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Established and advanced approaches for recovery of microbial
polyhydroxyalkanoate (PHA) biopolyesters from surrounding

Abstract

microbial biomass

Martin Koller**

Downstream processing for recovery of microbial polyhydroxyalkanoate (PHA) biopolyesters from biomass constitutes an
integral part of the entire PHA production chain; beside the feedstocks used for cultivation of PHA-production strains, this
process is currently considered the major cost factor for PHA production.

Besides economic aspects, PHA recovery techniques need to be sustainable by avoiding excessive use of (often precarious!)
solvents, other hazardous chemicals, non-recyclable compounds, and energy. Moreover, the applied PHA recovery method
is decisive for the molecular mass and purity of the obtained product, and the achievable recovery yield. In addition to the
applied method, also the PHA content in biomass is decisive for the feasibility of a selected technique. Further, not all inves-
tigated recovery techniques are applicable for all types of PHA (crystalline versus amorphous PHA) and all PHA-producing
microorganisms (robust versus fragile cell structures).

The present review shines a light on benefits and shortcomings of established solvent-based, chemical, enzymatic, and mechan-
ical methods for PHA recovery. Focus is dedicated on innovative, novel recovery strategies, encompassing the use of “green”
solvents, application of classical “PHA anti-solvents” under pressurized conditions, ionic liquids, supercritical solvents, hypo-
tonic cell disintegration for release of PHA granules, switchable anionic surfactants, and even digestion of non-PHA biomass
by animals.

The different established and novel techniques are compared in terms of PHA recovery yield, product purity, impact on PHA
molar mass, scalability to industrial plants, and demand for chemicals, energy, and time.
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Introduction

The application of polyhydroxyalkanoates (PHA), a group of microbial biopolyesters with
diverse well-known (storage materials) and emerging (protectants against various stress
factors) biological functions (1), to substitute petrochemical plastics in diverse fields of
application is heavily discussed since decades, with several ups and downs on the way to
their broad market penetration. This market penetration, however, still lags behind the
high expectations of the scientific community (2). Despite the fact that these biopolyes-
ters offer plenty of environmental advantages such as biocompatibility, biodegradability,
compostability, and embedding in the natural carbon cycle, the major obstacle for the
market success of PHA are still their production costs. Economically, PHA are not yet
competitive with mineral oil-based plastics from petro-chemistry, which are produced
by rather simple chemical processes established since many decades. As biological, intra-
cellular products of the secondary metabolism of many bacteria, archaea, and a limited
number of yeasts, volumetric productivity of PHA can intrinsically not become competi-
tive with petrochemical plastics due to the limits set by Nature. This can be visualized by
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Figure 1. Overview of established and emerging PHA recovery techniques.

the fact that kinetics of petro-plastic synthesis can be boosted
by applying high temperature and pressure regimes and often
toxic catalysts, while biosynthetic PHA formation occurs under
ambient or, in the case of extremophiles, under only slightly
elevated temperature and pressure. Considering the fact that
PHA biosynthesis constitutes an aerobic process, the same goes
for substrate-to-product conversion: yields are limited by the
indispensable loss of carbon source by oxidative degradation
of substrate, generating CO, during cellular respiration, while
excellent product yields are typical for petrochemical plastic
production (3).

In the meanwhile, considerable progress was made in terms
of reducing the costs directly associated to the processes of bi-
omass growth and subsequent PHA accumulation inside the
cells. In this context, costly organic carbon sources were re-
placed (at least on laboratory scale) by carbonaceous waste and
surplus materials from diverse industrial branches, especially
from agro- and food industry (4), and attempts were made
in converting inexpensive gaseous substrates like CH,, CO,,
or syngas towards biomass and PHA by microbial specialists
like class II methanotrophs (5,6), cyanobacteria (7), and pink
Rhodospirilli (8). Moreover, the new concept of “Next gener-
ation industrial biotechnology” (NGIB) builds on the use of
extremophilic production strains, which can be cultivated at
minimum energy and sterility precautions in open bioreactor
facilities, and which are conveniently accessible towards ge-
netic modification to enhance their biocatalytic performance
(9). In the field of PHA production, this concept was already
realized for halophilic, genetically tailored strains from the ge-
nus Halomonas (10). As another trend, we currently witness

dynamic development in the use of mixed microbial cultures
(MMCs) for production of PHA coupled to mitigation of pol-
lutants from waste water; here, quality control of generated
PHA still is a remaining issue to be solved (11).

Beside the mentioned aspects of substrates, energy require-
ment, and bioengineering, it is currently undisputed that down-
stream processing, needed to recover intracellular PHA from
the surrounding non-PHA cells mass, significantly contributes
to the entire PHA production costs, hence, the smart choice of a
recovery method has a dominant impact on the overall process
economics. Moreover, appropriate downstream processing is a
major factor for the ecological footprint of microbial bioplas-
tics (12). Issues like the type and amount of extraction solvents,
energy input, recyclability of solvents and other chemicals, and
water requirement are factors determining the economic and
environmental feasibility of a given PHA recovery process,
and must be weighed against to obtained product quality and
recovery yield (13). The review at hand provides an updated
overview of established and emerging techniques for PHA re-
covery, with focus dedicated to trends and progress observed
during the recent years years (for an overview, see Fig. 1).

Downstream processing in PHA production

After stopping the biotechnological PHA production process
(cultivation of living cells in bioreactors), typically by stop of
aeration and pasteurization, PHA-rich biomass needs to be
separated from the supernatant, hence, the spent fermentation
broth. This separation is typically accomplished by means of
sedimentation, flocculation, or centrifugation, or, to a lower
extend, by filtration techniques. While biomass recovery nor-
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mally is accomplished batch-wise, it can also be performed by
continuously operated separators in case of continuous culti-
vation processes. After this separation step, PHA-rich biomass
is typically dewatered (thermal drying step or lyophilization),
and appropriate techniques are needed to recover PHA from
dry microbial biomass in a short time, at high yields, without
negatively impacting polymer quality (especially molecular
mass), and by environmentally benign approaches.

