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Abstract

A PHBV produced by mixed bacterial cultures derived from a cheese whey industrial by-product
(u-PHBV) was incorporated into commercial PHBV without previous purification or isolation
processes. The presence of certain impurities was evident as investigated by scanning electron
microscopy. The crystallinity of the polymer fraction was decreased by about 3% compared to
the comercial PHBV. The onset of thermal degradation was not substantially affected by the
incorporation of the u-PHBV fraction. A higher flexibility and elongation at break was mostly
attributed to the increased contents in 3-hydroxyvalerate in the blends with increasing u-PHBV
content. Water and D-limonene vapour permeability were not affected up to u-PHBV contents of
15 wt.%. This study puts forth the potential use of unpurified PHBV obtained from mixed
microbial cultures and grown from industrial by-products as a cost-effective additive to develop

more affordable and waste valorized packaging articles.
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1. Introduction

Polyhydroxyalkanoates (PHA’s) are a family of naturally occurring storage biopolyesters
synthesized by more than 300 species of Gram-positive and Gram-negative bacteria [1]. Among
the various biodegradable polymers, PHA’s provide a good alternative to fossil-fuel based
plastics as they possess thermoplastic properties similar to conventional polyolefins, such as
polypropylene, with the advantage of being 100% biodegradable, compostable and produced
from renewable resources [2-5]. In the areas of food and cosmetic packaging, PHA’s are
already commercialized as cosmetic containers, shampoo bottles, covers, milk cartons and
films, moisture barriers in nappies and sanitary towels, pens and combs, among others

(reviewed by [6]).

The excessive brittleness of hydroxybutirate homopolymers (PHB) can be surmounted by
enhancing the synthesis of poly (3-hydroxybutirate- co-3hydroxyvalerate; PHBYV)
heteropolymers. It has been reported that increasing valerate content in PHBYV results in higher
flexibility, strength, elongation at break and a lower melting temperature, which may widen the

thermal processing window of these PHAs [7].

Production of PHA’s, however, involves fermentation, isolation and purification processes,
which imply higher production costs as compared to polyolefins. The production of PHBVs
aditionally involves the addition of relatively high concentrations of propionate, which can be
detrimental. Therefore, much efforts and improvements have been developed to reduce the
costs of the fermentation and downstream processes [4, 8]. As an example, the use of open
mixed cultures avoids the need for sterility in the reactor and allows the use of low cost
agricultural or industrial waste feedstock in the production of PHA’s [4, 9]. Gurieff and Lant [10]
performed a lifecycle assessment and financial analysis and proved that PHA production by
mixed cultures from renewable resources is financially and environmentally attractive.
Moreover, it is a greener alternative to the pure culture processes since less CO2 is produced
[10]. In a previous work, PHAs with different valerate content were produced by mixed microbial
cultures using a three-stage process and the effect of a feedstock shift, mimicking a seasonal
feedstock scenario, was assessed using cheese whey (CW) and sugar cane molasses (SCM)
as model feedstocks [11]. In that study, a relatively high productivity and purity of the PHBV was
achieved using cheese whey. If the use of mixed bacterial cultures allows a more efficient
transformation of nutrients into the desired product, relatively expensive isolation and
purification processes, typically involving solvent extraction, supercritical fluid extraction,
hydrogen peroxide treatments and other purification methods [8], might be avoided or
substantially reduced. Nevertheless, the absence of isolation and purification processes implies
that a certain content of residual organic matter from the fermentation process will be present in
the polymer matrix and might affect the physico-chemical properties of the final material, such

as melt stability, tensile properties, etc.
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In the present paper, different amounts of a pilot-plant produced, unpurified PHBV (u-PHBV),
obtained from a bacterial mixed culture grown using a cheese whey industrial by-product, were
mixed with commercial PHBV by direct melt-compounding. The blends were characterized on
their composition, morphology and crystallinity, as well as on their thermal, mechanical and

barrier properties.
2. Experimental

2.2. Obtention of u-PHBV and PHBV blends

The u-PHBV was produced from sweet cheese whey (supplied by a Portuguese cheese factory
- Bel Portugal, Fabrica da Ribeira Grande), in a three stage process comprising: (1) acidogenic
fermentation of the cheese whey (CW), where the sugars present in the cheese whey were
biologically converted to organic acids (HOrgs), which are the precursors for PHA; (2) selection
of an efficient PHA-accumulating mixed microbial culture under feast and famine regime; and
(3) PHA production where the selected PHA-accumulating culture was fed with the organic
acids rich stream resultant from the acidogenic fermentation of cheese whey, until the cells

reached maximum PHA storage content.

