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Abstract 

BACKGROUND: Purification of polyhydroxyalkanoates (PHA) is a challenging step, given the 

difficulty of achieving high PHA purity, while maintaining polymer integrity, in a sustainable 

and cost-efficient manner. This study evaluated the potential of dilute ammonia digestion as a 

method to purify PHA from mixed microbial consortia. 

RESULTS: Digestion temperatures were critical to the obtainable purity and the amount of 

recovered PHA. At temperatures below 75 °C (regardless of the incubation time and ammonia 

concentration), a low PHA recovery (down to 65 %) and no increase in purity was observed. By 

increasing the temperature above 75 °C, a significantly higher PHA purity and higher recovery 

(above 90 %) could be achieved. Temperatures maximizing the purity (140 °C) led to a 

detrimental reduction in the molar mass of the isolated PHA, but the use of a sonication pre-

treatment enabled to increase the purity at temperatures leading to limited molar mass loss (75-

115 °C). The impurities still present in the recovered PHA did not compromise its thermal 

stability, and no significant degradation occurred during melting of PHA with 86 % purity 

(comparably to pure chloroform-extracted PHA). Conversely, PHA recovered through H2SO4 

digestion underwent severe degradation during melting, despite presenting higher purity (98 %). 

CONCLUSIONS: High PHA purity, recovery and thermal stability can be obtained with dilute 

ammonia digestion. These observations, combined with the possibility of reusing ammonia 
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within the process, make this method a promising approach for a more sustainable purification of 

PHA.   

1. Introduction 

Polyhydroxyalkanoates (PHA) are bio-based and biodegradable polyesters produced in 

prokaryotic microbes as storage granules in the cytoplasm1. They have similar properties to 

polyethylene and polypropylene, and could replace these plastics in many of their applications.2 

Several companies have brought PHA to industrial scale, but high production costs are still a 

major obstacle for a wider presence in the market.3  

In the production stage, several strategies are being tested in order to reduce the costs, such as 

the use of waste substrates or mixed microbial consortia (MMC) instead of pure strains.3 After 

PHA production, the granules have to be extracted from the cells and purified from non-PHA 

cell material (NPCM), a step with significant impact on the overall costs and sustainability.3–5 

The methods studied so far for PHA recovery and purification can be divided into two main 

categories based on their basic approach, described in the following paragraphs.  

The first approach relies on the use of solvents to break the cell membranes and ultimately 

solubilise the PHA granules, which is typically attained with carcinogenic solvents like 

dichloromethane or chloroform. Subsequently, PHA is precipitated by the addition of a non-

solvent (e.g. methanol). Although lower efficiencies have been described for MMC compared to 

pure strains,6,7 these processes usually result in high PHA recovery and purity, while maintaining 
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the integrity of the polymer. Nonetheless, these methods present obvious concerns in terms of 

safety and sustainability, and imply significant costs due to the large amounts of solvent and non-

solvent utilised. Substantial efforts are therefore being directed towards finding non-hazardous 

and easily recyclable organic solvents (such as ionic liquids)3–5, as well as towards identification 

of other more environmentally friendly processes.  

The second approach for PHA purification aims at the digestion and solubilisation of the 

NPCM, leaving PHA as an insoluble solid. Such digestion processes can be biological (e.g. 

enzymes) or chemical.3 The major advantage of the latter is reduction of the processed volumes 

(compared to the use of solvents), as well as lower reagent costs. Several chemicals have been 

tested including alkalis (e.g. NaOH, KOH or NH3), acids (e.g. H2SO4) surfactants (e.g. sodium 

dodecyl sulfate (SDS)) and oxidising agents (e.g. NaOCl). High PHA purity and recovery 

(> 90 %) have been attained with some of these reagents (or combinations of them) both in pure 

strains and MMC.8–13 Nevertheless, the ester bonds of PHA are susceptible to hydrolysis and 

PHA degradation (reduction of molar mass) is usually reported as a significant drawback of these 

processes.8,9,11,13 In this sense, one of the most promising treatments so far is the use of dilute 

H2SO4 followed by NaOCl. Limited PHA degradation (around 50 % molar mass reduction) has 

been reported for this treatment, while achieving high PHA purity (up to 99 %) and a high 

recovery (up to 79 %).9,12,14 

Besides PHA degradation, another disadvantage of the chemical digestion methods is the 

generation of significant volumes of wastewater containing chemicals. In this regard particularly, 
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ammonia could bring important benefits to the process, given that NH3 (and other nutrients 

derived from NPCM digestion) could be used as a nitrogen source during the PHA production 

steps (and as such would not be considered a waste stream). Moreover, due to its high volatility, 

residual ammonia can more easily be separated from the extracted PHA, which could prevent 

negative effects of residual chemicals on the thermal stability of the polymer. 

Ammonia digestion was first suggested in 1993,15 when a PHA purity up to 94 % was reported 

with no decrease in the molar mass by using relatively high ammonia concentrations (1 N) at 

45 °C. In addition, the authors proved that NH3 could be successfully recycled as a nitrogen 

source for the PHA production.  However, the strategy was only successful in strains with 

compromised cell membranes. Later on, a patent was published in which ammonia digestion at 

high concentrations (5-10 N) followed by NaOCl (4-6 %) washing reached 92 % PHA purity. No 

values of PHA recovery or polymer degradation were reported.16 Despite these encouraging 

results, little research has been dedicated to this digestion method. Some studies included 

ammonia in initial screenings, which generally resulted in lower PHA recoveries and purities 

compared to other alkalis (such as NaOH and KOH), after which NH3 was excluded from further 

experiments.13,17–19 To the extent of our knowledge, only two studies have reported the molar 

mass of PHA after NH3 digestion.15,20  

Up to date, there has not been a comprehensive evaluation of the potential of NH3 digestion as 

a PHA purification method. There is lack of knowledge about the effect of digestion conditions 

on the PHA purity and polymer degradation. Likewise, there are no studies on the impact of NH3 
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digestion on the thermal stability under different conditions. The objective of the present study 

was therefore to investigate ammonia digestion with a focus, not only on PHA purity and 

recovery, but also on the effects on the polymer integrity (reduction of molar mass and thermal 

stability), which are commonly overlooked in PHA recovery studies.  

2. Materials and methods 

2.1. Biomass for PHA purification experiments (crude PHA) 

Cells containing PHA were a MMC dominated by the genera Thauera and Ammaricoccus, 

obtained according to the process developed by Burniol-Figols et al.,.21 Briefly, the process 

consisted of three main steps: 1) Fermentation of crude glycerol into volatile fatty acids 

(butyrate, propionate and acetate) and 1,3-propanediol; 2) Enrichment of PHA-accumulating 

bacteria using synthetic volatile fatty acids and crude glycerol; 3) PHA accumulation using the 

biomass from step 2 as inoculum and the effluent of step 1 as substrate. In the last step volatile 

fatty acids were converted into P(3HB-co-3HV) (poly(3-hydroxybutyrate-co-3-

hydroxyvalerate)). After PHA accumulation, cells were centrifuged (4000 g 15 min), washed 

with distilled water and freeze-dried. In order to exclude sources of variation, the starting 

material for the PHA recovery assays was the end-product of 11 different PHA batch 

accumulations pooled together after freeze drying. The P(3HB-co-3HV) content of the joined 

biomass was 64 ± 1.3 wt%, where 3-HV monomers represented a 13 wt% of the polymer. This 

starting material is referred in the text as crude PHA, and was kept in a desiccator in the dark.  
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2.2. Outline of experiments  

The first experiments evaluated the effect of the incubation time, the ammonia concentration 

and the temperature on the performance of the digestion of NPCM on crude PHA (detailed in 

section 2.3). The outcome of these experiments was mainly evaluated in terms of PHA purity 

and PHA recovery. Moreover, the latter parameter was complemented with the determination of 

the molar mass (Mw�����) of the recovered polymers and the quantification of PHA monomers lost in 

the supernatant to identify predominant hydrolysis patterns (leading to PHA loss or to reduction 

of Mw�����). These analyses are described in section 2.6. 

