form 2-5% PHA solvent mixtures.
Polymer was then precipitated with 3 volumes of n-hexane or n-heptane. Recovery yield or
purity data from these extractions are not available. However, direct recovery from wet
biomass would eliminate a drying step of the cells, potentially saving time and cost. In our
study, the recovery yield from the EA extraction using wet cells as starting material in 1.5 L
scale was 71%, much lower than the 93% recovery yield observed from the 1.8 L extraction
using dry cells as starting material. The solubility of EA in water is 4 fold higher than that of
MIBK (Table 1). The intermixture of the PHA/EA-solution with water and the wet residual

cell material may explain the lower recovery yield from PHA/EA-solution using wet cells
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compared to dry cells. The residual cell mass from the EA extraction using wet cells showed a
high PHA concentration (Suppl. Fig. 2), which may have resulted from PHA solution
becoming trapped in the biomass, whereas the PHA content of the residual cell mass from the
dry 40 mL extraction was negligible (Table 3). Another possibility is that the presence of
water simply reduced the solvating power of the EA, leaving some polymer unextracted. The
3 L scale up with MIBK using wet biomass exhibited a recovery yield up to 84%, which is the

same recovery yield observed using dry cells in 40 mL extractions.

The purity of polymer from the 3 L MIBK extractions from wet cells improved to 99% by
extra washing with n-hexane. The purity of the PHA recovered from wet cells with EA was
slightly lower at 95%, although the same n-hexane wash was performed. The higher PHA
purity reached with MIBK could be explained by the PHA/MIBK-gel formation, which
covers the residual cell mass, separating it from the PHA/MIBK-solution. We did not filter
PHA/solvent-solutions before the polymer precipitation in extractions of greater than 2 mL
volumes. Therefore, the slight contamination seen in the EA extraction probably comes from
residual cell material during the separation of the residual biomass from the PHA/EA-solvent-
solution prior to PHA precipitation. All PHA extractions in our studies were performed using
a PHA solvent ratio of 2% (w/v). All solvents used were shown to be capable of dissolving
P(HB-co-20mol%HHXx) to concentrations of 5-10% (w/v). Higher PHA concentrations would
reduce the amount of solvent used, but would also result in more viscous PHA solutions (Van
Walsem et al. 2007), which are more difficult to pump, centrifuge, or filter during
downstream processing. The viscosity of polymer solutions is dependent on polymer structure,

polymer molecular weight, concentration, solvent type and temperature (Flory 1953).

To recover dissolved polymer we chose to precipitate the polymer with alkanes, instead of
evaporating the solvent. Evaporation can be problematic in batch operations because the

polymer tends to coat the vessel after the solvent is removed. Additionally, any contaminants
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that are also present in the solvent (e.g. residual lipids from plant oil fermentations) will co-
purify with the PHA. We determined that adding a threefold volume of precipitant to
PHA/solvent solution at room temperature precipitated the polymer sufficiently (Figure 4,
Table 2). A smaller ratio may be possible at a lower precipitation temperature. The boiling
point of n-hexane is lower than that of n-heptane. This suggests that n-hexane should be easier
to separate from both BA and MIBK, making it a more promising precipitant for these
solvents, due to lower cost during solvent recycling. However, n-heptane is rated as a class 3
chemical by the FDA, while n-hexane is class 2, and is therefore considered as less safe than
n-heptane (http://www.fda.gov/RegulatoryInformation/Guidances/ucm128290.htm). If PHA is
destined for biomedical applications, then n-heptane may be the preferred precipitant. If EA or
MEK was chosen as the solvent, n-heptane or n-octane could be used as a precipitant due to

the greater differences in their boiling points, as compared to n-hexane with the solvents.

It is possible that some residual palm oil and fatty acids may be associated with the biomass at
the end of a high density fermentation. It was shown that these lipids dissolve in the solvents
used in this work, but were not precipitated during the recovery process (Supp. Fig. 1).
However, after precipitation, residual solvent can be removed from the polymer by washing

with precipitant, to avoid contamination of PHA with residual lipids.

For a recovery process using wet cells as starting material, we recommend the
solvent/precipitant pair of MIBK/n-hexane, based on the polymer recovery results obtained in
this work, as well as the large differences in boiling points, which predicts effective recycling
of solvent through distillation. BA could be used alternatively to MIBK because it is less
miscible with water, has a higher boiling point, is less flammable, and has a higher PEL.
However, the performed recovery studies showed higher recovery yields using MIBK. One

potential issue with BA is that it can degrade by hydrolysis in the presence of water (Sakamuri
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2005), which is clearly a concern given that in a sustainable process, solvent would be

continuously recycled.
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FIGURE LEGENDS

Fig. 1.