Economics of PHA extraction highly depend on available
equipment, energy and chemicals demands, on PHA recovery
yields and recyclability of the applied compounds. Briefly, sol-
vent-based extraction methods and cell disruption by chemical,
enzymatic, or mechanical techniques, or combinations thereof,
are described, as it is broadly dealt with in many recent review
articles. However, when carefully reading these publications,
it becomes obvious that every one of these recovery methods
has disadvantages, either economically, ecologically, for safety
aspects, disappointing recovery yields, mediocre product puri-
ty, or inadequate scalability (13-16). Notably, best-established
PHA recovery methods, which generate superior recovery
yields and maximum product purity, are based on extraction
techniques using noxious halogenated solvents, predominately
chloroform, in other words, materials that should not play a
role in a sustainable production chain anymore. Consequently,
alternative PHA recovery methods are presently in the devel-
opment stage; these methods resort to fundamentally different
approaches:

Extraction of PHA from biomass

Halogenated solvents as the bench mark for the extraction
performance of PHA solvents

Solvent-based extraction methods, mainly those using chloro-
form or, to a minor extent, dichloromethane, typically deliver
excellent extraction yields and high polymer purity, as it was
reported already years ago in a detailed study by Ramsay and
colleagues (17). Yet, these processes produce extreme volumes
of solvents, which are often detrimental for the environment
and human health. In addition, chloroform, the most often
used PHA extraction solvent, is highly irritating for mucous
membranes, the respiratory tract and eyes; moreover, it is sup-
posed to be carcinogenic. Besides, many outstanding PHA sol-
vents stem from petrochemistry. Furthermore, solvent-based
PHA extraction typically destroys the natural characteristics
of PHA granules by reducing molecular mass via random and
chain-end scission, particularly at higher temperature and pro-
longed extraction time; this can obstruct their further process-
ing. In addition, after dissolving PHA in halogenated solvents,
a precipitation step is generally required to obtain PHA of high
purity (simply evaporating the solvent results in impurity in-
clusions in the polymer); for this purpose, “PHA anti-solvents”
such as ethanol, acetone, methanol, hexane or heptane are typ-
ically provided in excess and under cooling to a concentrated
PHA solution in the halogenated solvent to drastically reduce
PHA'’s solubility. After this precipitation, a mixture of PHA
solvent and PHA “anti-solvent” is left, which can be separat-

ed into the original compounds only under excessive energy
expenditure, typically via distillation or rectification, which
makes the solvent recycling uneconomic (17).

Nevertheless, due to its convenient use on laboratory scale,
this method is till today frequently used for PHA recovery,
as only recently shown by Rebocho et al., who co-cultivated
the strain Curpiavidus necator DSM 428, a producer of crys-
talline short-chain-length (scl-) PHA, and Pseudomonas cit-
ronellolis NRRL B-2504, a producer of a highly amorphous
medium-chain-length (mcl-) PHA bio-latex. Co-cultivation
of both strains and co-extraction of the fundamentally differ-
ent types of PHA resulted in recovery of a natural bioplastic
blend, consisting of about 48 wt.-% scl-PHA (the homopoly-
ester poly(3-hydroxybutyrate) - PHB) and 52 wt.-% mcl-PHA,
consisting of 3-hydroxydecanoate (3HD), 3-hydroxyoctanoate
(3HO), 3-hydroxydodecanoate (3HDD), and 3-hydroxytetra-
decanoate (3HT). For this purpose, authors centrifuged the
cultivation broth harvested from the bioreactor. The cell pel-
lets obtained this way were resuspended in deionized water
and centrifuged again. The obtained biomass pellet was then
lyophilized for removal of water, and PHA was extracted from
the dried biomass via Soxhlet extraction with chloroform at 80
°C for 48 h. The pure polymer blend was isolated by precipita-
tion in the ten-fold volume of ice-cold ethanol under continu-
ous stirring (18).

Another recent study by Ojha and Das described PHA bi-
osynthesis by the halophilic yeast Pichia kudriavzevii VIT-
NNO2 from agricultural waste materials, namely banana peels
as carbon source, and chicken feathers hydrolysate as nitrogen
source. Here, it should be emphasized that PHA production by
eukaryotes like yeast is a rather rare phenomenon. The obtained
PHA was identified as a scI-PHA, specifically a poly(3-hydroxy-
butyrate-co-3-hydroxyvalerate) (PHBHV) copolyester, consist-
ing of 57.5% 3-hydroxybutyrate (3HB), and 42.5% 3-hydrox-
yvalerate (3HV) units. PHA extraction was again performed
by the chloroform technique. After the cultivation, cells where
harvested by centrifugation, and the obtained pellets were
washed twice with deionized water and air-dried at 55 °C. The
dried biomass (1.0 g) was stirred in a mixture of 7 mL chlo-
roform and 3 mL aqueous NaOCI solution (4%), which also
constitutes a chlorinated product. After stirring, the mixture
was centrifuged, and three separate layers were obtained. The
PHA dissolved in chloroform (the lowermost layer) was pre-
cipitated by adding the nine-fold amount of ice-cold methanol
as white, highly pure (99.99%) product, which was separated by
centrifugation (19). Reports in references (18) and (19) already
visualize the excessive quantities of organic solvents accruing
by these solbent-“anti-solvent” extraction methods.

When using ethanol as PHA “anti-solvent” to precipitate
PHA from chloroform solution as described by Rebocho et al.
(vide supra), a one-phase mixture of the alcohol with the PHA
solvent chloroform is generated. Separation of this mixture is
energy demanding, and therefore economically hardly feasible.
However, recycling of chloroform from this mixture becomes
possible in a convenient, not energy demanding process by
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simply adding appropriate amounts of water. At the right chlo-
roform-water-ethanol ratio, a ternary 3-components-2-phases
system is created, which consists of a high-density chloroform
phase of about 95% purity containing ethanol residues as sta-
bilizers like it is also the case in commercial chloroform, which
can be recycled and used for subsequent extraction cycles. The
second phase, a low-density ethanol/water mixture contains
only minor quantities of chloroform (20). However, the author
of this review is not aware of any implementation of this ap-
proach on a pilot or industrial scale PHA production.

“Green” solvents

General

Approaches to improve PHA extraction from biomass use less
toxic, “green” solvents like various alcohols (ethanol, 1-pro-
panol, 1-butanol, etc.) (21), ketones (acetone (22), cyclohex-
anone (23), methyl ethyl ketone (MEK) and methyl isobutyl
ketone (MIBK) (24,25)), dimethyl carbonate (26), open or cy-
clic esters (acetic acid esters, lactic acid esters, y-butyrolactone
(GBL), etc.) (23), THF (27), or cyclic carbonates (28). Some
among such halogen-free “green” solvents, such as acetone,
diverse alcohols, acetic acid, lactic acid, etc., can be produced
biotechnologically from renewable resources, while others, like
GBL, cyclohexanone, or THE are products of petrochemis-
try. Some among these solvents, such as cyclic and linear car-
bonates, need high temperature for efficient PHA extraction,
which, beside being energy-demanding, typically reduces the
biopolyesters” molecular mass, in particular when transester-
ification between esters used as solvents and PHA takes place.
In this context, reduced molecular mass disadvantages the fur-
ther processability of isolated PHA towards vendible bioplastic
items (17). Importantly, the PHA-solvation potential of these
“green” solvents highly depends on the crystallinity of the bi-
opolyester, hence, amorphous mcl-PHA is more easily dis-
solved by such solvents than crystalline sc/-PHA.