The trends in the hydrolysis observed at different temperatures were further investigated by 

two means. First, by evaluating how the equilibrium constants were affecting the hydrolysis rate 

at different temperatures. This was done by performing experiments with a simple ester (ethyl 3-

hydroxybutyrate (E3HB)) instead of PHA, in order to avoid possible bias from the polymer 

conformation (section 2.7). Secondly, by studying possible conformational changes occurring on 

PHA with different treatment conditions. This was attained by Differential Scanning Calorimetry 

(DSC) analysis on the polymers recovered with NH3 digestion at different temperatures (section 

2.6). 

Next, sonication was evaluated as a pre-treatment to increase the PHA purity at elevated 

temperatures (75 and 115 °C) (section 2.4). Lastly, the polymer recovered with the best 

conditions from this study was compared in terms of thermal stability (section 2.8) with PHA 

obtained through other suggested methods for PHA purification (section 2.5). 
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2.3. PHA purification through NH3 digestion  

PHA extraction experiments were performed by incubating 100 mg of freeze-dried crude PHA 

with 4 mL of aqueous ammonia solution in pre-weighted 10 mL glass centrifuge tubes in a 

heating block. The tubes were vortexed every 5 min. Different incubation times (10-60 min), 

temperatures (30-140 °C) and ammonia concentration solutions (0-1 M NH3) were tested during 

the experiments. When one parameter was changed, the other remained at a central value: 

30 min, 0.2 M and 45 °C. All experiments were performed in triplicate. Ammonia solutions were 

prepared from concentrated ammonia solution 32 wt%.  

Unless otherwise stated, after incubation the tubes were allowed to cool at room temperature 

for 5 min and centrifuged for 5 min at 2500 g at room temperature. The time of centrifugation 

was increased to 15 min in samples incubated at 140 °C due to the observation of high turbidity. 

The supernatant was removed and the pellets containing the PHA were washed twice with 8 mL 

of distilled water and freeze-dried. The recovered material was analysed as described in section 

2.6. All experiments were performed in triplicates.  

 

2.4. Sonication as a pre-treatment 

Sonication was performed in glass centrifuge tubes containing 100 mg of freeze dried crude 

PHA suspended in 5 mL of distilled water and using a UP400S ultrasonic processor (400 W, 

24 kHz, Heilscher) coupled to an H3 sonotrode (Heilscher) set to 100 % amplitude and a pulse of 

0.5 for 10 min. Due to the energy delivered to the samples, the temperature increased to 70 °C. 
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After sonication, the tubes were centrifuged for 15 min at 2500 g and the pellets washed twice 

with distilled water. Thereafter, cell pellets were freeze-dried again to not introduce a dilution 

effect on the posterior NH3 digestion, which was performed as described above (15 min 

centrifugation time). 

2.5. PHA purification through reference methods 

NaOH digestion, as well as combined NaOH and SDS digestion, were performed according to 

the protocols suggested by Jiang et al., 13. Incubations were done using 100 mg of crude PHA 

and 4 mL of digestion solution, containing NaOH 0.2 M or NaOH 0.2 M with SDS 0.2 % (w/v). 

Assay tubes were incubated at 30 °C for 60 min, centrifuged (2500 g 15 min) and washed twice 

with distilled water before freeze-drying the solids.  

Acid mediated digestion was done as proposed in Lopez-Abelairas et al.,9. 100 mg of biomass 

was incubated with 2 mL of H2SO4 3.5 % (v/v) for 6 h at 80 °C. Afterwards, the solution was 

adjusted to pH 10 with NaOH 0.5 M, centrifuged 15 min at 2500 g, and washed twice with 

distilled water. The recovered solids were then treated with 5.5 mL of NaOCl 3 % (w/v) for 1 h 

at room temperature, and again centrifuged and washed twice with distilled water before freeze-

drying. The recovered material was analysed as described in section 2.6. All experiments were 

performed in triplicates. 

Chloroform extraction (65 °C 4 h) followed by methanol precipitation was performed as 

previously described.22  
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2.6. Analyses on the material recovered after digestion experiments 

For all digestion methods, the total solids recovered were assessed by weighing pre-tared tubes 

before and after the digestion and freeze-drying. PHA purity (expressed as g PHA/100 g solids) 

was measured by Gas Chromatography (GC) after HCl-mediated propanolysis in 1,2-

dichloroethane as previously described.22 Methyl-3-hydroxybutyrate (99 %, J&K Scientific®) and 

methyl-3-hydroxyvalerate (≥98 %, Sigma-Aldrich®) were used as standards for the calibration of 

3-HB and 3-HV monomers, given that the standard described in the referenced work (P(3HB-co-

3HV) with 12 mol% 3-HV from Sigma-Aldrich®) led to an average overestimation of 10 % of the 

PHA purity (Supporting information -Appendix F). A secondary calibration curve was built with 

methyl-esters not submitted to the transesterification reaction dissolved in 1,2-dichloroethane, in 

order to take into account the extent of incomplete transesterification in the standard samples.  

 This value was then used to calculate the PHA recovery according to the following formula:  

𝑃𝑃𝑃𝑃𝑃𝑃 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (%) =
𝑃𝑃𝑃𝑃𝑃𝑃 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (𝑔𝑔)
𝑃𝑃𝑃𝑃𝑃𝑃 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 (𝑔𝑔)

. 100 

where 

𝑃𝑃𝑃𝑃𝑃𝑃 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (𝑔𝑔) = 𝑠𝑠𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑠𝑠 𝑖𝑖𝑎𝑎𝑖𝑖𝑟𝑟𝑟𝑟 𝑟𝑟𝑒𝑒𝑖𝑖𝑟𝑟𝑖𝑖𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑖𝑖 (𝑔𝑔).  𝑃𝑃𝑃𝑃𝑃𝑃 𝑃𝑃𝑃𝑃𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟  𝑖𝑖𝑎𝑎𝑖𝑖𝑟𝑟𝑟𝑟 𝑟𝑟𝑒𝑒𝑖𝑖𝑟𝑟𝑖𝑖𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑖𝑖 (𝑔𝑔 𝑃𝑃𝑃𝑃𝑃𝑃 𝑔𝑔 𝑠𝑠𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑠𝑠)⁄  