The acidogenic fermentation carried out in a continuous anaerobic membrane bioreactor
(AnMBR), consisting of a 10 L reactor (BioStat® B plus, Sartorius) coupled to a hollow fiber
membrane filtration module (5 x 10° MW cutoff, GE). The AnMBR was fed with cheese whey
obtained by diluting sweet whey powder in water, and operated under an organic loading rate
(OLR) of 15 g sugars L"d", pH controlled at 5-6 (through the automatic addition of 4M NaOH),
temperature 30-37°C, and hydraulic and sludge retention times (HRT and SRT) of 1 and 4 d,
respectively. The fermented CW produced was kept refrigerated at 4°C for short-time storage, 1
to 5 days, and frozen at -20°C for long-time storage. PHA accumulating mixed microbial culture
selection was carried out in a 100 L stainless steel sequencing batch reactor (SBR). The SBR
was fed with a synthetic organic acids mixture micking the fermented CW (50% acetate, 20%
propionate, 20% butyrate, and 10% valerate, on % Cmol basis) supplemented with nutrients
(NH4CI and KH,PO,, at a C/N/P ratio of 100/10/1), and operated at a feast and famine regime in
12 h cycles (four discrete phases: influent filling - 15 min; aeration - 680 min; settling - 30 min;
and withdrawal of the exhausted effluent - 10 min), an OLR of 2.4 g HOrg L d'1, HRT of 1 d,
and SRT of 4 d. The biomass purged from the selection reactor was used as inoculum for the
PHA production assays. PHA production was carried out in a 20 L fed-batch reactor inoculated
with c.a. 12.5 L of concentrated SBR biomass. The reactor was fed in a pulse-wise manner with
the fermented CW, controlled by the dissolved oxygen response. The pH of the fermented CW
was previously adjusted to 6, with the addition of 5M NaOH.

A PHA cell content of ca. 30% (wt. %) was attained. In order to recover the polymer, a
quenching step (by adding 2 M HCI) was performed directly on the mixed liquor, followed by a

3h reaction with NaCIO (1 % Cl,) in order to degrade the cellular material, then the polymeric
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material was recovered by centrifugation (20min x 6500 rpm), washed once with distilled water,
and dried in two temperature steps: 60°C for 2 days, and 70°C 5h. No further purification steps

were followed to eliminate cell debris or other organic material from the polymer.

The PHBV blends were obtained by mixing different amounts of the u-PHBV with pellets of a
commercial PHBV (Tianan Biopolymer, Ningbo, China) with 3 wt.% valerate content (PHBV3) in
a Brabender Plastograph mixer (Brabender, Germany) during 5 min at 100 rpm and at 175 °C.
The batches were subsequently compression molded into films using a hot-plate hydraulic
press (Carver 4122, USA) at 175 °C, 2 MPa and 4 min to produce films with a thickness of
~200 pym.