Separation of PHA/MIBK-solution, PHA/MIBK-gel and residual cell mass, following PHA
extraction from wet cells with MIBK. Polymer in solution was extracted for 4 h at 100°C
under reflux conditions. The sample was cooled to room temperature and centrifuged for 10

min at 2200 x g.

Fig. 2. Flow sheet of a general PHA extraction process. P(HB-co-HHXx) was extracted from wet or dry
biomass using the non-halogenated solvents: EA, MEK, BA or MIBK. (*) The residual cell mass was
washed twice with 2.5 mL solvent during the 40 mL extraction process from dry cells (**), or three

times with water after the 1.5 L EA extraction from wet cells.

Fig. 3. Solubility of P(HB-co-HHx) polymer in various non-halogenated solvents. 5% and 10% PHA
solutions were made using the MEK, BA, MIBK, IA, EA or chloroform. Data indicating recovery of
the PHA polymer (% input) from polymer solutions are presented. Error bars indicate standard

deviation from triplicate experiments. Asterisk (*) indicates that, after incubation with 1A (10% PHA

mixture), it was not possible to filter the solution and determine a recovery value.

Fig. 4. Examination of precipitants for P(HB-co-HHXx) recovery. Using MIBK or BA as PHA solvents,
5% PHA solutions were made. The polymer was precipitated by addition of n- hexane or n-heptane to

the solution at room temperature. Averages of two replicates are shown.
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Table 1: Property data for chemicals that could potentially be used in a PHA recovery process. The
top group of compounds consists of potential PHA solvents, with water included as a reference. The

bottom three compounds (n-hexane, n-heptane, and n-octane) are used as PHA precipitants.

Compound | Boiling Density | Viscosity Heat Solubility in PEL FDA Price
Point | (g/cm®)? (cP)? capacity water (ppm)° | class® | ($US/Ib.)°
(°C)* @mol™ | (ppmw)*
K-l) a
Water 100 1.03 0.91 76 N.D. N.D. safe <0.01°
Chloroform 61 1.48 0.54 112 7.50e+03 50 2 0.26-0.47
Ethyl acetate 77 0.89 0.42 171 7.37e+04 400 3 0.48-0.59
Butyl acetate 126 0.68 228 6.80e+03 150 3 0.67-0.72
0.88
Methyl 117 0.80 0.60 212 1.90e+04 100 3 0.74-0.79
isobutyl
ketone
Methyl ethyl 80 0.80 0.40 160 2.48e+05 200 3 0.32-0.34
ketone
Isoamyl 131 0.81 3.69 165 2.70e+04 100 3 na’
alcohol
n-hexane 69 0.66 0.30 193 1.33e+01 500 2 1.15-1.19
n-heptane 98 0.68 0.39 230 2.24e+00 500 3 1.21-1.64
n-octane 126 0.70 0.51 255 4.31e-01 500 N.D. na’

®Physical property data is from (Yaws 1999), measured at 25°C and 1 atm.

PPEL is the Permissible Exposure Limit established by the United States Occupational Safety
and Health Administration (OSHA, standard number: 1910.1000 TABLE Z-1).

“The FDA rates chemicals for use in manufacturing of biomedical products, where 1 is most
toxic and 3 is least toxic, Q3C Feb 12
(http://www.fda.gov/Regulatorylnformation/Guidances/ucm128290.htm)

N.D. indicates no data was available.

Price data from www.icis.com (2006-2008 prices): na = data not available.

*Average US pricing per gallon (US$1.50 per 1000 gallons). Source: American Water Works

Association (www.awwa.org). Does not include price of wastewater treatment.



http://www.osha.gov/pls/oshaweb/owalink.query_links?src_doc_type=STANDARDS&src_unique_file=1910_1000_TABLE_Z-1&src_anchor_name=1910.1000+TABLE+Z-1
http://www.fda.gov/RegulatoryInformation/Guidances/ucm128290.htm
http://www.icis.com/
http://www.awwa.org/
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Table 2: P(HB-co-HHX) recovery from dry R. eutropha cells on a 2 mL scale. PHA was extracted for
4 hat 100°C, 75°C or 50°C with the non-halogenated solvents (52.6 mg cells, 76% CDW of PHA, 2
mL solvent). Chloroform extractions were used as controls. In all cases, the extracted polymer was
precipitated with 3 volumes of n-hexane at room temperature from PHA/solvent-solution (S) or
PHA/solvent-gel (G) and dried at 50°C. All values represent means from triplicate extractions with

error bars indicating = S.D.