𝑃𝑃𝑃𝑃𝑃𝑃 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 (𝑔𝑔) = 𝑠𝑠𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑠𝑠 𝑏𝑏𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟 𝑟𝑟𝑒𝑒𝑖𝑖𝑟𝑟𝑖𝑖𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑖𝑖 (𝑔𝑔).  𝑃𝑃𝑃𝑃𝑃𝑃 𝑃𝑃𝑃𝑃𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟  𝑏𝑏𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟 𝑟𝑟𝑒𝑒𝑖𝑖𝑟𝑟𝑖𝑖𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑖𝑖  (𝑔𝑔 𝑃𝑃𝑃𝑃𝑃𝑃 𝑔𝑔 𝑠𝑠𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑠𝑠)⁄  

The percentage of non-PHA cell material (NPCM) removed was assessed with the formula: 

𝑁𝑁𝑃𝑃𝑁𝑁𝑁𝑁 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖 (%) =
𝑁𝑁𝑃𝑃𝑁𝑁𝑁𝑁 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (𝑔𝑔)
𝑁𝑁𝑃𝑃𝑁𝑁𝑁𝑁 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 (𝑔𝑔)

. 100 

where 
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𝑁𝑁𝑃𝑃𝑁𝑁𝑁𝑁 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (𝑔𝑔) = 𝑆𝑆𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑠𝑠 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (𝑔𝑔) − 𝑃𝑃𝑃𝑃𝑃𝑃 𝑖𝑖𝑟𝑟𝑠𝑠𝑖𝑖 (𝑔𝑔) 

𝑆𝑆𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑠𝑠 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (𝑔𝑔) = 𝑠𝑠𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑠𝑠 𝑏𝑏𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟 𝑟𝑟𝑒𝑒𝑖𝑖𝑟𝑟𝑖𝑖𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑖𝑖 (𝑔𝑔) − 𝑠𝑠𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑠𝑠 𝑖𝑖𝑎𝑎𝑖𝑖𝑟𝑟𝑟𝑟 𝑟𝑟𝑒𝑒𝑖𝑖𝑟𝑟𝑖𝑖𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑖𝑖 (𝑔𝑔) 

𝑃𝑃𝑃𝑃𝑃𝑃 𝑖𝑖𝑟𝑟𝑠𝑠𝑖𝑖 (𝑔𝑔) = 𝑃𝑃𝑃𝑃𝑃𝑃 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 (𝑔𝑔) − 𝑃𝑃𝑃𝑃𝑃𝑃 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (𝑔𝑔) 

𝑁𝑁𝑃𝑃𝑁𝑁𝑁𝑁 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 (𝑔𝑔) = 𝑆𝑆𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑠𝑠 𝑏𝑏𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟 𝑟𝑟𝑒𝑒𝑖𝑖𝑟𝑟𝑖𝑖𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑖𝑖 (𝑔𝑔). (1 − 𝑃𝑃𝑃𝑃𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟 𝑃𝑃𝑃𝑃𝑃𝑃 𝑏𝑏𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟 𝑟𝑟𝑒𝑒𝑖𝑖𝑟𝑟𝑖𝑖𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑖𝑖 ((𝑔𝑔 𝑃𝑃𝑃𝑃𝑃𝑃 𝑔𝑔 𝑠𝑠𝑟𝑟𝑖𝑖𝑖𝑖𝑟𝑟𝑠𝑠))⁄  

Molar mass distribution of the recovered material was assessed by Size Exclusion 

Chromatography (SEC). The analyses were conducted in a Shimadzu HPLC  (High Pressure 

Liquid Chromatography) system using two columns in series (SDV 5μm 8x300mm 1000Å and 

10000Å, PSS Polymer Standards Service GmbH). Chloroform was used as eluent at a flow rate 

of 1 mL/min with an oven temperature of 31 °C. Before analysis, 5 mg of the recovered PHA 

was dissolved in 1 mL of chloroform overnight and filtered through 0.45 µm PTFE filters. The 

system was calibrated with low dispersity polystyrene standards (Polymer Standards Service 

GmbH). The copolymer P(3HB-co-3HV) with 12 mol% 3-HV from Sigma-Aldrich® was used as 

a reference for comparisons. 

For selected digestion conditions, the thermal behaviour of the PHA after digestion was 

assessed by Differential Scanning Calorimetry (DSC) (TA Instruments - Discovery series DSC) 

using hermetic aluminium pans. The first heating ramp (in order to erase thermal history) 

proceeded at a heating rate of 10 °C/min from -90 to 185 °C (run I), and was followed by a 

cooling ramp (10 °C/min), and a second heating step (run II) identical to run I. The glass 

transition (Tg) was determined at the inflection point, while crystallisation (Tc) and melting (Tm) 

temperatures were determined at the peak temperature on the second run.  
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In experiments evaluating the temperature effect, additional analyses were performed in the 

supernatant of the digestion experiments. The concentration of 3-hydroxybutyrate (3-HB) and 

crotonic acid were determined in an HPLC system (Shimadzu) equipped with an Aminex HPX-

87H column (BioRad) with 12 mM H2SO4 (0.6 mL/min) at 40°C. 3-HB was quantified through 

the refractive index detector signal, while crotonic acid was determined by the UV signal at 210 

nm. Calibration curves were done with 3-hydroxybutyrate (HPC standards®) and crotonic acid 

98 % (Sigma-Aldrich®). 

2.7. Experiments on the hydrolysis rate using ethyl 3-hydroxybutyrate (E3HB) 

 E3HB (100 mg) was incubated with 4 mL of NH3 solution 0.2 M for different time intervals 

(0, 10, 20 and 30 min) in duplicate, using the same materials and equipment used for the 

experiments in crude PHA. After incubation, tubes were cooled on ice for 5 min and 

immediately neutralised to pH 7 with H3PO4. 3-HB and crotonic acid were determined by HPLC 

as described above (section 2.6). E3HB and ethanol were determined in a GC-FID (Agilent 

6890) with a SGE BP21 column using nitrogen as a carrier gas. Samples were acidified with 

H3PO4 to pH 3, and diluted 1:1 with acetone to enable 0.5 µL split injections. Acetone used for 

dilution was spiked with 3-methyl-1-butanol (in order to verify that ester hydrolysis was not 

occurring before the analysis) and with 1-hexanol (internal standard to correct for injection 

variance). Ethyl-3-hydroxybutyrate (>99 %, Acros Organics®) and ethanol (99.9 %, Merck) were 

used as calibration standards. 
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2.8. Thermal stability 

Samples obtained with the different methods were analysed by Thermogravimetric Analysis 

(TGA) (TA Instruments - Discovery series TGA). The analyses were run under nitrogen at a rate 

of 20 °C/min and in a temperature range from 25 to 700 °C coupled with gas analysis on a FT-IR 

(Thermoscientific iS10) equipped with a gas-cell. Moreover, thermal stability during melt was 

assessed by determining the Mw����� change after melting the recovered polymers in a hot press (170 

°C for 5 min) in duplicate.  

3. Results and discussion 

3.1. Effect of time and NH3 concentration on ammonia digestion 

Effects of different digestion times (10-60 min) and ammonia concentrations (0-1 M NH3) 

were investigated at a constant temperature (45 °C). The main results in terms of PHA recovery, 

PHA purity and elimination of NPCM (non-PHA cell material) are presented in Figure 1.  