2.2. Characterization of the u-PHBV

In order to ascertain the purity of the produced u-PHBV and compare its contents on
Hydroxybutyrate (HB) and hydroxyvalerate (HV) to that of commercial PHBV, the lyophilised
polymer powder was dissolved in chloroform (50 mL per gram of lyophilised powder) at 37 °C
for at least 2 days. The solution was then filtered to remove all non CHCI3 dissolved material,
and the filtrate was used to fill glass Petri dishes. Finally, chloroform was evaporated, allowing
polymer recovery in the form of a thin film. The contents on HB and HV was determined by gas
chromatography (GC) using a method adapted from Serafim et al.[3] Briefly, lyophilized biomass
was incubated for methanolysis in a 20% sulphuric acid in methanol solution (1 mL) and
extracted with chloroform (1 mL). The mixture was digested at 100°C for 3.5h. After the
digestion step, the methylated monomers were extracted and injected (2 pL) into a gas
chromatograph equipped with a flame ionization detector (Bruker 430-GC) and a BR-SWax
column (60m, 0.53mm internal diameter, 1 ym film thickness, Bruker, USA), using helium as
carrier gas at 1.0 mL/min. Samples were analysed under a temperature regime starting at 40°C,
increasing to 100°C at a rate of 20°C /min, to 175°C at a rate of 3°C /min and reaching a final
temperature of 220°C at a rate of 20°C /min for ensuring cleaning of the column after each
injection. Injector and detector temperatures were 280°C and 230°C, respectively. HV and HB
concentrations were determined through the use of two calibration curves, one for HB and other
for HV, using standards (0.1-10 g L-1) of a commercial P(HB-HV) (88% / 12%) (Sigma), and
corrected using heptadecane as internal standard (concentration of approximately 1 g L-1).
Average molecular weights were determined using a size exclusion chromatography (SEC)
apparatus (Waters) as described by Serafim et al. [12]. The protein content was determined by

the Lowry protein assay with bovine serum albumin as calibrant.

2.2. Characterization of the PHBV blends

Scanning Electron Microscopy (SEM) of all the samples was conducted using a high resolution
field-emision JEOL 7001F. The samples were fractured in liquid nitrogen and then were coated
by sputtering with a thin layer of Pt prior to SEM observation. Energy dispersive system (EDS)

analysis was performed to obtain local chemical information.
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Thermal stability of the nanocomposites was investigated by means of thermogravimetric
analyses (TGA) using a TG-STDA Mettler Toledo model TGA/ SDTA851e/LF/1600. The

samples were heated from 50 °C to 900 °C at a heating rate of 10 °C/min under nitrogen flow.

Differential scanning calorimeter experiments were conducted using a Perkin-Elmer DSC-7. The
weight of the DSC samples was around 6—8 mg. Samples were first heated from 45 °C to 200
°C at 40°C/min, kept for 1 min at 200 °C, cooled down to 45 °C at 10°C/min, and then heated to
200 °C at 10°C/min. The crystallization temperature (Tc), crystallization enthalpy (AHc), melt
temperature (Tm) and melting enthalpy (AHmM) were determined from the cooling and second
heating curve. Tm and AHm were taken as the peak temperature and the area of the melting
endotherm, respectively. The crystallinity (Xc) of the PHBV phase was calculated by the

following expression:

Xc(%)zimox 100
w - AH

m

where AHm (J/g) is the melting enthalpy of the polymer matrix, (AHOm) is the melting enthalpy
of 100% crystalline PHBV (perfect crystal) (146 J/g) and w the weight of the PHBV fraction in
the blend, considering a 70% purity of the u-PHBV [15]. The DSC instrument was calibrated

with an indium standard before use.

Tensile properties were measured in a universal testing machine (Instron 4469) at a crosshead
speed of 10 mm/min and room temperature. Tests were made according to ASTM D638 using
films of approximately 100 um thickness prepared by hot press. Five specimens of each sample

were tested and the average results with standard deviation were reported.

Blend samples were compressed molded (at 180 °C, 20 tons for 3 minutes) into 1mm thick diks
of 40 mm diametre. Disks were loaded between the parallel plates of a stress controlled
rheometer (ARG2, TA Instruments) preheated at 180 °C. A time sweep tests with strain of 1%
applied at 1 Hz was first performed during 5 minutes. Finally, the temperature was dropped to
160 °C and the time dependence of both storage (G’) and loss (G”) moduli were recorded at 1
Hz and for a strain of 1%, as for assessing the crystallization kinetics at this temperature. Note
here that mechanical spectra of unpurified PHBV could not be recorded due to the very fast
thermal degradation leading to a dramatic drop in viscosity with time which could not be

corrected for in the mechanical spectrum.