Acetone and other non-cyclic ketones

As an example of such novel solvents, acetone is a volatile and
easily recyclable compound. When used for PHA extraction,
highly pure products are obtained, without significant reduc-
tion of molecular mass, which makes this ketone an auspicious
candidate for PHA recovery. As mentioned, it should be noted
that not all “green” solvents like acetone are suitable to dissolve
all types of PHA; importantly, it is generally no simple task to
predict solubility of different PHA macromolecules in a given
solvent without testing it experimentally. As recently demon-
strated by Cerrone et al., who extracted an amorphous PHA
copolyester consisting of 3HDD, 3HD, 3HO, and 3-hydroxy-
hexanoate (3HHXx) (poly(3HDD-co-3HD-co-3HO-co-3HHx))
from lyophilized Pseudomonas chlororaphis biomass, such
low-crystalline mcl-PHA is readily extracted by acetone even
at room temperature. This is in contrast to conditions needed
to dissolve scl-PHA like PHB homopolyester in acetone; here,
temperature conditions above the solvent’s boiling point are
required (29). This matches a study by Asrar and co-workers

from 2000; these authors mentioned the lacking solubility of
scl-PHA in most non-halogenated solvents, including the typ-
ical “PHA-antisolvent” acetone, under conditions normally
used for PHA extraction on an industrial scale (temperature far
below the solvent s boiling point, no elevated pressure) (30).

However, one can profit from the different solubility of scl-
and mcl-PHA in acetone to fractionate natural blends consist-
ing of mcl- and scl-PHA, which might occur in a microbio-
logical sample, e.g., in MMCs. This was recently demonstrated
by Rebocho and colleagues, who, as described in section 3.1,
co-extracted a natural PHB-mcl-PHA blend by using chloro-
form. To separate PHB and the mcl-PHA fraction, the latter
was dissolved in acetone at 30 °C, while PHB remained as
non-soluble solid. Practically, 1 g of the co-extracted polymer
blend was constantly shaken with 30 mL of acetone at 30 °C for
24 h. The acetone-soluble mcl-PHA fraction was then conven-
iently separated by centrifugation from the acetone-insoluble
PHB fraction, and predominantly consisted of 3HD and 3HO,
beside minor amounts of 3HDD, 3HTD, and traces of 3HHx
(18).

For scl-PHA extraction by acetone under high temperature
and pressure, Koller et al. developed a convenient aluminum
device for PHA extraction consisting of an extraction-, filtra-
tion-, and precipitation unit. This device was successfully ap-
plied to recover a PHA heteropolymer from lyophilized bio-
mass of the haloarchaeal strain Haloferax mediterranei under
high temperature and pressure by using acetone as the sole
solvent. In this context, it should be noted that, under ambient
conditions for temperature and pressure, acetone does not dis-
solve crystalline scl-PHA like PHB or PHBHYV. However, under
conditions of about 120°C and 7 bar, it was possible to extract
PHA under continuous stirring in the extraction unit of the
device. By opening a valve, the mixture consisting of PHA and
lipids dissolved in acetone and solid non-PHA cell material was
passed from the extraction- to the filtration unit, where non-
PHA cell material was retained. Finally, PHA was precipitated
from solution in the final precipitation unit simply by cooling
to room temperature. Importantly, the entire system, before
being pressurized, was floated with nitrogen gas to remove ox-
ygen in order to prevent the risk of explosion. Reported recov-
ery yields and product purity were competitive with results ob-
tained for parallel control setups with the “benchmark solvent”
chloroform; purity for chloroform extraction in batch setups at
room temperature amounted to 97.7%, Soxleth-extraction by
chloroform yielded a purity of 99%, while the new acetone pro-
cess delivered PHA of 98.4% purity. Extraction yields for the
different methods were also in a similar range (96.8%, 98.9%,
and 91.6%, respectively). During optimization of this process,
it also turned out that this organism accumulates a natural
PHA blend; part of this material (with high fraction of mono-
mers different from 3HB) was shown to be soluble in acetone
even under Soxleth-extraction conditions, while the major part
of the polymer required the high temperature conditions pre-
vailing in the extraction apparatus (22).

Similar experiments resorting to ketones for sc-PHA ex-
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traction were later carried out by other authors. Based on the
fact that ketones like MIBK and especially MEK can dissolve
P(3HB-co-3HHx) copolyesters, both from wet and dry biomass
(24), Yang et al. studied the application of MEK as a solvent to
extract PHBHV produced by different wild type and recombi-
nant strains. The extraction was carried out at 100 °C for 5 min;
similar to acetone application, a gel was formed after onset of
cell lysis. A recovery yield of 93% and a purity of 91% were
obtained, which is somewhat lower than in above reported ac-
etone process. Since MEK has a boiling point of only 79.6 °C,
this extraction was also carried out under pressurized condi-
tions (transparent closed glass vials to allow observation of pol-
ymer dissolution). According to the authors, the considerably
higher boiling point of MEK (79.6°C) in comparison to acetone
(56.5°C) makes this ketone less dangerous in terms of explosion
due to excessive pressure generation. Moreover, the low density
of MEK (0.8 g/mL) allows convenient separation of cell debris
(density about 1.1 — 1.3 g/mL) from the PHA solution via cen-
trifugation or even just by sedimentation. This is a considerable
advantage to chloroform, where a filtration step is needed to
separate cell debris from the polymer solution. However, pre-
cipitation of the polymer from MEK solution (which results
in higher product purity and easier operation conditions than
MEK evaporation) needs the excessive addition of alkanes like
n-hexane, which requires a subsequent distillation for solvents
separation. In the case of acetone, solvent-PHA separation is
simply accomplished by cooling down the solution (22). In
addition, MEK-extracted PHA had a lower polydispersity (D)
than PHA chloroform-extracted in parallel setups, which indi-
cates that MEK only extracts a certain fraction of PHA present
in the biomass sample (25).

Alcohols

Another example of non-halogenated PHA solvents resorts to
the biogenic distillation by-products from ethanol production
(fusel oil containing 1-propanol, iso-butanol, (S)-2-methyl-1-
butanol, and isopentanol). This fusel alcohols are generated as
by-product in an integrated production process for cane sug-
ar, bioethanol, and PHA by the Brazilian company PHB/ISA,
hence, they are available in-house at zero cost in this company.
Looking carefully at what is described by this company about
the process, it however looks quite complicated: Cultures of C.
necator or Burkholderia sp., after the fermentation, are thermal-
ly inactivated, flocculated, and concentrated to a cell slurry of
up to 300 g/L density. Now, this slurry undergoes a multi-step
extraction process with fusel oil in continuously stirred tanks.
From the extract, cell debris needs to be removed, and, by cool-
ing down, the PHA solution turns into a gel. By pressing and
evaporation, the major part of the solvent is removed. From the
remaining polymer, residual fusel oil is removed by dispersion
in water, and subsequent distillative recovery of the solvent. Af-
ter vacuum drying, the polymer can finally be processed to a
PHA granulate. Purity of the obtained polymer is reported to
be in a similar range (about 98%) like purity obtained by estab-
lished extraction methods based on chloroform (31).