Long incubation times had a detrimental effect for the PHA recovery, while little effect on the 

NPCM removal (Figure 1 A). As PHA and impurities were lost in a similar degree, the samples 

maintained a PHA purity similar to the material before digestion. In short, longer incubation 

times seemed to contribute more to the loss of PHA than to the increase of PHA purity. 

Similar trends were observed when increasing the ammonia concentration (Figure 1 B). PHA 

recovery decreased progressively from 80 to 66 %, while the percentage of impurities removed 

was independent of the ammonia concentration (approximately 25 % of NPCM removal). PHA 
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purity presented a slight decline with increasing ammonia concentrations, as a result of a 

combination of decreased PHA recovery and steady NPCM removal. At the highest 

concentration of ammonia, PHA purity was even lower than in crude PHA (61 % vs 64 %). A 

certain loss of PHA (around 12 %) and NPCM removal (6.2 %) was also observed in the control 

experiment without ammonia (distilled water) (Figure 1 B).  

Despite the fact that rather low PHA recoveries were obtained with these experiments (65 - 82 

%), no indications of significant PHA degradation were observed. The recovered polymers 

presented very similar values of average molar mass (Mw�����) and dispersity (Đ) to the crude PHA 

in all the conditions assayed (Table S1). 

3.2. Effect of temperature on ammonia digestion 

Besides ammonia concentration and time, temperature was also evaluated as a parameter 

influencing the effectiveness of the PHA recovery through ammonia digestion (Figure 2).  

An important decrease in the PHA recovery (from 82 to 72 %) was observed when increasing 

the temperature from 30 to 45 °C, without being accompanied by an increase in the purity 

(Figure 2 A). Nonetheless, the opposite effect was observed when the temperature was further 

increased to 75 °C. At this temperature, a higher PHA purity and recovery were obtained (68 and 

88 %, respectively), and more NPCM was solubilised. Consequently, incubation at 75 °C seemed 

to affect the impurities more than the PHA itself. No significant changes were observed in molar 

mass (Mw�����) or Đ for any of the temperatures with respect to the original material at this 

temperature range (Figure 2 B).  
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At 115 °C and 140 °C, PHA purity reached even higher values (75 and 83 %, respectively), 

while maintaining high PHA recovery (almost 90 %) (Figure 2 A). For all temperatures, 3-HB 

and 3-HV monomers were recovered to a similar extent. However, incubations at elevated 

temperatures resulted in a considerable decrease in the molar mass of the recovered polymer 

(Figure 2 B). At 115 °C, extraction led to a molar mass similar to that of commercially available 

PHA (Mw����� of around 200 kg/mol), while extraction at 140 °C led to a lower molar mass (Mw����� of 

85 kg/mol). Differences in Đ were statistically non-significant (p > 0.05).  

Mechanical properties of polymers are affected by their molar mass, usually following an 

asymptotical trend.23 For example, the tensile strength of polymers is generally compromised at 

low molar mass, but does not increase further once a molar mass threshold is surpassed. Hence, 

loss of molar mass does not necessary imply detrimental effects in a polymer’s properties. The 

molar mass threshold varies among polymer properties, and it is also affected by the monomer 

distribution and the polymer purity. Thus, a limit of acceptable molar mass cannot be established 

without a characterisation of a range of mechanical parameters, as well as taking its life-span 

degradation mechanism into account. Having said that, other studies have reported deteriorated 

properties for P(3HB-co-3HV) with Mw����� below 112 kg/mol.24 Hence, digestion at 140 °C would 

not be recommended, due to the loss in molar mass. However, the treatment at 115 °C would still 

lead to an a priori acceptable value (200 kg/mol).  

It is important to note that only the temperature was studied as a parameter in these 

experiments, whereas the ammonia concentration and the incubation time were maintained at 
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constant values (0.2 M, 30 min). Nonetheless, negative effects of long incubation times and high 

ammonia concentrations upon the PHA recovery were described in the previous section. To 

observe the effect of the incubation time at these temperatures, an experiment at 115 °C for only 

15 min (vs. 30 min in Figure 2) was performed. With only 15 min difference, the polymer 

degradation was reduced from 67 % to 38 %, while PHA purity was only reduced from 75 to 

72 %. Thus, a high sensitivity to digestion parameters was observed at high temperature, 

contrasting the minor changes observed at low temperatures (Figure 1). Consequently, a fine-

tuning of variables in a multivariate approach, as well as a consideration of the importance of a 

high purity product versus molar mass, would be needed in order to identify specific conditions.  

3.3. Why higher PHA recovery at elevated temperatures? 

In general, the use of elevated temperatures led to a high degree of PHA purity, which can be 

attributed to the tendency of most compounds to increase their solubility in water at increasing 

temperatures. Moreover, the rate of hydrolysis reactions increases with temperature, resulting in 

faster digestion of NPCM. Similarly, a higher degree of PHA degradation would also be 

expected, as the rate of ester bond cleavage reactions - hydrolysis and/or β-elimination - increase 

with temperature. Counterintuitively, PHA recovery improved with increasing temperature 

(Figure 2). The following sections (3.3.1-3.3.3) elaborate further on this phenomenon, and its 

possible causes.  
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3.3.1. PHA loss vs. reduction in the PHA molar mass  

In the digestion experiments, ester cleavage phenomena are reflected in two different measured 

responses: PHA recovery and reduction of molar mass. The reduced PHA recovery would 

account for the ester bonds breakage occurring towards the end of the polymer chains, leading to 

the formation of soluble oligomers and monomers that would be lost in the supernatant, resulting 

in PHA loss. Conversely, ester cleavage occurring at the middle of the chains would produce 

shorter chains (reduction of molar mass), but still result in water-insoluble polymers that would 

be recovered in the solid fraction. The occurrence of these two degradation phenomena is 

summarised in Figure 3 A, showing opposite trends with temperature. At low temperatures PHA 

loss predominated, whereas at high temperatures reduction in Mw����� was more pronounced. The 

inflection point was between 45 and 75 °C.  

PHA recovery could not be significantly increased by raising the centrifugation speed (from 

2500 to 4300 g), nor by solid-liquid separation through filtration (Figure S1 Supporting 

information – Appendix B). Similarly, no significant increment in the PHA recovery was 

obtained by decreasing the centrifugation temperature to 4 °C or with a previous cooling of the 

solution (Figure S1), which has been reported to result in enhanced precipitation and increased 

PHA recovery in previous studies employing NaOH.25  

In order to further confirm that PHA loss was indeed due to the formation of soluble 

monomers and oligomers - and not due to the loss of long PHA chains during the solid-liquid 
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separation - 3-hydroxybutyrate (3-HB) and crotonic acid were analysed in the supernatants of the 

NH3 digestions at different temperatures (Figure 3 B).  

