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Abstract 
Polyhydroxyalkanoate (PHA) production at a large scale by purple phototrophic bacteria (PPB) is hindered due to high 
production costs and limited recovery due to its consumption during starvation periods. The present study identified cost-
effective inorganic acids as inactivation methods for PPB to obtain higher PHA recovery. The study was performed on reactors 
of different scales (10 L and 0.5 L) to grow PPB and recover PHA subsequently. The permanent feast strategy was adopted 
to obtain higher PHA in an anaerobic environment. As a result, the study achieved 33% (dry weight) PHA recovery using 
inorganic acid inactivation, while formaldehyde inactivation (traditional method) achieved significantly lower PHA recovery 
(20% only). The results from inorganic acid inactivation were further examined for their stability. The samples were stable 
even after day 14, and the PHA recovery was the same as on day 0. This pioneering study shows that inorganic acids can be 
used to inactivate the PPB metabolism to obtain higher PHA recovery; inorganic acid inactivation could be economical for 
large-scale PHA production.

Keywords  Purple phototrophic bacteria (PPB) · Polyhydroxyalkanoates (PHA) · Phototrophic mixed cultures (PMCs) · 
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1 � Introduction 

Carbon-based fossil fuels are the primary resource for 
obtaining chemicals and energy. However, its dramatic 
depletion is shifting focus toward a bio-based circular econ-
omy [1]. A search for new resources, technologies, and strat-
egies is being made to support a bio-based circular economy, 
with a prime focus on reducing dependency on carbon-based 

fossil fuels [2]. One of the major problems in the current 
scenario is petro-based plastics. Petroleum-based plastics 
are durable and low-cost and have good mechanical and 
thermal properties. However, their environmental impact is 
enormous as they are not degradable and can be in the envi-
ronment for more than a century. Therefore, the search for 
a sustainable alternative for bio and circular economy is on 
the urge. Microorganisms as biocatalysts for bioremediation, 
production of biodegradable plastics, biofuels, and bioen-
ergy can be excellent alternatives to promote sustainable 
development goals without impacting the environment [3]. 
Bioplastics have emerged as a sustainable alternative in this 
context, as they can be produced from renewable resources; 
some of them are biodegradable and have similar thermal 
and mechanical properties to petroleum-based plastics [3]. 
Naturally occurring polyhydroxyalkanoates (PHA) are ali-
phatic polymers, completely biodegradable, home and indus-
trial compostable, and environmentally safe bioplastics [4, 
5]. PHA have similar properties to petroleum-based plastics, 
such as thermoplastic and elastomeric properties, making 
them compatible for commercial applications. In addition, 
some microorganisms produce PHA as energy reserves 
during stress conditions, such as limited nutrients and light 
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availability [3]. The synthesis of PHA depends on the type of 
carbon source and cultivation methods, metabolic pathway, 
and types of monomers incorporated by microorganisms.

Purple phototrophic bacteria (PPB) are versatile microor-
ganisms that can grow in diverse environments in anaerobic 
and aerobic conditions. They have low energy requirements, 
high growth yield and low maintenance costs, and a wide 
range of cellular and metabolic products of value. PPB can 
convert waste sources such as wastewater into high-value 
products, for instance, bio-hydrogen, bioplastics, biofuels, 
and proteins [6]. The organics and nutrients in wastewaters 
are valuable resources for product recovery within the cir-
cular economy. PPB can perform anoxygenic photosynthesis 
using diverse wastewater sources to store PHA. In anoxic 
environments, PPB get favorable conditions to maintain 
their internal redox balance since they do not access other 
electron acceptors such as oxygen or nitrate, and they take 
carbon, which activates their metabolism to store PHA [3]. 
However, it is essential to maintain specific conditions to 
increase the accumulation of PHA; it is stated that the feast-
famine strategy allows higher PHA accumulation in PPB. 
In the feast-famine strategy, PPB are first appropriately fed; 
in the second phase, the feeding is stopped. Due to stress 
conditions in the second phase, they accumulate PHA [7]. 
However, in an anaerobic environment, permanent feast 
(PF) strategy allows for higher PHA accumulation, where 
PPB are continuously fed with carbon in low concentration 
of other nutrients such as nitrogen (N) and phosphorus (P) 
[8]. Allegue et al. (2022) have recently reported advanced 
conditions for PPB growth to accumulate higher PHA; they 
associated steam explosion pretreatment and thermophilic 
acidogenic fermentation to the organic fraction of municipal 
solid waste (OFMSW) with organic loading rate (OLR) of 
1 g COD L−1 d−1 and sludge and hydraulic retention times 
of 6 and 2 days, respectively, for stable growth of PPB to 
accumulate PHA.