In the context of bioethanol production, the direct use of
the “green”, easily recyclable solvent ethanol was only recent-
ly demonstrated by Garcia and colleagues. These authors were
able to prepare PHB homopolyester produced by an Azotobac-
ter vinelandii mutant strain with a weight average molecular
mass (M) of more than 6,000,000. The centrifuged wet bio-
mass (no drying step required!) was resuspended in distilled
water, centrifuged again, and, by vortexing, the biomass was
resuspended again in ethanol. This suspension was stirred and
heated close to ethanol s boiling temperature in a closed flask
for 30 min. This is in contrast to above-described acetone-ex-
traction process (3.2.2), which runs at a temperature far above
the solvent’s boiling point. Centrifuging the obtained mixture
resulted in precipitation of a white pellet, which was purified
by resuspension in acetone, centrifuged again, and finally dried
at room temperature. This ethanol-based process gave a recov-
ery yield of 85%, and a product purity of 95%. Surprisingly,
even slightly lower purity and recovery yield were obtained in
comparative experiments using the same biomass charge; these
experiments were based on a combination of the halogenated
compounds chloroform and NaOCI. Here, wet centrifuged bi-
omass was resuspended in a mixture of chloroform and NaO-
Cl solution, which generates a three-phase system; this system
was mixed by vortexing and agitated for a longer time (20 h).
After that, the high-density organic phase (PHA dissolved in
chloroform) was recovered, and PHA was precipitated by add-
ing excess 2-propanol as “PHA anti-solvent”. Surprisingly, the
obtained product had a M, of only about 500,000, which is
drastically lower than for the ethanol-extracted product (32).

Additional non-halogenated solvents

Other non-chlorinated solvents, namely the cyclic ketone cy-
clohexanone and the cyclic ester GBL, were studied by Jiang et
al. as potential non-halogenated solvents to extract PHA from
bacterial biomass, encompassing a detailed study of extraction
kinetics in dependence on temperature. The strain Cupriavidus
necator H16, cultivated on vegetable oils as carbon source, was
used in this study as PHA production strain, and vegetable oil
acted as carbon source. For experiments using cyclohexanone
as solvent at 120°C, 95% of the total PHA content was extracted
from biomass within 3 min; the product had a purity similar to
that obtained using chloroform in parallel control setups. Low-
er temperature significantly decreased the extraction yield. Us-
ing the same temperature, GBL resulted in considerably lower
recovery yields (only 50% recovered after 3 min) than when us-
ing cyclohexanone. For both solvents, molar mass and molec-
ular mass distribution (D) of PHA were in the same range like
products chloroform-extracted in parallel setups. Comparing
product purity in dependence on extraction solvent, PHA con-
tamination by nitrogen-containing residues was only slightly
higher when the biopolymer was extracted by the two novel
solvents compared to the reference case (chloroform). In this
study, especially cyclohexanone took for the first time the stage
as an auspicious candidate for more sustainable, halogen-free
PHA recovery processes especially due to the expedient recov-
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ery yields achieved; however, it should be emphasized that it
constitutes a product of petrochemistry, and it is not accessible
via means of biotechnology (23).

Recently, the use of “green” solvents butyl acetate, ethyl ac-
etate, isoamyl alcohol, and 1,2-propylene carbonate for PHA
recovery were compared by Gahlawat and Kumar Soni. The
copolyester PHBHV with a 3HV fraction of about 25%, pro-
duced by C. necator from crude glycerol as carbon source, was
extracted in these experiments. For 1,2-propylene carbonate,
extraction was carried out by heating biomass with the solvent
in screw cap bottles, and filtering the hot solution. The poly-
mer was precipitated by adding the double volume of the scl-
PHA “anti-solvent” acetone. Treatment with 1,2-propylene car-
bonate for 30 min at 120 °C resulted in a recovery yield of 90 %
and a product purity of 95 %. while parallel setups with chloro-
form resulted in a recovery yield od 95%, and a product purity
of 96%. This matches previous reports by these authors, which
emphasize the excellent recyclability of this solvent, and the
low risk associated to it due to its high boiling point of 242°C
(34). Ethyl acetate extraction at 100 °C (by far exceeding the
solvents boiling point of 77°C) achieved a recovery yield of 96
% and product purity of 93 %. PHA extracted by ethyl acetate
was precipitated by adding the double volume of n-heptane. In
direct comparison, ethyl acetate was more efficient for PHBHV
recovery from biomass than the structurally related ester butyl
acetate (33). This matches previous findings by Riedel et al.,
who reported high product recovery yields and high product
purities (up to 99%) when using ethyl acetate for extraction of
dry biomass (24). Importantly, in Gahlawat and Soni’s study,
recovery yield, purity, and D highly depended on the incuba-
tion time and temperature. Moreover, endotoxins, a group of
inflammatory lipopolysaccharides produced by Gram-negative
organisms like C. necator, but not by Gram-positives like Ba-
cilli, were readily removed to a level below 5 EU per g PHBHV
when treating with 2.5 N NaOH for 6 h; this level is low enough
for biomedical (in vivo) applications of the products, where the
endotoxin level is a critical factor (33).

Dimethyl carbonate

Among novel solvent-based techniques described for extrac-
tion of different types of scI-PHA, the use of the acyclic alkyl
carbonate dimethyl carbonate (DMC), a fully biodegradable
green solvent with low toxicity for human health and the en-
vironment, was described by Samori et al. DMC is not only
completely biodegradable, but also less harmful to human
health and the environment than chloroform as the traditional
“gold-standard” solvent. This process can either be used to ex-
tract PHA from dried biomass, or can even be directly added
to concentrated bacterial fermentation broth. Its application
results in reasonably high polymer recovery yields exceeding
85%, and generates products of outstanding purity higher than
95%. In both cases (dry biomass or wet fermentation broth),
the extraction does not result in degradation of PHA's mo-
lecular mass. Practically, lyophilized C. necator biomass rich
in the homopolyester PHB was treated for 4 hours at the sol-

vent’s boiling point (90°C) with DMC and, for comparison, at
50°C with the halogenated compound CH,Cl,. PHA recovery
from solution was either accomplished via solvent evaporation
or precipitation by adding cooled ethanol. The achieved PHA
recovery yield using CH,Cl, (98+£3%) was in a slightly lower
range as obtained with DMC (88+6%) (26).