Crotonic acid was only detected in trace amounts, representing less than 1 % of the 3-HB 

monomers lost. Its concentration increased exponentially with temperature, similarly to the trend 

observed for the reduction of Mw����� (Figure 3 A). This was in good agreement with previous 

findings, which attributed the generation of crotonic acid to β-elimination reactions occurring in 

the P3HB backbone. This reaction is the predominant mechanism of chain scission and Mw����� 

reduction at elevated temperatures.14,26 

On the other hand, the amount of 3-HB in the supernatants (resultant from P3HB hydrolysis) 

presented the same trend as the PHA loss, with a maximum at 45 °C. The quantified 3-HB 

represented more than 60 % of the 3-HB monomers lost at temperatures up to 75 °C. This result 

confirmed a higher degree of hydrolysis leading to monomer formation occurring at temperatures 

below 75 °C, which resulted in PHA loss. Given that this trend was unexpected, further 

experiments were performed to elucidate if the phenomena could be related to changes in the 

hydrolysis rate, or to changes in the conformational structure of PHA. These experiments are 

presented and discussed in the following two sections (3.3.2 and 3.3.3).  

3.3.2. Changes in the hydrolysis rates with digestion temperature 

The rate of basic-catalysed hydrolysis of esters is generally dependent on the concentration of 

hydroxide ions (OH-), which act as nucleophiles in the reaction. However, in aqueous ammonia 

solutions, unionised ammonia (NH3) can also act as a nucleophile and cleave ester bonds 
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(producing primary amides). The overall rate of the reaction can be expressed as a function of 

the reaction constants (k) and the concentration of OH- and NH3 (eq.1).  

𝑟𝑟[𝑟𝑟𝑠𝑠𝑖𝑖𝑟𝑟𝑟𝑟] 𝑟𝑟𝑖𝑖⁄ = (𝑘𝑘𝑂𝑂𝑂𝑂[𝑂𝑂𝑃𝑃] + 𝑘𝑘𝑁𝑁𝑂𝑂3[𝑁𝑁𝑃𝑃3]). [𝑟𝑟𝑠𝑠𝑖𝑖𝑟𝑟𝑟𝑟] (eq.1) 
𝑟𝑟[𝑟𝑟𝑠𝑠𝑖𝑖𝑟𝑟𝑟𝑟] 𝑟𝑟𝑖𝑖⁄ = 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜. [𝑟𝑟𝑠𝑠𝑖𝑖𝑟𝑟𝑟𝑟] (eq.2) 

 

 By increasing the temperature, the reaction constants (kOH and kNH3) increase exponentially 

(according to the Arrhenius equation). However, the temperature also affects the dissociation 

constants of water and ammonia, as well as their vapour pressures. This translates into changes 

in the effective concentration of OH- and unionised NH3, which could affect the overall reaction 

rate. To simulate the changes in the OH- and NH3 concentrations occurring due to temperature 

increase, a theoretical model was constructed, taking into account the equilibrium reactions of 

NH3 and water, and the vapour-liquid equilibrium of NH3 (Figure 4 and Supporting information 

Appendix C). 

  

The most interesting result of this model was the trend of pOH with the temperature (Figure 5). 

Maximum OH- concentration was identified at 45 °C, coinciding with the maximum PHA loss 

presented in Figure 3. This trend was a result of the ammonia ionisation reaction, which is 

endothermic under 50 °C, but exothermic at higher temperatures (Figure 4).27 Consequently, and 

according to the Van Hoff Equation, the equilibrium shifts to NH4
+ with increasing temperatures 

up to 50 °C, resulting in higher concentration of OH-, but does the opposite for higher 

temperatures (Figure 5).  
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The model showed only small changes in the concentration of OH- and unionised NH3 at 

different temperatures. These changes would not seem enough to overrule the effect of 

temperature in increasing the rate constants and decrease the overall hydrolysis rate (as 

expressed in eq.1). Nonetheless, given the correlation between the concentration of OH- and the 

PHA loss (attributed to PHA hydrolysis in the previous section), the overall hydrolysis rate at 

different temperatures was assessed experimentally. The experiments were performed by 

submitting ethyl-3-hydroxybutyrate (E3HB) to NH3 digestion at different temperatures, as 

previously done with crude PHA (Figure 2 and 3). By replacing PHA for E3HB as a model ester, 

bias in the hydrolysis rate dues to conformational changes of the polymer was excluded.  

For each temperature, the concentration of OH- and NH3 were assumed to be constant during 

the reaction, and the overall reaction constant (kobs) was calculated based on a pseudo-first order 

reaction kinetics (eq.2). The results showed an increase in kobs at increasing temperature (Figure 

6), which enabled two important inferences: 1) the decrease in OH- at elevated temperatures was 

not enough to overrule the increase in the reaction constants; and 2) the decrease of hydrolysis at 

elevated temperatures exposed in Figure 3 could not be explained by a decrease in the hydrolysis 

rate. Further investigations were centred on the conformation of PHA and presented in the next 

section (3.3.3).  

In regards to the products identified from E3HB hydrolysis, only trace amounts of crotonic 

acid were detected, falling below the quantification limit (0.9 mg). Ethanol and 3-HB were the 

prevailing products, and were determined practically in equimolar concentrations (as exemplified 
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in Figure 6 B corresponding to the experiment at 140 °C). This enabled another important 

conclusion from these experiments, which was that OH- catalysed hydrolysis of the ester bond 

(leading ethanol and 3-HB) was clearly predominant over ammonolysis (resulting in ethanol and 

3-hydroxybutyramide) at the conditions studied. Consequently, a high presence of amide groups 

would not be expected in the recovered polymer.  

3.3.3. Changes in the PHA conformation with digestion temperature 

PHA decomposition is known to be affected by the polymer conformation, as highly 

crystalline polymers are more resistant to alkali attack.14 Therefore, thermal transitions occurring 

in the crude PHA submitted to different digestion temperatures were examined by DSC analysis 

(Figure 7). 

In crude PHA, the glass transition (Tg) was identified at -6.8 °C, the melting temperature (Tm) 

at 156 °C, and a small cold crystallisation (Tc) was observed around 50 °C (Figure 7 B). The 

samples purified through NH3 digestion at different temperatures presented the same thermal 

profile, although the enthalpies of the phenomena were much more pronounced (Figure 7 B). 

This indicated that the samples had a higher degree of crystallinity than the crude PHA, most 

likely due to the removal of impurities that compromised the formation of crystalline structures 

in the crude PHA.  

Cold crystallisation was only observed in the second run of the DSC (after cooling from the 

molten state), and not in the first heating curve (Figure 7 A). Instead, the first run exhibited a 

“shoulder” in the DSC baseline at around 60 °C. In reference to Figure 7 A, it should be noted 
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that the curve presented as well some sharp endotherms at temperatures above 120 °C. These 

peaks were attributed to the evaporation of impurities resulting in leakages from the capsules, as 

presented in the Supporting information (Appendix D).  