Solvent Temperaure Recovery Purity HHx
(PHA/solvent- (°C) Yield (%) (mol%)
solution or gel) (%)

100 99+1 100+1 | 15+1

Chlorofrom® (5% 75 98+0 100£0 | 15+0
50 95+ 1 100+1 | 16+0

100 55+ 2 9+1 | 170

MIBK"(S) 75 372 9+1 | 17+0
50 37+2 1000 | 210

] 100 24 + 4 9%+2 | 14+0
MIBK(G') 75 35+5 98+2 | 15+0
100 95+1 100+1 | 160

MEK"* (S) 75 95+1 99+0 | 15+0
50 87 +3 100+0 | 170

100 42 +0 1001 | 171

BA"(S) 75 27+1 100+1 | 170
50 411 99+2 | 190

100 33+5 100+1 | 15+0

BA(G) 75 33+3 95+3 | 150
100 99 +0 100+0 | 16+0

EAC (S) 75 95+ 0 97+0 | 15+0
50 76 +0 1001 | 17+1

4(S) indicates PHA/solvent-solution, (G) indicates PHA/solvent-gel.
"MIBK = methyl isobutyl ketone; MEK = methyl ethyl ketone; BA = butyl acetate; EA = ethyl acetate
°No PHA/solvent-gel formation was observed using MEK, EA or chloroform
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Table 3: P(HB-co-HHX) recovery from dry R. eutropha cells (PHA content of 62% with HHx

concentration of 22 mol%) at the 40 mL scale. PHA was extracted for 4 h at 100°C using non-

halogenated solvents. The extracted polymer was precipitated with 3 volumes of n-hexane at room

temperature from PHA/solvent-solution or PHA/solvent-gel. PHA and the residual cell mass were

dried at 50°C. All values represent minimum and maximum data from duplicate extractions.

Solvent PHA/solvent-solution RY?4(%0) Total RY Rcells”
%
n=2 purity HHXx (%) = PHA content HHXx
(%0) (mol%) (%) (mol%o)
MIBK® 9%6+1 24+0 71+0 84+0 13+4 11+0
BA® 95+2 24+0 680 760 24+1 12+0
EA° 97+1 21+0 94+0 94+0 2+0 200
MEK® 97 +2 210 95+0 95+0 2+1 20+0
Solvent® PHA/solvent-gel RY? (%)
n=2 purity HHXx (%)
(%) (mol%)
MIBK 73+2 12+0 13+0
BA 62+0 11+0 8+0

® PHA recovery yield (RY), total RY combines RY from PHA/solvent-solution and PHA/solvent-gel
"Residual cell mass
‘MIBK = methyl isobutyl ketone; MEK = methyl ethyl ketone; BA = butyl acetate; EA = ethyl acetate

YNo PHA/solvent-gel formation was observed using: MEK and EA
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Table 4: Larger scale recovery of P(HB-co-HHXx) from dry and wet cells. PHA was extracted for 4 h

at 100°C, with the non-halogenated solvents to form a 2% PHA mixture. The extracted polymer was

precipitated with 3 volumes of n-hexane at room temperature and dried at 50°C.

Biomass PHA mol% HHx of
Solvent. Vol (mol% recovered Purity recovered Recovery yield
U7 | HHXx of @) (%) PHA (%)
PHA) g

s | G S G S G s | G | totl
MIBK®, 3 L wet (20) | 45 10 92 90 20 15 69 15 | 84
MIBK, 3 L wet (20) | 37 2 >99 80 - 99 21 14 61 3 64
MIBK, 1.35L | dry(29) | 20 2 >99 78 -99 30 12 -18 74 5 79
EA 15L wet (22) | 21 | nd° 95 nd® 21 nd® 71 nd® | 71
EA, 1.78 L dry(18) | 33 nd 95 nd 17 nd 93 93

S = PHA/solvent solution; G = PHA/solvent gel

®MIBK = methyl isobutyl ketone; EA = ethyl acetate
‘No PHA/solvent gel was detected in EA-based recovery of PHA
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Flow sheet of general PHA extraction process with non-halogenated solvents
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Riedel, et al, Figure 2
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Supplemental Figure 1

Test of precipitation of lipids and fatty acids from solvents used in this work. Solutions of palm
oil (PO), oleic acid (OA), palmitic acid (PA), and lauric acid (LA) were made (5% wi/v) in BA
and MIBK. The solutions were made at room temperature (A) and then incubated overnight at
4°C (B). The solutions were then warmed back to room temperature and three volumes of n-
hexane were added to determine if precipitation occurred. The new solutions (with precipitant)
were again incubated at room temperature (C) and overnight at 4°C (D). PA precipitates from

BA and MIBK at 4°C, and from BA/n-hexane at 4°C.

Supplemental Figure 2

Separation of residual cell mass (Rcells) into phases following P(HB-co-HHXx) extraction with
EA. Cell debris was centrifuged after PHA extraction from wet cells. During the centrifugation
step, an interface was observed to form between the PHA/EA-solution and the aqueous phase, as
indicated in the figure. The interface had a yellow top portion (Rcells/Interface-top) and a white
bottom portion (Rcells/Interface-bottom). The PHA concentrations of every Rcell fraction were

observed to be different, but the mol% HHx content of polymer from each phase was the same.
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