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Poly (3-hydroxybutyrate) (P(3HB)) is the most studied thermoplastic biopolymer belonging to the polyhydroxyalkanoate (PHA) 
family, the main features of which include rapid biodegradability and biocompatibility. The bioplastic recovery process is an important 
step during production and can directly influence the characteristics of PHAs. However, more efficient methods for the production 
of P(3HB) are necessary to make it economically viable. The aim of the present study was to improve the standard, chloroform-
based, extraction step for the recovery of P(3HB). The polymer was produced using a Ralstonia solanacearum strain. The following 
parameters were improved in the recovery process: heating time, separation method (filtration or liquid-liquid phase separation), 
biomass state (fresh or dry cell concentrate) and the solvent:biomass ratio. By improving the chemical extraction of P(3HB) we 
recovered 98% of the cumulative polymer and reduced the heating time by 75%. Furthermore, we improved the separation process 
and developed an extraction solution that was faster and more economical. 
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INTRODUCTION

Conventional plastics derived from petroleum have been used for 
decades due to their strength, durability and low production costs. 
While plastics are a major benefit to society, their continued use is 
being questioned due to the serious impact plastics have on human 
health and the environment.1 Bioplastics produced by bacteria and 
plants are potential replacements for petrochemical derived plastics. 
Polyhydroxyalkanoates (PHAs) are bio-derived and biodegradable 
polymers that are used in the production of bioplastics. Poly (3-hydro-
xybutyrate) (P(3HB)) is one of the most common PHAs and it is 
produced by a variety of organisms.1-3 In bacteria, PHAs accumulate 
in the cytoplasm as insoluble polyester inclusion bodies that can repre-
sent up to 90% of the biomass.4 PHAs are energy storage metabolites 
and are produced in response to stress, usually under nutrient limiting 
conditions.5 While over 300 microorganisms can synthesize PHAs, 
production is usually limited to Ralstonia spp., Cupriavidus necator, 
Pseudomonas spp. and recombinant Escherichia coli.6-9 Ralstonia 
spp. tend to be more amenable to production on an industrial scale, 
demonstrating high yields and production rates,10 accumulating 
approximately 80% of its dry weight as polymer.11 The strain used 
in the present study, R. solanacearum RS was isolated from a cactus 
in Rio Grande do Sul (RS) and was characterized by 16S rRNA 
sequeincing.12,13 R. solanacearum is Gram-negative phytopathogen 
that causes bacterial wilt,14 a vascular disease of wide range of plants, 
including crops of high economic value, such as potatoes, tomatoes 
and tobacco belonging to the Solanum genus.15,16

With physical properties similar to polypropylene, including 
melting point, crystallinity, and glass transition temperature, P(3HB) 
is the most studied and most used biopolymer for the production of 
bioplastics.6 However, the bioprocess used to produce these bioplastics 
can cost up to five times the price of synthetic plastics. The extraction 

step is the most problematic and expensive, representing 50% or more 
of the total cost of production.3 Furthermore, the extraction process 
directly affects the quality of the recovered polymer. Therefore, rese-
arch has focused on improving and minimizing the costs associated 
with extraction. Several extraction methods have been developed for 
the recovery of PHAs, including solvent extraction using chloroform, 
sodium hypochlorite digestion, surfactant, chelating enzymes and 
mechanical disruption.17-21 However, there is no published method 
for the extraction of PHAs or P(3HB) that does not directly alter 
the characteristics of the recovered polymer. Although P(3HB) is 
a commercial product, the problems associated with the extraction 
process have been not been resolved. Previous studies have focused 
on reducing damage to the polymer during the extraction step.21,22 
However, the majority of these methods require extended heating and 
the use of chlorinated solvents, which are extremely toxic. Specific 
methodologies for the production of PHAs have been developed, but 
they are trade secrets or are protected by patents. 

Recent research has focused on the microorganisms that are capa-
ble of producing PHAs or on their application.1,7-9,13 Thus, there is an 
urgent need for research into the improvement of the polymer extraction 
process. We believe that this study will contribute to a more practical 
production, efficient recovery of P(3HB), representing an important 
contribution to this field of study. The aim of this study was to improve 
the P(3HB) extraction step using chloroform as the solvent and analy-
sing the following variables: heating time, separation methodology, 
biomass state (fresh or dried concentrate) and the solvent:biomass 
ratio. Additionally, we evaluated the influence of the different extraction 
methodologies on the characteristics of the recovered P(3HB).