The thermal transition observed in the first heating curve at 60 °C (Figure 7 A) - hereafter Tg2 - 

has previously been reported for samples stored at room temperature,28–30 and has been attributed 

to the glass transition temperature of the rigid amorphous fraction (RAF).30 The RAF is formed 

even after very short periods (< 24h) of storage at temperatures above the glass transition 

temperature of the mobile amorphous fraction.31 During this process, the amorphous regions in 

contact with the crystals undergo a restriction of mobility. Moreover, small imperfect inter-

lamellar crystallites are formed (secondary crystallisation) which further constrains the mobility 

of the amorphous regions.29,31–33 Above the Tg of the RAF, melt and recrystallisation start 

occurring, which translates into a negative slope in the DSC curve until the melting of the 

primary lamellae occur at the Tm.30 

The secondary crystallisation of PHA has been widely studied, given its effect on the 

mechanical properties of the polymer, and it has been found to be reversible after annealing 

polymers at temperatures above Tg2.29,31,32 The heating step enables the melting of the imperfect 

crystallites developed during secondary crystallisation, as well as mobilisation of the rigid 

amorphous fraction, which allows a reorganisation of the amorphous fraction and a thickening of 

the stable crystallites.31,33 
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The abovementioned phenomenon could be a potential explanation for the decrease in PHA 

loss observed above 75 °C (Figure 3). By incubating PHA above the Tg2 (60 °C), there is a 

mobilisation of the RAF, which could enable the formation of thicker crystals. Moreover, 

digestion above 75 °C led to a higher release of impurities possibly compromising 

crystallisation. Both factors would contribute to a higher degree of crystallinity, and thus, 

possibly explain a lower degree of hydrolysis leading to PHA loss.  

On the other hand, the start of the endotherm observed above 100 °C (Figure 7 B) would 

indicate a progressive melting of the crystalline structure, thus making the chains more 

accessible to hydrolysis in the middle of the chains. This fact, together with the onset of the 

exponential increase in β-elimination reactions at elevated temperatures (resulting in crotonic 

acid formation - Figure 3) could be a reasonable hypothesis to explain the higher degree of 

reduction of molar mass observed from 115 °C.  

3.4. Sonication pre-treatment to increase the PHA purity 

Ammonia digestion at elevated temperatures proved to be a valuable method to increase the 

PHA purity while maintaining high recovery yields. Nonetheless, severe reduction of the molar 

mass was observed at conditions favouring high purity (140 °C) (Figure 2). Thus, a sonication 

pre-treatment was investigated as a strategy to enhance ammonia digestion at lower 

temperatures. Sonication was chosen based on its reported efficiency in disaggregating the 

exopolysaccharide structures of microbial cultures,34,35 which have been suggested as the main 
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reason behind the recalcitrance of MMC to PHA extraction.6,7 The results of these experiments 

are displayed in Figure 8.  

Through sonication as the only means of purification (control without posterior NH3 

digestion), a PHA purity of almost 70 % was reached (Figure 8 A). 33 % of the impurities were 

removed with this physical treatment, resulting in only 11 % PHA loss. However, a certain 

reduction of the molar mass was observed compared to the starting material (Figure 8 B).  

When sonication was followed by ammonia digestion at 75 or 115 °C, PHA purity reached a 

value of 79 and 86 %, respectively (Figure 8 A). These values represented a 15 % relative 

increase in the PHA purity compared to the non-pretreated ammonia digestion at the same 

temperatures (Figure 2), without affecting PHA recovery. The average molar mass did not 

decrease significantly with the treatment at 75 °C after sonication (Figure 8 B), in agreement 

with observations for samples without sonication at this temperature (Figure 2 B). The treatment 

at 115 °C led to a similar value of Mw����� as without pretreatment (around 200 kg/mol), and thus, 

still within a priori acceptable ranges according to the discussion in section 3.2. A distinctly 

whiter polymer was obtained after this treatment.  

3.5. Thermal stability of NH3 purified samples (comparison with reference methods) 

The thermal stability of the PHA purified through NH3 digestion (NH3 0.2 M at 115 °C with 

sonication) was evaluated and compared to other previously suggested methods aiming at the 

solubilisation of the NPCM (summarised in Table 1). Namely, the methods included digestion 
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with NaOH, combined NaOH and SDS, and H2SO4 treatment. Moreover, chloroform extraction 

was used as a reference method, for being known as a method not leading to PHA degradation.  

Previous studies on alkali extraction have reported up to 96 % PHA purity by using NaOH, 

and up to 99 % when combined with SDS.13 When applied to the crude PHA from the present 

study, these methods led to 72 and 76 % purity, respectively (Table 1), giving further indication 

of the recalcitrance of the mixed microbial culture used for the PHA production. No important 

decrease in molar mass was observed in the recovered PHA with either method (Figure 9). PHA 

recovery was approximately 90 % for both treatments.  

Sulphuric acid digestion followed by mild NaOCl treatment has so far been identified as the 

most promising method for solubilising NPCM, due to the notable outcomes in terms of PHA 

purity and the limited extend of the PHA degradation.9,12,14 Moreover, it presented less CO2 

emissions and costs compared to methods employing NaOCl or solvents.9 In the present study, 

H2SO4 treatment gave indeed practically pure PHA and a 97 % PHA recovery (Table 1). The Mw����� 

after digestion was in the range of the one obtained after ammonia extraction at 115 °C (about 

200 kg/mol) (Figure 9).  

The samples purified through the different methods were submitted to TGA analysis to 

observe their thermal stability (Figure 10 A). All samples presented a major drop in mass at 

temperatures between 200-330 °C, corresponding to the thermal decomposition of PHA. Infrared 

spectra obtained in-line confirmed the presence of crotonic acid in the off-gas during this 

temperature range. Only the samples purified with chloroform and H2SO4 presented an almost 
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complete loss of mass during PHA degradation, indicating the high purity of the samples. The 

rest of the analysed samples presented further weight loss until 550 °C, representing the presence 

of other organic compounds. Furthermore, total weight loss was not observed at the end of the 

heating ramp (700 °C), which pointed out the presence of residual inorganics. The content of 

organic and inorganic impurities calculated from these mass loses, as well as the PHA 

percentage (calculated from the mass loss in the main slope) are presented in Table 1. The PHA 

purity calculated from the TGA gave similar results to that obtained by GC. 

Figure 10 B shows the derivative curve of the TGA, where the position of the peaks indicates 

the temperature of maximum PHA decomposition (Td). PHA purified through ammonia 

digestion presented a Td above 300 °C, very close to the sample purified with chloroform. On the 

other hand, the samples purified through NaOH or H2SO4 presented much lower values. More 

specifically, the Td for the acid purified sample was in the range of the crude PHA (without any 

purification), while the alkali methods led to an even lower Td than the starting material. Thus, 

the thermal stability of the purified material did not seem to be related to the degree of PHA 

purity obtained with different methods. Likewise, no correlation was identified between the Td 

and the quantities of organic or inorganic impurities determined from the TGA curve.  

An absence of correlation between the Td and the purity was also observed when comparing 

the samples obtained through ammonia digestion at different conditions (Figure 10 C). The Td of 

all these samples was in line with the one of the chloroform purification, although the purity of 

these samples was much lower. Especially noteworthy is the case of the sample purified at 75 °C 
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compared to the crude PHA, where just an increase of 4 % in the PHA purity (from 64 to 68 %) 

led to an increase of the Td of 36 °C (from 265 to 301 °C).  

The Td is an important indication of the thermal stability of PHA, but it only accounts for PHA 

degradation resulting in absolute mass loss, occurring generally at temperatures above 250 °C. 

Chain scission reactions are known to occur at much lower temperatures, close to the melting 

temperature, and lead to reduction of the molar mass without absolute mass loss 26,36 (and thus 

not observed in the TGA). This degradation has important implications during polymer 

processing.  