The water vapour permeability (WVP) of the PHBV blends was measured according to the
ASTM E96 (2011) gravimetric method, using Payne permeability cups (Elcometer, Hermelle
Argenteau, Belgium). Distilled water was placed inside the cup to expose the film (the exposed
area was 9.6 x 10-4 m2) to 100% RH on one side. Once the films were secured, each cup was

placed in an equilibrated relative humidity dessicator at 24 °C. Relative humidity at 0% was held

John Wiley & Sons, Inc.
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constant using silica gel. The cups were weighed periodically (£ 0.0001 g), at least twice a day
for 7 days. Aluminum foil was used as a control to rule out vapour loss through the sealing.
WVP was calculated from the steady-state permeation slopes obtained from the regression
analysis of weight loss data over time. The permeability to D-Limonene (Panreac, Barcelona,
Spain) was measured analogously, filling the cups with the volatile compound instead of distilled
water. The lower limit of vapour permeability detection of the permeation cells was of  1-10-
17 and 5-10-17 kg-m/s m2 Pa for water vapour and D-Limonene, respectively, based on the
weight loss measurements through the sealing in aluminum samples. All measurements were

performed in triplicate.
3. Results and discussion
3.1. Characterization of the u-PHBV

It is well known that the properties of PHAs are drastically affected by their valerate content, this
endowing higher flexibility, elongation at break and a lower melting temperature to the PHA.
Therefore, it was essential to determine the purity and HB:HV composition of u-PHBYV as to be
able to compare it with the commercial PHBV used through this study. A typical GC
chromatogramm of the monomer profiles of u-PHBV is shown in Fig. 1. Three main peaks can
be observed, which can be ascribed to the derivatives of hydroxybutirate, hydroxyvalerate and
the internal standard, heptadecane, respectively. A summery of the calculated characteristics of
both PHAs used in this study is presented in Table1. The results on the characterization of u-
PHBYV are in agreement with previous works at the same conditions [11], which further stresses
the possibility of reproducibly tuning the PHA composition by adjusting the fermentation

process.
3.2. Characterization of the PHBV blends
3.2.1. Morphology

Figure 2 shows representative scanning electron micrographs of the cryofractured surface of
the samples without and with 7wt,% and 20wt.%, respectively.The presence of impurities can
be observed in all the samples, this being more present in samples with higher u-PHBV
contents. The impurities are tightly bonded to the polymer as derived from the coherent
interface, thus revealing a good degree of interaction. EDS spot experiments were conducted
on this impurities in order to determine the chemical elements present. An organic (C, O, H)
nature was revealed, which may be ascribed to remnants of fatty acids or even small amounts

of cell debris from the production process.

3.2.2.Thermal stability

The effect of the addition of u-PHBV to neat PHBV on the thermal stability of PHBV was
assessed by means of TGA and rheometry. Thermogravimetric analyses were carried out to

investigate the effect of the non-purified PHBV on the thermal stability and degradation behavior
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of PHBV blends. Figure 3a shows the mass loss vs. temperature curves for all the systems
studied. From this plot it can be stated that full degradation of the organic part of the sample
takes place at temperatures between 260 and 310°C. Moreover, no significant mass was lost in
any of the samples before the main degradation step took place. The remnant mass after
polymer degradation is attributed to the boron nitride used as nucleating agent in the

commercial PHBV grade.

Figure 3b presents an amplification of the DTG curve for the degradation event. According to
the literature [13], PHBV thermodegradation takes place by a random chain scission
mechanism in a single step between 260 and 300 °C. The addition of unpurified PHBV resulted
in a slight shift of the maximum rate towards lower temperature values. Addittionaly, the
temperature at which degradation starts was also slightly decreased. However, this effect does
not seem to be affected by the amount of incorporated u-PHBYV, which indicates that the
presence of the organic/non polymericimpurities within the unpurified PHBV might be catalyzing
its degradation to a certain extent. Nevertheless, this slight decrease in the onset of degradation
and degradation rates may not be sufficient as to affect the thermal processability of these

materials in practical terms.

Rheometry was carried out to further assess the influence of u-PHBV on the stability of the
blends. Figure 4 shows that the time dependence of the dynamic viscosity recorded during 5
minutes at 180°C is significantly weaker when only 5 wt% unpurified PHBYV is added compared
to the commercial PHBV. Indeed, for 20 wt.% the viscosity is nearly constant after 5 minutes.
This suggests that the chain scission which drives the viscosity drop as the result of the
thermally accelerated PHBV degradation is less important when unpurified PHBV is added. The
latter may therefore act as a viscosity stabilizer against thermal degradation. However, the
stabilizing effect comes at the cost of a decreased viscosity, since the blend with 20 wt.%
unpurified PHBV shows a nearly 20 times smaller viscosity when compared with the neat

commercial PHBV.