EXPERIMENTAL

Microorganism

The R. solanacearum RS strain was supplied by the Bacteriology 



Macagnan et al.126 Quim. Nova

Laboratory, Eliseu Maciel Faculty of Agronomy, Federal University 
of Pelotas, RS, Brazil. The bacterium was lyophilised and stored at 
-80 °C, or sub-cultured monthly on nutrient agar (NA),23 composed 
of (in g L-1) peptone, 5.0 g; glucose, 5.0 g; yeast extract, 1.0 g; meat 
extract, 3.0 g; and agar, 15.0 g and stored at 4 °C. 

Production of P(3HB)

P(3HB) production was carried out in two steps: 1) Starter 
culture production, R. solanacearum RS was inoculated onto NA 
and incubated at 28 °C for 72 h. The colonies were recovered 
from the NA plate and resuspended in 40 ml yeast malt (YM)24 
culture medium that was used to inoculate 160 ml YM in 500 ml 
Erlenmeyer finned flasks. The culture was grown at 28 °C, 150 
rpm for 24 h on an orbital shaking incubator. The starter culture 
was used for 2) Accumulation/production of P(3HB), 160 ml of 
F4 mineral production medium (composed of (in g L-1) glucose, 
40.0 g; urea, 3.0 g; citric acid, 0.2 g; sodium citrate, 4.0 g; and 1.0 
ml trace element solution (MgSO4 0.2 g; CaCl2, 0.01 g; Na2MoO4, 
0.005 g; ZnSO4, 0.1 g; FeCl3, 0.05 g) was inoculated with 40 ml of 
the starter culture in 500 ml Erlenmeyer finned flasks and incubated 
at 28 °C, 200 rpm for 72 h.

Evaluating the presence of lipophilic bodies

Lipophilic bodies were detected using the Sudan Black staining 
method as described previously.25 Samples of R. solanacearum were 
fixed on glass slides and stained with Sudan Black dye (0.3% w v-1) 
for 10 min, the slides were rinsed with xylene and water, dried with 
absorbent paper and stained with 0.5% safranin dye for 15 s, washed 
with water and allowed to dry. The presence of lipophilic granules 
was visualised by light microscopy using an immersion lens.

Determination of equivalency between fresh and dry cell 
concentrates

Following the accumulation step for P(3HB) production, the 
bacteria were harvested by centrifugation (10,000 ×g for 15 min), 
the fresh cell concentrate (FCC) was resuspended in 0.89% saline 
solution, and the biomass was recovered (10,000 ×g for 10 min). The 
amount of insoluble P(3HB) in the FCC was determined by gravim-
etry. The dry cell concentrate (DCC) was obtained by drying the FCC 
at 56 °C. To compare the quantity of P(3HB) in the FCC compared 
to the DCC, triplicate FCC samples (1 g) were dried at 56 °C, after 
reaching a constant weight the FCC/DCC ratio was calculated.

Extraction of the polymer

Improvement of the extraction time and cellular residue 
separation/extraction solution

The extraction step was performed using a chloroform:DCC ratio 
of 40:1 (v w-1). The sample was heated in a glass test tube in a water 
bath at 58 °C26,27 for 15, 30, 60, 90 and 120 min. The cell residue 
was separated from the extraction solution using two methods: (1) 
Filtration through quantitative filter paper, the polymer was trans-
ferred to a covered Petri dish, and stored in a gas exhaust hood for 
slow solvent evaporation and biofilm formation; (2) Liquid-liquid 
phase separation based on differences in polarity. The sample was 
transferred to a separator funnel with 40 parts of distilled water, 
gently agitated and the phases were allowed to separate for 5 min. 
The organic phase was transferred to a covered Petri dish and stored 
in a gas exhaust hood for slow evaporation of the solvent and biofilm 
formation.