Crude PHA, as well as samples purified through the different comparison methods were 

melted at 170 °C in a hot press in order to observe changes in molar mass (Figure 9). Severe 

reduction of molar mass (86 %) was observed in samples treated with NaOH or H2SO4, all 

leading to Mw�����’s below 100 kg/mol. Interestingly, these samples presented almost twice the 

reduction of molar mass compared to the crude PHA. Conversely, NH3-purified PHA (115 °C 

with previous sonication) showed only a 10 % reduction of molar mass, comparable to the 

degradation observed for chloroform-extracted PHA.  

While no important differences were observed in the TGA with regards to the Td of samples 

obtained with NH3 digestion under different conditions (Figure 10 C), significant differences 

were observed in the melt-stability (Figure 9). Higher purities correlated with an increase in the 

thermal stability, although samples with higher than 70 % PHA purity presented already a low 

reduction in the molar mass.  
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Overall, the results suggested that biomass and fermentation residues had a limited effect on 

catalysing thermal degradation, whereas the method of purification had a drastic impact. A 

potential explanation could be the nature of the chemicals used. H2SO4 and NaOH are difficult to 

remove completely from the recovered polymer, and traces of such chemicals can catalyse 

degradation reactions during melting. On the other hand, NH3 is highly volatile, and can easily 

be removed.   

Several studies have led to similar observations in regards to the effect of the biomass residues 

and the purification methods on the thermal stability.11,13,28,37,38 In addition, it has been reported 

that some impurities can behave as plasticisers, enhancing the mechanical properties of PHA, 

28,38 which emphasise the importance of testing other properties besides the PHA purity when 

evaluating purification methods.  The presence of impurities should only be considered 

detrimental when affecting negatively the PHA properties and applicability.  

3.6. Comparison of results obtained with ammonia digestion and perspectives 

Ammonia-assisted extraction of PHA has not been extensively reported in scientific literature. 

Discrepancies have been reported in regards to the outcomes observed at similar conditions in 

different cultures (Table 2). As an example, by applying the same digestion conditions, Anis et 

al.17 observed no increase of the PHA purity accompanied with very low PHA recoveries, 

whereas Choi and Lee18 observed an important increase in the PHA purity and high PHA 

recovery. Likewise, no increase in the PHA purity was observed when increasing the 

temperature from 45 °C to 100 °C in the study of Page and Cornish15, whereas significant 
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improvements in the efficiency of the extraction were observed in the present study with a 

similar temperature increase (Figure 2). Higher PHA purity and recovery were also observed at 

elevated temperatures using NH3-laurate digestion in MMC.19 These differences might imply 

that the efficiency of dilute aqueous ammonia digestion depends on the PHA accumulating 

culture.  

Most of the studies up to now, have only tested NH3 digestion in a screening phase, and 

discarded the method due to lower initial PHA purity and recovery compared to other alkalis 

(such as NaOH, KOH or NH3-laurate).13,17–19 Nonetheless, the whole picture of the results 

obtained here and reported previously, suggests that NH3 digestion efficiency largely depends on 

the digestion conditions (and possibly on the PHA accumulating culture), and that adjustment of 

the parameters can lead to relatively pure PHA and high PHA recovery.  

 Additionally, our study shows for the first time that NH3 digestion can lead to a higher 

thermal stability than achieved using other digestion methods, even with PHA of lower purity. 

The maximum degradation temperature (Td) was comparable to solvent-extracted PHA (around 

300 °C), and much higher than that obtained with NaOH or H2SO4 digestions (lower than 270 

°C) (Figure 10). Similarly, a much lower Td has been reported for NH3 digestions complemented 

with lauric acid as surfactant (Table 2). Moreover, PHA recovered through NH3 digestion 

presented almost no reduction of the molar mass during melting, while almost complete 

degradation was observed for H2SO4 or NaOH mediated extractions. These observations are of 

crucial importance for polymer applications. 
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Our results showed that a high degree of thermal stability was obtained with PHA purities 

above 70 % (obtained at temperatures between 75 °C and 115 °C). Higher purities and thermal 

stability could be achieved at treatments above 75 °C and including a sonication pre-treatment, 

but as a trade-off, they led to higher loss of molar mass and would be expected to present higher 

energy costs.  Thus, further optimisation should take into consideration the required purity level 

and molar mass, which were seen to be very sensitive to operational conditions at elevated 

temperatures.  

The results obtained in this study are very promising also from a sustainability point of view. 

Besides avoiding the use of a toxic solvent, the digestion solution could be re-used in PHA 

production process. Previous studies have observed that the use of the digestion solution as a 

nitrogen source led to even better results than the use of ammonium salts15. Moreover, the high 

pH of the digestion solution (9-12) could represent a further advantage in processes requiring 

base addition. In such processes (like the fermentation and enrichment step of three-stage PHA 

production in MMC21), direct addition of this solution could substitute external alkali, and thus 

lead to additional savings. For each process, a balance between the needs for nitrogen and alkali 

should be performed, taking into account as well the possibility of reusing the NH3 solution in 

the following digestion batch.  
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Conclusions 

Dilute ammonia digestion of the non-PHA cell material was studied as a method for purifying 

PHA produced by mixed microbial consortia; a method which could bring important advantages 

in terms of costs and sustainability due to the possibility of recycling ammonia within the 

process.  

The results showed that the efficiency of the method largely depends on the digestion 

conditions - especially in regards to the temperature. Low PHA purities (around 64 %) and PHA 

recoveries (from 65 to 80 %) were obtained at mild temperature conditions, with little changes 

upon increased incubation time or ammonia concentration. On the other hand, treatments 

performed between 75 °C and 115 °C led to high recovery of PHA (above 90 %) and increased 

PHA purity, while maintaining the molar mass of PHA at reasonable values. Higher PHA 

recovery at this temperature range was a result of a lower degree of hydrolysis leading to 

monomers and soluble oligomers, which was hypothesised to occur as a result of PHA 

conformational changes at elevated temperatures. A pre-treatment by sonication also proved 

valuable to further increase the PHA purity without severely impacting the molar mass.    

High thermal stability was observed in PHA recovered with NH3 digestion at different 

conditions when its purity was above 70 %. Conversely, almost complete degradation during 

melting was observed in PHA recovered with other chemicals aiming at digestion of non-PHA 

cell material (e.g. H2SO4), despite presenting higher purity values (98 %). Stability during melt 

after NH3-assisted recovery at 115 °C with previous sonication was comparable to pure 
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chloroform-extracted PHA. This fact further underlined the potential of NH3 digestion as a 

method for PHA purification.  

The study provided the grounds for further optimisation of the method, which would be 

dependent on the PHA-accumulating culture and the requirements in terms of PHA purity and 

molar mass. Both parameters were highly sensitive to operational conditions at elevated 

temperatures. 
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Table 1: PHA purity, type of impurities and melting temperature (Tm) of samples purified through 

ammonia digestion or other comparison methods.  