In the context of DMC, de Souza Reis and colleagues (2020)
used sludge from municipal wastewater treatment systems,
which contained MMCs capable of PHA biosynthesis. Here,
it should be noted that MMCs are typically highly robust mi-
crobial consortia with intracellular PHA fractions often only
in the lower to medium range, which makes PHA recovery in-
trinsically more complicated. For this reason, MMCs are less
prone to cell hydrolysis than pure cultures, where cell fragility
can be further increased by means of genetic engineering and
high intracellular PHA fractions. In this study, DMC was tested
as a PHA extraction solvent from MMCs at different extraction
times and biomass-to-solvent ratios. Overall, only a very small
difference was observed when comparing the different ex-
traction scenarios (extraction duration and ratio). An average
product extraction of 30.7 + 1.6 g of PHA per 100 g of biomass
was achieved, which was in the same range as for compara-
tive setups using chloroform and CH,Cl,. Further, 1-butanol
was tested for purifying the obtained PHA samples at different
treatment durations and PHA-to-solvent ratios under reflux.
1-butanol was selected because, similar to above discussed sol-
vents MEK or fusel oil, it generates a gel with PHA at cooling,
which allows a simple separation process. After purification
with 1-butanol, a visible difference was observed for PHA sam-
ples obtained by the different tested scenarios (whitest prod-
uct obtained after 0.5 h treatment at a PHA-to-solvent ratio of
1/100), although the measured purity (determined via TGA)
of the obtained samples did not differ significantly. The overall
purity after 1-butanol treatment increased from 91.2 + 0.1% to
98.0 £ 0.1% (35).

Use of supercritical solvents
The advantage of supercritical fluids as solvents arises from
their excellent solvation power, which is in a range similar to
the solvation power of liquids; this is combined with supercrit-
ical fluids” expedient diffusion power (lower density and vis-
cosity than liquids) similar to gases. Supercritical CO, (sCO,),
which exits above CO, s critical point of 304 K and 74 bar, con-
stitutes the best studied supercritical fluid; after the extraction,
it simply evaporates as gaseous CO,, not leaving any solvent
restudies as it is the case for above discussed liquid solvents
used for PHA extraction. Supercritical fluids definitely consti-
tute an emerging group of compounds for extraction of many
marketable compounds like caffeine, cholesterol, flavors, com-
pounds present in hops, vitamins, hormones, and high-value
oils; more recently, they were also successfully tested for PHA
extraction from microbial biomass (36).

sCO, was applied to test PHA extraction from biomass of dif-
ferent types of microbial PHA production strains, with some-
what opposing conclusions. In this context, it was concluded by
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Hampson and Ashby that sCO,-mediated recovery of mcl-PHA
by Pseudomonas sp. biomass requires some additional amounts
of chloroform (37), which is in accordance with the results of
Williams and colleagues, who reviewed the application of sCO,
and other supercritical solvents as mixture with modifiers (or-
ganic solvents like alcohols), which helps to overcome the dif-
ferent polarity of CO, and the product to be extracted (38), and
increases CO, solubility in the aqueous intracellular compart-
ments (39). This matches the outcomes of a study by Hejazi and
colleagues, who also achieved scI-PHA recovery yields of al-
most 90%, but only when mixing sCO, with methanol as mod-
ifier. In this study, PHB homopolyester produced by C. necator
was extracted. The optimum conditions for cell disintegration
and PHB recovery were determined with an exposure time of
100 min, a temperature of 40 °C, a pressure of 200 atm, and an
addition of 0.2 mL methanol to 4 mL CO, (40). In contrast, a
follow-up study by this research group demonstrated that, after
appropriate alkaline pre-treatment of C. necator biomass, even
highly crystalline scI-PHA can be recovered from lyophilized
biomass by sCO, at higher yield than when adding highly mod-
ifiers (methanol or acetone). When using the non-polar modi-
fier toluene, however, PHA recovery yields were increased due
to solubilization of cell membrane components by this solvent.
In total, 200 bar of pressure, 30 °C temperature, and 1 vol.-%
of toluene with two times scCO, pressure release turned out as
the optimum extraction conditions. Importantly, these authors
found out that also wet biomass can be utilized to recover PHB
by sCO, in order to save drying costs; no negative effect on
molecular mass was observed compared to dry (lyophilized)
biomass; however, product purity was slightly lower than when
using lyophilized biomass (39).

Use of ionic liquids

The application of ionic liquids (ILs) for PHA recovery is a
novel field in biopolymer research. ILs can be considered as
“molten salts”, having melting points lower than100 °C, often
even below room temperature. These intriguing materials have
special properties, superior to those reported for classical or-
ganic solvents, such as high thermal stability, insignificant va-
por pressure, low flammability, and expedient ionic conductiv-
ity (41). While hydrophobic ILs can be applied for extraction
of materials by liquid-liquid biphasic systems (42), highly
hydrophilic ILs performed well in dissolving hardly soluble
polymers like crystalline cellulose. In this context, Fujita and
colleagues have reported the direct dissolution of wet (95% wa-
ter content!) biomass of the cyanobacterium Synechocystis sp.
using the hydrophilic ionic liquid 1-ethyl-3-methylimidazoli-
um methylphosphonate ((C2_. )(MeO(H)PO,)); no heating or
pretreatment was needed. In this study, the authors for the first
time hypothesized that intracellular products like PHA could
successfully be recovered by ILs (43). As a follow-up, Kobayas-
hi and colleagues studied (C2_ )(MeO(H)PO,) and other ion-
ic liquids for removing the non-PHA part of the biomass of the
cyanobacterium Synechocystis sp. PCC 6803 biomass explicitly
with the aim to release intact PHB homopolyester granules.

Especially (C2_, )(MeO(H)PO,) turned out to dissolve non-
PHA materials, but leaving PHB granules intact. PHB, after
dissolution, was separated and recovered by a simple filtration
step. More than 98 % of PHA was recovered by this convenient
process. Moreover, the authors emphasized the expedient recy-
clability of the solvent (44).