Improvement of the biomass state (FCC or DCC) and solvent ratio
To improve the biomass state (FCC or DCC) and the solvent ratio, 

we used a heating time of 30 min and a cell residue separation/ex-
traction solution using liquid-liquid phase separation. The extraction 
was performed using the following chloroform:biomass ratios: 40:1; 
20:1 and 10:1 (v w-1) and either the FCC or the DCC. To evaluate the 
efficiency of the primary extraction step, a secondary extraction was 
performed by adding solvent to the aqueous phase fraction from the 
primary extraction. The remainder of the extraction step was carried 
out as described for the primary extraction step.

Quantification of P(3HB) accumulation by gas 
chromatography (GC)

GC was used to determine the percentage of P(3HB) accumu-
lation in relation to the biomass. Methanolysis was carried out as 
described previously28 with modifications.29 10 mg of the DCC was 
resuspended in 2 ml of acidified methanol (methanol:sulphuric acid, 

85:15 v v-1) containing benzoic acid 0.4 g L-1 (internal standard) and 
2 ml of chloroform. The sample was incubated at 100 °C for 140 
min, transferred to an ice bath and 1 ml of distilled water was added. 
The sample was incubated at 25 ºC for 24 h and the cell residue was 
removed by decanting. The lower organic phase contained the ester 
solubilized in chloroform. The GC analysis was performed using a 
Shimadzu GC 17A, equipped with a DB WAXetr column (30 m x 
0.25 mm x 0.25 mm) and a flame ionization detector. The carrier gas 
was hydrogen (1 ml min-1). The initial temperature was 80 °C for 1 
min, increased (11°C min-1) to 200 °C, for 4 min. A 1 μl sample was 
manually injected into the GC. The injector and detector temperatures 
were set at 260 and 280 °C, respectively. Quantitative analysis was 
performed by the internal standardization method using benzoic acid 
as recommended by the manufacturer.

Determination of yield polymer recovery processes

After the extraction steps the biofilms were weighed to calculate 
the yield, which was expressed as a percentage. The following equa-
tion (1) was used to determine the yield: 

 %Y = (P1 ÷ P2) × 100 (1)

where P1 is the total weight of the recovered biofilm and P2 is the 
accumulation of polymer in the cell concentrate. All averages were 
compared and analysed statistically by the Tukey test using the 
Statistix 9 program, p <0.05 was considered significant.

P(3HB) characterization 

Fourier transform infrared spectroscopy (FTIR)
The polymeric film was dissolved in chloroform and the standard 

P(3HB) was mixed with KBr to obtain tablets. To manufacture the 
tablets, 1 mg of sample was dissolved in 1 mL of chloroform. IR 
spectra were obtained on a Fourier transform spectrometer Model 
Shimadzu IR Prestige 21. The images were acquired within a 
range of 4500-500 cm-1 with a resolution of 4 cm-1, as described 
previously.30

Differential scanning calorimetry (DSC) and thermal gravimetric 
analysis (TGA)

DSC and TGA analyses were performed using a Perkin Elmer 
Pyris 6. The DSC analysis \ temperatures ranged from 20-200 °C, 
increasing at a rate of 10 °C min-1, and a nitrogen atmosphere with 
a flow rate of 20 ml min-1. To check the influence of heat on the 
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samples, the crystalline melting temperatures (Tm) were analysed 
during the first heating cycle. However, in order to eliminate the 
thermal history of the material, the Tm were determined in a second 
heating cycle. The degree of crystallinity (Xc) was determined from 
the melting enthalpy (ΔHm) of the sample and was compared to that 
of pure P(3HB) (ΔHm = 146 J g-1).31 To check the thermal stability 
[degradation onset temperature (Tonset) and maximum degradation 
temperature (Tpeak)] of the extracted polymers, the samples were 
heated from 30 to 500 °C at a rate of 10 °C min-1 under an atmosphere 
of nitrogen with a flow rate of 50 ml min-1.

Gel Permeation Chromatography (GPC)
The molar mass of the polymers was estimated by GPC analy-

sis. The assay was developed by analysts at PHB Industrial SA 
(Serrana, SP, Brazil) and is not commercially available. We used the 
following Waters GPC equipment and accessories: 1515 isocratic 
pump, column heater, 717 plus autosampler, 2414 refractive index 
detector and Styragel columns (103, 104, 105 and 106; 7.80 x 300 
mm). The samples were solubilized in chloroform, filtered through 
a 0.45 μm membrane and spiked with toluene as a peak marker 
prior to injection. The mobile phase was HPLC analytical grade  
chloroform.