3.2.3 Crystallization

Both the crystallinity of the blends and their crystallization behaviour were investigated by
means of DSC and rheometry, respectively. As can be seen in Table 2, there is a gradual drop
in both crystallization and melting enthalpies with increased u-PHBV incorporated into the melt.
This points towards a crystallite population of decreasing size or decreased lamellar thickness.
However, at higher u-PHBV contents, two separate melting enthalpies denoted the presence of
an additional crystallite population with the same thermal characteristics as the reference
sample (Fig. 5a). The crystalline fraction, as calculated from the melting enthalpies of the

blends, is also shown to slightly decrease with increasing u-PHBV contents. However, notable

John Wiley & Sons, Inc.
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differences are only observed with contents higher than 10wt. % of incorporated u-PHBV. This
indicates the crystalline fraction is not considerably affected by the incorporation of small
quantities of u-PHBV. As far as the crystallization is concerned, in the DSC cooling runs a slight
shift to lower crystallization temperatures of the blends is observed with increasing uPHBV
contents (Fig. 5b). This could be explained by reduced concentration of the nucleating agents
(included in the commercial PHBV) as well as by the increase in impurites in the polymer melts.
This effect was also investigated by means of rheometry analysis. The isothermal crystallization
kinetics of the blends at 160 °C was studied by following the time evolution of the elastic storage
moduli G'. In figure 6, the crystalllization behaviour of blends without and with the maximum
added contents of u-PHBYV are presented. At early times, scattering in G’ data originating from
the cooling from 180 °C and the thermal equilibration at 160 °C (see right axis where the time
dependences of samples temperatures are reported) impedes capturing the onset of
crystallization. Although there is a slight delay in isothermal crystallization with the addition of u-
PHBYV, full crystallinity was achieved in all cases after 2000 seconds. The slight delay at early
stages may be explained by decreased concentration of nucleating agents broguht by the

commercial PHBV.

3.2.4. Mechanical properties

Mechanical properties of the PHBV blends were assessed by tensile tests. Figure 7 gathers the
results obtained from the strain stress curves of the PHBV blends as a function of u-PHBV
contents. It can be observed that the addition of u-PHBV leads to a decrease in the Young’s
modulus of the PHBV, this effect being higher with increasing u-PHBV contents (e.g. The
sample containing a 20% of uPHBV presents a decrease in the stiffness of the material of ca.
25%). This decrease tendency in the elastic modulus of the materials correlates with a
subsequent decrease in the stress at break, e.g. around 30% decrease in blends with 20wt. %
u-PHBV contents, which is indicating that the unpurified PHBV has a plasticizing effect on the
raw PHBV. Furthermore, the elongation at break of the PHBV blends is found to slightly
increase with the addition of unpurified PHBV, reaching a maximum of 3.15 for samples with
15wt.%, thus confirming the plasticizing effect. All these changes can be attributed to increasing
contents of HV in the PHBV, as in line with results for similar HV contents in PHBV [4].
However, the contribution of the present impurities (fatty acids, proteins or further cell debris) to
these changes can not be ruled out and may be further addressed to in the future. Samples
containing larger amounts of u-PHBV suffered a drop in the strain at break (¢R), possibly
attributed to the presence of a high concentration of these non-polymeric impurities (as detected

by SEM) that could act as stress concentrators.

3.2.5. Permeability measurements

John Wiley & Sons, Inc.
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Water vapour permeability by weight loss or gain measurements (ASTM E96) are common
methods to determine the water barrier properties of materials, while D-Limonene is a
commonly used standard compound to test mass transport of volatile compounds, such as
aromas. Figure 8 shows the vapour permeability values of blends with increasing u-PHBV
contents for the two compounds. Values for both water and D-limonene vapour permeability of
blends with up to 15wt.% u-PHBYV are not substantially affected. A very slight increase in water
vapour permeability can be noted in this range of incorporated u-PHBV, which may
nevertheless not be significant. Only PHBV blends with the highest u-PHBV contents (20wt.%)
display a decrease in the water and aroma barrier properties which is still within the same order
of magnitude. This decrease may be attributed to the possible combination of decreased
crystallinity, plasticization or the presence of defects and discontinuities within the polymer
structure due to higher contents of the heterogeneous u-PHBV. These results point out that the
incorporation of relatively high quantities of the u-PHBYV does not drastically affect the barrier

properties of the materials against water or aroma compounds.