Removing the non-PHA part of biomass from
PHA granules by enzymatic and chemical means
Enzymatic methods

Currently, we witness a paradigm shift away from extraction of
the product (PHA), which accounts for up to more than 90% of
the total dry biomass. In an increasing number of laboratories,
it is recognized that removing the non-PHA part of biomass
(often less than 10% of total dry mass) can be of economical-
ly higher efficiency. However, chemical methods used for this
purpose are often expensive and resort to harmful or corrosive,
hardly recyclable chemicals (sodium hypochlorite, strong bases
oracids, or the irritating anionic surfactant sodium dodecyl sul-
fate (SDS)), while disintegration of non-PHA cell biomass for
release of native PHA granules by green biocatalysts (enzymes)
is not yet cost-eflicient due to long time demands caused by the
typically low reaction rates of enzymes, and leads to low prod-
uct purities, as shown by industrial-scale tests (31). For enzy-
matic cell disintegration, which was already developed decades
ago for industrial scale PHA recovery by Imperial Chemical
Industries, UK (ICI), enzyme mixtures containing proteases,
phospholipases, lysozyme, and nucleases were typically ap-
plied, often in combination with surfactants and the need for
chemical purification of extracted PHA with strong oxidants
like hydrogen peroxide (45). A novel enzymatic approach for
digestion of non-PHA biomass was presented by Kachriman-
idiou and co-workers. These authors prepared a crude enzyme
cocktail via solid state fermentation (SSF) of the fungus Asper-
gillus oryzae. This enzyme mixture was applied to lyse C. ne-
cator cells for PHA recovery. Temperature and pH-value were
optimized for maximum C. necator lysis, which reached about
90%; PHA purity and the recovery yield amounted to 97% and
98%, respectively (46). Future developments in this direction
might go towards immobilized enzymes, which potentially
might lower the economic impact of enzymes use.

Chemical methods

Marudkla and colleagues presented an advanced chloro-
form-free PHA recovery approach using the anionic sur-
factant SDS and sodium hypochlorite (NaOCl); optimized by
an experimental Taguchi-design, the authors described the
optimal conditions for the maximum PHA recovery (78.7%)
when using 0.5% w/v SDS combined with 6% v/v NaOCL
Nevertheless, one should not neglect the fact that SDS is an
irritating compound, while NaOCl is also a halogenated com-
pound, which contradicts the aim of abolishing chlorine from
bioplastic production (47). In addition, it was reported before
that the application of NaOCI results in molecular mass re-
duction and generation of various halogenated compounds
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(reaction products with cell constituents). Even when opti-
mizing the digestion time and pH-value of the NaOCI solu-
tion, M, of PHA was halved from 1,200,000 to 600,000, while
D increased from 3 to 4.5 (48).

In the context of SDS, it should be noted that the use of sur-
factants for PHA recovery definitely has some advantages: sim-
ilar to DMC (see 3.2.6), the surfactant can be directly added
to high-cell-density cultivation broth, which saves efforts and
costs for biomass dewatering and drying. Moreover, such sur-
factants do not result in degradation of PHA molecular mass.
As downside of the metal, typically high amounts of surfactants
are needed for PHA recovery, leading to excessive waste water
formation, which in turn needs to be treated. Moreover, purity of
PHA isolated merely by using SDS is generally mediocre, which
typically demands additional purification steps (often carried
out with halogenated solvents!), as exampled in a recent study by
Mahansaria et al., who centrifuged biomass of the haloarchaeon
Halogeometricum borinquense cultivated on glycerol as carbon
source. The obtained cell pellet was suspended for 48 hours in
0.1% aqueous SDS solution in order to start lysis of cells. The
lysed cell suspension was centrifuged again, and the remaining
pellet was again subjected towards a washing step with 0.1% SDS
solution, followed by washing with water. To remove any asso-
ciated impurities, the obtained pure white pellet was washed in
an 1:1 acetone:ethanol solution, and oven-dried at 80°C until
reaching constant mass. The dried pellet was dissolved in boil-
ing chloroform under reflux and filtered to separate eventually
remaining undissolved matter. Chloroform was then evaporated
in a hot water bath, and a thin PHA film was obtained (49).

In the study by Gahlawat and Soni (vide supra), also linear
alkylbenzenemsulfonic acid was used as surfactant for recovery
tests of PHBHV from C. necator biomass. At pH-value 5 and
a temperature of 80°C, a maximum recovery yield of 80% was
achieved, which is lower than parallel setups with ethyl acetate
or 1,2-propylene carbonate, while product purity (90%) was also
lower than when using the solvents (33).

Switchable ionic surfactants

Another novel technique applicable to wet biomass slurry, for
the first time reported by Samori et al., applies salts of longer
fatty acids (carboxylates) as surfactants. These materials dis-
rupt cell membranes, and PHA granules are released. This pro-
cess leads to outstanding polymer recovery yields exceeding
99%, and a purity of more than 90%. Among tested surfactants,
especially ammonium laurate can be conveniently used as a so
called “switchable anionic surfactant”, meaning that it under-
goes reversible conversion from a neutral water-insoluble form
to a polar anionic water-soluble form via a pH shift, which al-
lows convenient recycling; in praxi, it can simply be turned into
the water-insoluble protonated form by adding CO,. Precisely,
a microbial slurry of lyophilized C. necator biomass and am-
monium laurate was created at pH-value 10 (anionic form of
the surfactant) to dissolve non-PHA cell material; now, PHA
precipitates and can be collected via centrifugation. In a sec-
ond step, the supernatant (containing laurate and cell debris) is

neutralized by adding CO,, which converts laurate into lauric
acid, the non-water soluble, protonated form, which again pre-
cipitates and can be separated via centrifugation and recycled.
What remains is a solution of dissolved cell constituents and
NH,HCO,, which can be used as nutrient source for follow-up
cultivations of microorganism (26).

In the context of ammonium laurate, a new protocol for PHA
extraction from MMCs with high PHA-accumulating capacity
was proposed by Mannina and colleagues. The MMC was en-
riched in a sequencing batch reactor (SBR) fed with a synthet-
ic effluent mimicking fermented oil mill wastewater (OMW).
Among all tested processes, the highest recovery yield and puri-
ty (74 £ 8% and 100 * 5%, respectively) was obtained when us-
ing ammonium laurate (parallel setups used SDS as surfactant).
Separation of the cell pellet was done via centrifugation and
subsequent lyophilization of the pellet. Operating conditions of
the extraction process such as pretreatment (NaOCl), temper-
ature, ammonium laurate and biomass concentration and con-
tact time were optimized. Best conditions for PHA extraction
from MMC turned out to be: i) a pre-treatment with NaClO to
break cell walls at 85 °C for 1 h of, followed by ii) a treatment
with lauric acid in a lauric acid-to-biomass ratio of 2:1 for 3 h
of contact time at pH-value 10. Notably, the pre-treatment with
NaOCl resulted in slightly, but not dramatically higher purity
and extraction yields than the sole use of surfactant (50).