RESULTS AND DISCUSSION

Evaluation of lipophilic bodies

A sample of R. solanacearum RS inoculum was stained and 
viewed under an optical microscope immersion lens, coupled with 
a camera and recorded photographically to determine the presence 
of lipophilic bodies, Figure 1. Sudan Black B is a basic dye that 
acts by diffusing into the bacteria and combining with acidic groups 
in lipophilic bodies, such as PHA inclusion bodies, staining them 
bluish-black in colour.25 The presence of stained inclusion bodies 
when viewed by microscopy indicates the accumulation of PHAs.32 
The location and appearance of the stained inclusion bodies in the 
bacteria corresponded to P(3HB) accumulation as previously reported 
in the literature for Ralstonia spp.32 The presence of two granules, one 
at each pole of the cell, is associated with the early stages of PHA 
accumulation,33 in several bacteria, including: Xanthobacter autotro-
phicus, Caryophanon latum, Rhodospirillum rubrum, R. eutropha and 
recombinant E. coli. It was suggested that granule formation occurred 
near the site of septum formation during cell division. The presence 
of a third granule, as observed in our study, typically occurs in the 
central region of the bacteria.30

Extraction of the polymer

Improvement of extraction time and cell residue/extraction solution 
separation

The P(3HB) produced in the present study was recovered by 
filtration or liquid-liquid phase separation. The highest yields were 
obtained using liquid-liquid phase separation, regardless of the 
heating time, see Figure 2. For the liquid-liquid separation method, 
the highest yield (96.8% ± 2.0) was obtained with a heating time 
of 30 min, followed by 15 min (77.2% ± 1.7). These heating times 
represent a reduction of 75% and 87.5%, respectively, compared to 
the standard heating time of 120 min.26,27 As heating time increased, 
the yield was reduced: 60, 90 and 120 min resulted in 69.0% ± 2.4, 
68.2% ± 1.6 and 66.9% ± 2.2 recovery, respectively, and there was 
no significant difference in yield. Using the filtration methodology, 
the yield was significantly lower: 45.2% ± 1.9, 48.9% ± 0.7, 52.2 ± 
0.7, 52.8% ± 0.2, and 49.5% ± 0.8 for heating times of 15, 30, 60, 
90 and 120 min, respectively.

The low yield observed with the filtration separation method is 
likely due to adsorption of P(3HB) to the filter paper. This interaction 
between PHAs and cellulose was previously observed and is being 

Figure 1. R. solanacearum RS cultivated for 24 h, stained with Sudan Black and viewed with an immersion lens with optical microscopy. It was possible to 
identify (A) R. solanacearum RS bacterial cells containing two lipophilic granules or (B) three lipophilic granules

Figure 2. Comparison of two different separation methods for improving 
P(3HB) extraction and the heating times used. The average % yield of P(3HB) 
recovered by the filtration method (solid columns) and the liquid-liquid phase 
separation method (hatched columns) at different heating times are shown, 
the error bars represent the standard deviation from the mean. Different lower 
and uppercase letters indicate a significant difference between the means, 
Tukey test p < 0.05
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exploited in the manufacture of hybrid materials, e.g. cardboard water-
proofing.34 Of note, P(3HB) yield was not proportional to the heating 
time during the extraction step. The reduction in yield associated with 
increased heating time was probably due to polymer degradation.

Improvement of P(3HB) biomass state (FCC or DCC) and solvent 
ratio

Following the observation that the highest P(3HB) yield was ob-
tained using the liquid-liquid phase separation method and a heating 
time of 30 min, the optimal biomass state (FCC or DCC) and solvent 
ratio were determined, see Figure 3. The P(3HB) yields obtained for 
the DCC were 41.8% ± 9.9, 57.9% ± 8.8 and 98% ± 1.6 for solvent 
ratios of 10:1, 20:1 and 40:1, respectively. To check for the presence 
of unrecovered P(3HB) following the primary extraction, a secondary 
extraction was performed. Thus resulted in 21.7% ± 3.5, 8.8% ± 2.8 
and 1.4% ± 0.8 polymer yields at ratios of 10:1, 20:1 and 40:1, res-
pectively. The yield was directly proportional to the solvent:biomass 
ratio used, and 40:1 gave the best yield with the DCC. A secondary 
extraction was unnecessary using these conditions.