Sample Purification method PHA 
recovery (%) 

PHA purity 
(%) GC* 

PHA purity 
(%) TGA** 

Organic 
impurities 

(%)† 

Inorganic 
impurities 

(%)† 

Tm  

(°C) †† 

Crude PHA -- -- 64 ± 1.2 69 16.8 9.9 156 

Chloroform Chloroform 65 °C 4h + 
methanol precipitation n.d. 99 ± 0.2 99 0.03 0.8 162 

NaOH NaOH 0.2 M 30 °C 60 min 90 ± 0.9 72 ± 0.8 76 13.4 6.8 152 

NaOH SDS (NaOH 0.2 M + SDS 0.2 %) 
30 °C 60 min 91 ± 0.9 76 ± 0.9 76 13.4 6.2 154 

H2SO4 H2SO4 3.5 % 80 °C 6h + 
NaOCl 3 % 1h room T 97 ± 2.5 98 ± 2.6 97 1.3 0.8 147 

NH3 sonication + NH3 0.2 M 
115 °C 30 min 92 ± 0.2 86 ± 0.8 89 5.1 2.8 154 

* PHA purity (g PHA/100 g Total solids) measured by Gas Chromatography 
** PHA purity (g PHA/100 g Total solids) measured from the slope of the TGA curve 
†Determined from the TGA curve 
††Determined from the DSC curves in Figure S 7 (Appendix E) 
n.d. not determined 
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Table 2: Comparison of results obtained with ammonia digestion published in the scientific literature. 

Ref Polymer Culture Biomass 
state 

Pre-
treatment Conc. NH3 T (°C) t (min) Post-

treatment 
PHA ini  
(wt %)* 

PHA 
Purity (wt 

%)** 

PHA 
Recovery 

(%) 

Mw����� ref 
(kg/mol)* 

Mw����� final 
(kg/mol)** 

Td  
(⁰C) 

15 P3HB Azobacter 
vienlandii 

wet 
biomass 

-- 1 N 45 10  84 94 n.r. 1700-2700 1700-2700 n.r. 
100  83 92 n.r. 

13 P3HB MMC 

wet 
biomass -- 

0.2 M 30 60 
 68.6 62.6 63.3 

n.r. n.r. 

n.r. 

freeze 
dried --  69.9 87.4 95 n.r. 

16 P3HB Alcaligenes 
latus 

wet 
biomass 

-- 5-10 N 60-100 60-120 NaOCl 4-6 
% 

n.r. 92 n.r. n.r. n.r. n.r. 

18 P3HB Escherichia 
coli 

wet 
biomass 

-- 0.1 N 30 60  77 85.4 94.7 n.r. n.r. n.r. 

17 P(3HB-co-
3HHx) 

Cupriavidus 
necator 

freeze 
dried -- 0.1 M 30 60  60 ≈ 60 ≈ 62 n.r. n.r. n.r. 

20 P3HB Cupravirus 
necator 

freeze 
dried 

-- 0.1 M 90 180   ≈ 70 ≈ 78  700 272 

-- 0.25 M NH3-
laurate 90 180  74 98 100 1200 600 264 

19 

P3HB 

MMC freeze 
dried 

-- 0.1 N 90 180  52 50† 75† n.r. n.r. n.r. 

P(3HB-co-
3HV) 

NaOCl 4.7 
% 

0.2 M NH3 -
0.13 M laurate 75 180  52-54 93 73 n.r. 144 220 

-- -- 64 75 88 586 195 302 
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This 
study 

P(3HB-co-
3HV) 

MMC freeze 
dried 

sonication 0.2 M 115 30 -- 64 86 92 586 228 307 

n.r.: not reported; *Before purification; **After purification; †value extrapolated from a figure; MMC: Mixed Microbial Consortia; Mw�����: weight-average molar mass; Td: temperature of maximum 
decomposition 
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Figure 1: Effect of Time (A) and NH3 concentration (B) on the PHA purity, PHA recovery and 

Non-PHA Cell Material (NPCM) removal during ammonia digestion. A: Time effect (T: 45 °C, 

NH3: 0.2 M). B: NH3 concentration effect (T: 45 °C, t: 30 min). The line across bars indicates the 

PHA purity of the material before digestion (crude PHA). 
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Figure 2: A: Effect of temperature during ammonia digestion on the PHA purity, PHA recovery 

and Non-PHA Cell Material (NPCM) removal (t: 30 min, NH3: 0.2 M). The line across bars 

indicates the PHA purity of the material before digestion (crude PHA). B: Weight-average molar 

mass (Mw�����) and dispersity (Đ) in the range of 30 to 140 °C.  
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Figure 3: A: Reduction of weight-average molar mass (Mw�����) (%) and PHA loss (%) in the 

experiments performed with NH3 0.2 M during 30 min at different temperatures. B: 3-

hydroxybutyrate (3-HB) and crotonic acid detected in the supernatant of the experiments in A.  
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Figure 4: Shift of the equilibrium reactions with the increase of temperature from 0 to 50 °C (A) 

and from 50 to 140 °C (B). The direction of the shift is indicated by the bold arrows.  
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Figure 5: pH, pOH and concentration of unionised NH3 obtained with the model at varying 

temperatures (25 - 140 °C) and constant initial concentration of ammonia (0.2 M). 
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Figure 6: A: Hydrolysis constant observed with incubations of ethyl-3-hydroxybutyrate with 

0.2 M NH3 at different temperatures. B: Ethyl-3-hydroxybutyrate (E3HB), 3-hydroxybutyrate (3-

HB) and ethanol detected during the hydrolysis of E3HB with NH3 0.2 M at 140 °C.  

  

This article is protected by copyright. All rights reserved.



 

 

Figure 7: DSC curves recorded for crude PHA and NH3-digested samples (0.2 M NH3 for 30 min 

at different temperatures). A: Run I (first heating ramp) of crude PHA. B: Run II (second heating 

ramp) of crude PHA and NH3-digested samples.  
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Figure 8: Combined sonication and ammonia digestion at high temperatures, performed with 

incubations of 30 min with 0.2 M NH3. Only sonication but no ammonia digestion was performed 

on the control samples. A: PHA purity, PHA recovery and Non-PHA cell material (NPCM) 

removal. The line across bars indicates the PHA purity of the material before digestion (crude 

PHA). B: Weight-average molar mass (Mw�����) and dispersity (Đ). 

This article is protected by copyright. All rights reserved.



 

 

Figure 9: Molar mass (Mw�����) change during melting of the purified PHA (5 min 170 °C). White 

bars indicate the Mw����� after purification (before melting), and grey bars represent the Mw����� after 

melting. Samples purified through NH3 digestion: 75 °C 0.2 M NH3; 115 °C 0.2 M NH3; sonication 

without NH3 digestion; and sonication followed by 115 °C 0.2 M NH3. Other methods: See Table 

1 . PHA purity of the samples after purification is indicated below the x axis.  
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Figure 10: TGA curves. A: Weight % vs. temperature in samples purified through NH3 digestion at 115 °C (0.2 M) 

with previous sonication compared to other reference methods and the crude PHA. B: Derivate of the weight % vs. 
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temperature of the samples in A in the temperature range of PHA degradation. C: Derivate of the weight % vs. 

temperature of samples obtained through different NH3 digestion conditions: 75 °C 0.2 M NH3, 115 °C 0.2 M NH3 

and sonication without NH3 digestion. Values in parenthesis in the legends indicate PHA purity.  
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