Hypotonic disintegration of PHA-rich biomass
Haloarchaea, members of the extremely halophilic branch of
the archaea domain, thrive best at extreme salinities in the
range between 2 and 5 M NaCl. These ancient microorganisms
show an extraordinarily high inner-osmotic pressure to bal-
ance the high medium osmolarity outside the cells (51). As for
the first time described in 1990 by Rodriguez-Valera and Lillo
for PHA-rich Hfx. mediterranei biomass, subjecting biomass
of such extremely halophiles to hypotonic environments (i.e.,
distilled water) leads to rapid disrupture of cells without the
use of organic extraction solvents. By this treatment, cells burst
immediately, and PHA granules are set free. Due to the low-
er specific mass of PHA granules compared to the non-PHA
cell matter, a two-phase system, consisting of a lower aqueous
phase containing the cell debris, and a skimmed phase at the
top mainly consisting of PHA granules, can conveniently be
obtained by sedimentation and centrifugation. The two phas-
es can be separated by simply removing the heavier, aqueous
phase. Intact PHA granules obtained by this process can be fur-
ther purified if required (52). This was shown later by Battacha-
ryya and colleagues, who cultivated Hfx. mediterranei on vi-
nasse as inexpensive carbon source. The accumulated PHBHV
copolyester was released as granules by hypo-osmotic treat-
ment, and further purified by application of aqueous NaOCl
solution (53). This process was later enhanced by Alsafadi and
Al-Mashaqgbeh, who disrupted PHA-rich Hfx. mediterranei bi-
omass by a combination of hypo-osmotic shock, SDS treatment
and vortexing, which was followed by sodium hypochlorite
treatment for generation of highly pure product (54).
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In addition to the numerous reports for Hfx. mediterranei,
a similar process was developed by Hezayen et al. for release
of PHA granules by hypo-osmotic cell lysis of Halopiger as-
wanensis DSM 13151 biomass in distilled water and separation
of granules by differential centrifugation (55). However, there
are still various reports in the recent literature, which resort
to PHA recovery from extremely halophilic biomass by halo-
genated solvents, mainly to get a uniform, ultra-pure product.
This was shown by Salgaonkar and Braganga, who cultivated
the haloarchaeon Halogeometricum borinquense on hydrolyzed
sugar cane bagasse. Oven-dried Hgm. borinquense biomass was
mortar-and-pestle ground, and Soxleth-extracted by chloro-
form (56).

Mechanical disintegration of PHA-rich biomass
Although doing without the use of organic solvents, mechan-
ical techniques for biomass disintegration often do not deliver
required product purity, and need additional purification of
released PHA granules. In addition, such mechanical meth-
ods like, e.g., using bead mills, high pressure homogenization,
vortexing, or ultrasonication, are often complicated for up-
scaling, are inefficient for biomass containing only low PHA
loads, and are based on a cascade of subsequent process steps.
As an example, disruption of PHA-rich cells of C. necator by
high-pressure homogenization was successfully demonstrated
by the German company ARGUS Umweltbiotechnologie, Ber-
lin. Here, a high-density cultivation broth (about 200 g/L PHA-
rich biomass) was almost quantitatively disintegrated by using
two subsequent homogenization cycles at 800 kg/cm?. The gen-
erated mixture of cellular material, inter alia PHA granules, can
afterwards be separated by means of dissolved air floatation.
The authors of this article underline that development of this
process is still on the laboratory stage, and gets complicated in
case of lipophilic residues in the cultivation broth (14).

Biological digestion of non-PHA biomass by
animals

More recently, it was successfully demonstrated that the non-
PHA fraction of biomass could selectively be digested by some
animals, most prominently by the meal worm Tenebrio molitor,
which results in excretion of PHA granules of astonishing pu-
rity and, at the same time, generates worms as a valuable ani-
mal protein resource, which, in consequence, could act as feed
and even contribute to enhance food security in disadvantaged
global regions. Although this method takes long time, it might
become feasible if integrating PHA production in biorefinery
concepts encompassing insect farming. The principles and
potential of this process were comprehensively summarized
by Chee and colleagues (57). The experiments underlying this
review involved the feeding of meal worms with PHA-rich C.
necator biomass, whereby the animals digested the non-PHA
biomass material. The remaining white fecal pellets were sim-
ply washed with alkaline water. Purity of PHA obtained by
this novel process reached 94%, which is sufficient for various
applications of PHA in the non-medical field; moreover, the

product did not show any reduction of molecular mass (58).
It was also shown that the excreted granules obtained by di-
gestion of lyophilized C. necator biomass retained their native
spherical morphology. Comparing with chloroform extraction
experiments using the same biomass, it was shown that this bi-
ological method does not cause reduction of molecular mass or
increase of D, and simple post-treatment of the granules using
water, SDS, slightly elevated temperature and strongly diluted
HCl results in an almost 100% pure product (59). In addition to
meal worms, even the digestion of lyophilized C. necator H16
cells containing about 40 wt.-% PHB as the sole diet source by
rats (Sprague Dawley) was reported. The test animals readily
excreted fecal pellets of whitish color, which contained about
82-97 wt.% PHB; molecular mass of the PHB granules recov-
ered by this biological method had similar molecular mass
compared to PHB extracted from the same biomass sample by
the established chloroform method (60).

Genetic engineering to facilitate PHA recovery
Finally, recovery of PHA biopolyesters can be simplified by
genetic engineering techniques. In this context, Staphylococ-
cus aureus nuclease was successfully expressed by Rodriguez
Gamero and colleagues in PHA producing species like C. neca-
tor and Delftia acidovorans. Nuclease expression and excretion
into the cultivation medium reduces the viscosity of the mix-
ture generated by biomass disruption via a “Constant Systems
Cell Disrupter One Shot” apparatus caused by released nucleic
acids (61).

Another genetic approach is the expression of the PHA syn-
thesis genes in strains like E. coli, which are no natural PHA
producers. Their cell wall is simply not suitable to maintain cell
integrity when harboring excessive loads of inclusion bodies
like PHA. Consequently, such high loads lead to the burst of
cells even under mild biomass treatment after harvest. This was
demonstrated by Choi and Lee, who equipped E. coli cells with
C. necator PHA synthesis genes. The resulting recombinant
strain accumulated more than 70 wt.-% PHA in biomass. By
simply stirring the biomass with 0.2 N NaOH at 30°C for 1 h,
PHA of a purity of more than 95% was recovered (62).

Comparative studies

In order to provide direct comparison of different PHA recov-
ery methods individually tested in above discussed studies,
Fernandez-Dacosta and colleagues presented a techno-eco-
nomic analysis for PHA recovery from MMC biomass. Three
standard methods, namely simple alkaline (NaOH) treatment,
the combined application of surfactant (SDS) and NaOCI, and
solvent (DMC and ethanol) extraction. The comparison of ob-
tained results showed that the alkaline treatment method had
a lower ecological footprint, and slightly outperformed the
NaOCI method also in economic terms. For this scenario, 70%
of total production costs were allotted to downstream process-
ing, while this value increased to 73% for NaOCI treatment.
Authors explained this by the need for the surfactant SDS to
support hypochlorite digestion of biomass. High energy de-
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mands for distillative recovery of solvents (DMC and ethanol)
resulted in the highest ecological impact and also highest cost
shares (79% of total PHA production costs) among the three
compared techniques (63). Comparing different solvent-based
methods, Righi and colleagues calculated superior environ-
mental performance for DMC in comparison with halogenated
solvents, and underlined that PHA extraction from dried bio-

mass outperforms extraction from wet bacterial sludge form
the environmental perspective (64).