As a heating or drying step means higher energy costs, therefore 
we evaluated the recovery of P(3HB) directly from the FCC. However, 
the highest yield was low, 17.6% ± 2.5, even though it was obtained 
using the lowest chloroform:biomass ratio, 10:1, the other yields were 
16.4% ± 4.6 and 7.2% ± 4.7 for the 20:1 and 40:1 ratios, respectively. 
A secondary extraction did not improve the recovery of P(3HB), the 
yields were 0.6% ± 0.4, 1.7% ± 1.2 and 3.3% ± 1.3 for solvent ratios 
of 40:1, 20:1 and 10:1, respectively. Comparing the DCC to the FCC 
showed that 1 g of DCC was equivalent to 3.18 g of FCC in terms of 
P(3HB) yield. If we correct for equivalency between the DCC and 
the FCC, the highest yield for the FCC were equivalent to 56.0%, 
at a 10:1 solvent ratio. However, these yields were still significantly 
lower than those of the DCC, 98% at a solvent:biomass ratio of 40:1. 

Increasing the solvent:biomass ratio improved the breakdown of 
the emulsion formed by the addition of water during the extraction 
process. This allowed the formation of defined phases during separa-
tion, characterized by an aqueous phase containing cellular residue 
(more polar) and a chloroform extraction or organic phase (less polar). 

We did not evaluate the impact of different solvent:biomass ratios on 
extractions from the FCC. 

Evaluating solvent use in the secondary extraction
Towards minimising solvent use for the secondary extraction, we 

evaluated decreasing amounts of solvent and the impact on P(3HB) 
recovery. The primary extraction yielded 97.8% ± 1.2 and 97.3% ± 
1.5 recovery of P(3HB) followed by 1.3% ± 0.8 and 2.1% ± 0.9 after 
the secondary extraction at solvent ratios of 20:1 and 40:1, respec-
tively. There was no significant improvement with increased solvent 
use. It was not possible to perform the secondary extraction with a 
solvent ratio of 10:1 due to emulsion formation, which prevented the 
separation of the organic and inorganic phases. 

Characterization of recovered P(3HB) 

Fourier transform infrared spectroscopy (FTIR)
The chemical composition of the biofilms of the recovered 

polymers was determined, see Table 1. All of the spectra evaluated 
showed the characteristic vibrational frequencies for P(3HB). The 
characteristic FTIR bands identified in the P(3HB) produced in this 
study was in agreement with those reported in the literature.30,35,36

Differential scanning calorimetry (DSC) and thermal gravimetric 
analysis (TGA)

Although the P(3HB) samples produced in this study had a 
higher melting temperature (170-175 °C) than those commercially 
available from Sigma-Aldrich (144 °C) and Biocycle (166 °C), the 
values fell within the expected temperature range for P(3HB), see 
Table 2. Melting temperatures have been reported to vary from 131-
180 °C, with an average of approximately 160 °C.30,40-43 There was 
no relationship between the observed melting temperatures and the 
solvent:biomass ratios used in this study. 

P(3HB) is generally characterised as a semi-crystalline (60-80% 
crystallinity), hard and brittle material, limiting its application.44 

However, there are reports of 42 to 50% crystallinity for P(3HB) 
produced by Bacillus megaterium and 27-45% for Pseudomonas 
spp.30,45 In the present study, the crystallinity of the P(3HB) recovered 
from the DCC ranged from 37-63%. The P(3HB) with the lowest 
crystallinity was recovered from the FCC at a solvent ratio of 20:1, 
however the use of FCC in the extraction process resulted in a low 
yield (18%). The extraction conditions with the highest yield (98%: 
DCC, solvent ratio 40:1) produced P(3HB) with 52% crystallinity. 
Reducing the solvent ratio to 10:1 during extraction resulted in a 
P(3HB) with the same crystallinity, but with a lower yield (42%). 
The crystallinity of the P(3HB) samples produced in the present were 