5. Conclusion

A PHBV was produced in a pilot plant scale from mixed microbial cultures and using a cheese
whey industrial by-product according to optimization protocols reported in a previous study. The
characterization of the u-PHBV revealed a good reproducility for a potential upscaling. The u-
PHBV was incorporated without previous purification or isolation processes into commercial
PHBV. Although the presence of different impurities from the fermentation stages was evident,
these did not substantially affect the crystallinity or the thermal, mechanical or barrier properties
of the polymer fraction of the materials for loadings of up to 10wt.% u-PHBV. The absence of
purification steps, use of industrial waste by-products as well as the relative preservation of
physicochemical properties when incorporated in the blends supports the use of this PHBV in its

unpurified form to derive more cost effective PHA based products such as packaging articles.
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Tables

Table 1. Comparative characterization of the unpurified PHBV obtained from mixed bacterial
cultures (u-PHBV) and the commercial PHBV used in this study

Sample u-PHBV Commercial PHBV
Purity (%) 90 nc
HB:HV contents (%) 81.7:18.3 95:5
Protein contents (%) 53 n.c
Molecular Weight (D) 3.6 x 10° 3.8x10°
Polydispersity Index 1.7 1.6

*
n.c.: not calculated

Table 2. Thermal properties of the PHBV blends.

u-PHBV

content (%) T. AH, Tt Tz AHrn X (%)’
0% 114.620.8 85.4+0.6 172.320.6 - 94.0+0.6 64.410.4
5% 113.210.1 83.4+1.2 171.020.2 - 92.210.6 63.510.4
7% 109.620.1 80.410.9 169.5%0.2 - 90.1+1.8 62.1%1.2
10% 107.2£0.2 79.410.6 168.840.1 172.0+0.3 89.4+2.2 61.9+1.0
15% 106.5¢1.2 76.8%0.5 167.8%0.4 172.3+0.1 86.9+1.5 60.4£1.0
20% 103.320.7 73.6+1.5 164.8£1.3 172.4+0.4 84.310.1 58.9+0.1

"For the calculation of crystallinity (X.), only the chloroform extractable fraction of u-PHBV was
considered.

John Wiley & Sons, Inc.

Page 12 of 19



Page 13 of 19 Journal of Applied Polymer Science

Figures

Figure 1. GC chromatogramm of u-PHBV (red line), hydroxybutirate and hydroxyvalerate
standards (black line) after acid methanolysis. Heptadecane was used as internal standard.
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Figure 2. SEM micrographs of neat PHBV (a) and PHBV blend incorporating 7wt.% (b) and
20wt.% (c) u-PHBV.

Figure 3. Thermogravimetric analysis displaying mass loss (a) and rate of mass loss (b) of the
PHBYV blens with increasing u-PHBYV contents..
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Figure 4. Time dependence of the dynamic viscosity recorded at 1 Hz, |n*|; 4. just after loading
samples disks in the rheometer at 180 °C: neat commercial PHBV (squares) blended with 5
wt% (circles), 7 wt% (up triangles), 10 wt% (down triangles), 15 wt% (diamonds) and 20 wt%
(stars) unpurified PHBV.
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Figure 5. DSC thermogramms of heating (a) and cooling runs (b) at 10°C/min of PHBV blends
with increasing u-PHBYV content.
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Figure 6. Crystallization kinetics at 160°C of commercial PHBV and blends with 20wt.%
unpurified PHBV. Symbols are as in Figure 4.
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Figure 7. Tensile properties of PHBV blends with increasing u-PHBV.
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Figure 8. Vapour Permeability measurements of PHBV blends with increasing u-PHBV to water
vapour and limonene.
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