To summarize the different PHA recovery methods dis-
cussed in this review article, Table 1 shows a compilation of
time demand, chemicals requirement, product purity and
yields, scalability, and applicability for diverse microbial PHA
production strains.

Table 1. Comparison of different PHA isolation methods (update and extensive expansion of [14])

Recovery method Method suitable

for strains / types | expenditure
of PHA:

Throughput
of chemicals

Reduction of |[Selected
molar mass references

Product
purity

Scalability
to industrial
scale?

Organic solvents

Chloroform All strains Medium High
extraction
Combined All strains Medium High
application of
chloroform and
aqueous NaOCI
solution
“Agroferm method”  All strains Medium Medium
based on cyclic
carbonates)
Brazilian “PHB/ISA All strains High Extraction
method” using fusel solvents
alcohols available in-
house
Extraction with lactic  All strains Medium/ High
acid esters High
Ethanol extraction Mutant strains, Medium Low-
mcl-PHA Medium
producers. (easily
For scl-PHA: recyclable
in pressurized solvent)
vessels
GBL extraction All strains Medium High
Cyclohexanone All strains Medium High
extraction
Dimethyl carbonate  All strains Low Medium
(DMC)
1,2-propylene All strains Low Low-
carbonate Medium
(easily
recyclable
solvent)
Acetone under reflux Pseudomonads Medium Medium
(mcl-PHA (easily
producers) recyclable
Fractionation of solvent)
low crystalline scl-
PHA fractions
Acetone under All strains Low Medium
elevated temperature (easily
and pressure recyclable
solvent)

No High High Medium [17]

No High High Medium [19]

Yes Medium High High [28]

Yes High Low/ High [31]

Medium
Yes Low/ Medium  High [65]
Medium
Yes Low Low/ High [32]
Medium

No Low Medium  Low [23]

Yes Medium Medium  Low [23]

To be tested Medium High Medium [26, 35,
63, 64]

Yes Medium High Medium

No High High Low [18, 29]
[22]

Adequate High High Low [22]

equipment

to be

developed;

data only for

lab-scale
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Table 1. Continued

Recovery method Method suitable Throughput | Scalability Product |Reduction of |Selected
for strains / types | expenditure | of chemicals | to industrial purity molar mass |references
of PHA: scale?

Ethyl acetate All strains Medium Medium To be tested High Medium  Medium-High [24, 33]

(easily
recyclable
solvent)

Supercritical solvents

Supercritical sCO, Tested only for Medium High No Low Low Low [37, 39,
restricted number (addition of 40]
of strains; sc/-PHA modifiers
and mcl-PHA needed)

lonic liquids

C2 . 1[MeO(H)PO,] All strains Low High To be tested Medium Medium  Low [43, 44]

Biocatalytic and biological digestion of non-PHA cell mass

Digestion of non- All strains Low High Yes High Low No [45, 46]
PHA cell material

by enzyme cocktails

(“ICI process”)

Biological digestion  All non-toxic High No Doubtful High Medium  Low [57-59]
of non-PHA biomass  microbes

by Tenebrio molitor

and excretion of PHA

granules with feces

Chemical digestion of non-PHA cell mass

Alkaline (NaOH) Rec. E. coli; wild Low Low Yes Medium High Depends on [62]
digestion of non-PHA type strains with incubation
cell material high contents of time and

PHA like temperature

A. vinelandii
Combined SDS/ All strains Medium Medium Yes High High Negligible [47, 63]
hypochlorite (depends on
treatment hypochlorite

concentration)

Hypochlorite All strains Medium Medium No Medium Medium  Medium-High [48]
digestion of non-PHA
cell material
Switchable anionic All strains Medium Medium Yes Medium High Low [26, 50]
surfactants (NH,-
laurate)

Mechanical and osmotic disrupture of cells

Mechanical All strains Low No Yes Medium Low No [14]
disintegration (Ultrasonication

of PHA-rich cells for fragile strains

(High-pressure like Haloferax

homogenization, mediterranei or

ultrasonication, rec. E. coli)

vortexing, bead mills)

Cell disruption in Tested for highly  Low No Yes High Medium  No [52-55]

hypotonic medium osmophilic strains
like Haloferax
mediterranei
or Halopiger
aswanensis
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Conclusions

As shown in the presented case studies published during the
last years, it is no trivial task to answer the question about the
optimum PHA recovery process. Decisive factors for or against
a method under consideration are:

e The production strain: Fragile or robust cell wall (wild-
type or recombinant strain)? High inner-osmotic pres-
sure? Mixed or pure microbial culture? Gram-positive or
Gram-negative strain? Eukaryotes like yeasts or recombi-
nant plants?

e The intracellular PHA mass fraction

e In-house availability of extraction solvents to reduce re-
covery costs

e Wet or dry biomass to be extracted? (Energy-demanding
drying step needed?)

e What is the required product purity in dependence on ex-
pected application of the polymer

e What is the acceptable reduction of molecular mass or in-
crease of D, respectively. Here, compromises have often
to be made between a typical gain in product purity and
recovery yield on the one hand, and a loss in molecular
mass and higher D on the other hand.

e Is the method established only on research scale or al-
ready on pilot or industrial scale?

e Can safety regulations associated to a given recovery pro-
cess (extraction in pressurized vessels, handling of halo-
genated and other irritating compounds on a larger scale,
etc.) be obeyed?

e Is a strategy for recovery and/or recycling of chemicals
available? This covers economic (re-use of compounds)
and environmental (generation of harmful, e.g., halogen-
ated or surfactant-rich, waste streams) aspects.

Consequently, every new PHA production process in develop-
ment needs full consideration of diverse realistic downstream
processing scenarios; this consideration has to become an in-
tegral part of a holistic technoeconomic and environmental
assessment of the new process to be optimized. Most of all, it
should be considered that production of “sustainable bioplas-
tics”, as it is the aim of the entire PHA technology, intrinsically
can not resort to the application of extraction solvents, which
are based on petrochemistry, which cannot be re-used, and
which exert toxic effects on the environment and people in the
industrial plant exposed to them. As shown, diverse alterna-
tive recovery techniques were already developed at least on the
laboratory scale, and now need to pass the proof of concept for
industrial implementation.
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