Figure 3. P(3HB) yields from the DCC and the FCC varied with solvent 
ratios used. The yields from the primary (solid column) and secondary (ha-
tched column) extractions using either the DCC or the FCC are shown, the 
error bars represent the standard deviation from the mean. Different upper 
and lowercase letters represent a significant difference between the means, 
Tukey test, p < 0.05

Table 1. Main vibrational frequencies for the recovered P(3HB)

Functional 
group

Wave Number 
(cm-1)

Vibrational 
modea

Reference

− CH3 2972 υas 37

− CH3 2872 υs 37

− CH2 2933 υas 38

− CH2 2853 υs 38

− C=O 1721-1727 υ 39

− CH2 1454-1459 δs 37

− CH3 1378 δs 37

− C-O 1300-1000 υ 39

aExperimentally obtained values, υ: stretching; δ: deformation; s: symmetric; 
as: asymmetric.
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similar to those reported in the literature and this is important for its 
use in downstream applications. PHA biodegradability is directly 
influenced by the degree of crystallinity, low crystalline polymers 
are desirable due to their lower biodegradation times.18 PHAs with 
low crystallinity have desirable mechanical properties for applica-
tions in the medical field (e.g. sutures) and pharmaceutical field, e.g. 
controlled-release of drugs.3,18

Through TGA analysis of the recovered P(3HB) from the DCC, 
the onset temperature ranged from 219-223 °C and the maximum 
degradation temperature varied from 270-292 °C. These values were 
higher than those for the polymers recovered from the FCC, the onset 
temperature ranged from 208-212 °C, and the maximum degradation 
temperature varied from 241-269 °C. These results indicate that the 
polymers recovered from the DCC were more temperature resistant, 
enhancing their processability range and allowing safer handling of 
the biopolymer. 

The observed weight loss ranged from 76-87% but it was not 
directly related to the biomass state (DCC or FCC) or the solvent 
ratios used during the extraction step. In most of the P(3HB) sam-
ples, thermal degradation occurred in only one stage of weight loss, 
indicating that the process occurred through a single degradation 
mechanism.46 However, we observed two stages of degradation when 
the extraction process used a 40:1 solvent ratio. This phenomenon is 
usually associated with the presence of impurities carried over from 
the extraction process, e.g. cellular residue. However, the methodo-
logies that employ the largest ratio of solvent to biomass during the 
extraction process should, in theory, have resulted in greater purifi-
cation and higher polydispersion of the polymer. 

Gel Permeation Chromatography (GPC)
The molar mass (Mm) of the polymers recovered from the DCC 

were lower than those recovered from the FCC. The values ranged 
from 2.9 to 3.3×105 Da for the DCC polymers and 5.1 to 6.3×105 
Da for the FCC polymers, see Table 3. The Mm of native P(3HB) 
produced by bacteria usually ranges from 1×104 to 3×106 Da, with a 
polydispersion (Mm/Mn) value of approximately 2.0, in agreement 
with the finding of this study.47 The Mm of a PHA is a factor of extreme 
importance because it directly affects the mechanical strength of the 
polymer, as well as the swell ability, hydrolysis and consequently the 
rate of biodegradation, which is also related to crystallinity. Thus, for 
the development of a PHA controlled-release systems, the polymer 
should have a lower Mm.48 Furthermore, PHAs with low Mm can be 
used as components to build various architectures, such as block and 
grafting copolymers, as they can provide increased flexibility.49,50 In 
addition, we observed that the polymers extracted with a 40:1 solvent 
ratio showed increased polydispersion regardless of the biomass state 
used in the extraction process. 

CONCLUSION

The present study found that the conventional method of chemical 
recovery for P(3HB) using chloroform and heating could be improved 
by reducing the heating time by 75% and using a solvent:biomass ratio 
of 40:1. Furthermore, recovery of the P(3HB) using a liquid-liquid 
phase separation step led to faster separation times and lower costs. 
Although the use of fresh biomass during the extraction phase may be 
beneficial because of the lower crystallinity of the recovered P(3HB), 
using the dried biomass significantly improved the yield from 18% to 
98%. In addition, the biomass state affected the thermal characteristics 
and the molar weight of the recovered P(3HB).
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