Several companies have already adopted PHA produc-
tion on a large scale using aerobic bacteria. However, high 
production costs are still significant, so commercialization 
is still not widespread [9, 10]. Major expenses in the pro-
duction of PHA are determined by the fermentation sub-
strate’s cost and the polymer’s extraction from inside the 
cell [11]. In the situation when PPB experience a short-
age of substrates, they consume PHAs as a source of redox 
power, energy, and carbon. Thus, fixing the PPB biomass 
immediately after biomass collection is necessary to stop 
their metabolism and diminish the loss of PHA in bioplastic 
biorefineries. Formaldehyde is primarily used as a reagent 
to fix bacterial biomass and stop the assimilation and con-
sumption of PHA before recovery [7, 12]. However, organic 
solvents like formaldehyde are expensive and non-environ-
ment-friendly. Hence, several chemical compounds, such 
as acid, alkali, oxidants, and surfactants, can be used to 

recover PHA from biomass by cell disintegration [13]. The 
concentration and amount of oxidants and alkali compounds 
are crucial to be optimized; otherwise, if these compounds 
increase, they degrade intracellular polymers, leading to 
PHA loss [14, 15]. However, using inorganic acids such as 
sulfuric acid (H2SO4), hydrochloric acid (HCl), and nitric 
acid (HNO3) can reduce the cost of PHA recovery and does 
not degrade PHA like alkali compounds [13]. Thus, this 
study aims to explore an economical and eco-friendlier sol-
vent as an inactivating agent to stop PPB metabolism. The 
study’s primary goal was to maximize the PPB growth at 
a bench scale and achieve maximum PHA. The PPB were 
grown in two reactors: small (0.5 L) and big (10 L) glass 
bottles. The 0.5-L reactor was used as a control to compare 
with the PPB growth in 10 L. The inactivation experiments 
were performed with three inorganic acids, H2SO4, HCl, 
and HNO3, and were compared with the traditional cell 
deactivation method using formaldehyde solution. Further, 
a stability test for PHA recovery using different inorganic 
acids was also performed to evaluate the potential PHA 
degradation upon 14 days.

2 � Material and methods

2.1 � Inoculum and wastewater

The inoculum was taken from a naturally illuminated, 
350-L, pilot-scale, 20-cm deep raceway pond closed 
with a UV–visible filter, supplemented with acetic acid, 
ammonium, and phosphorus as a substrate, operated under 
a hydraulic retention time of 3 days, and a solid retention 
time of 9 days. The pilot raceway pond is located at Uni-
versity Rey Juan Carlos, Mostoles, Spain (Fig. 1). The 
inoculum’s volatile suspended solids (VSS) were 100 mg 
L−1. The reactors were fed with municipal wastewater 
from the University Rey Juan Carlos, Mostoles, Spain, 
supplemented with different concentrations of acetic acid, 
99.5% GLR, purchased from Labkem (Madrid, Spain). 
As a result, the wastewater contained soluble chemical 
oxygen demand (SCOD) of 168 ± 30 mg L−1, total COD 
(TCOD) of 187 ± 15 mg L−1, NH4

+-N concentration of 
52 ± 10 mg L−1, and phosphate (PO4

3−) concentration of 
5 ± 4 mg L−1.

2.2 � Operation of reactors

The experiment was performed in two open reactors 
made up of glass bottles: the first reactor as an upscal-
ing reactor had a working volume of 10 L (R1) and the 
second as a reference with a volume of 0.5 L (R2). The 
R1 was illuminated by four Infrared (IR) lights (IR130, 
C&M Vision Technologies Inc., Houston, TX, USA) 
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from all sides of the reactor. Similarly, R2 was illumi-
nated by two IR lights from both sides. R1 (10 L) and 
R2 (0.5L) had a similar configuration. Figure 2a shows a 
schematic view of the reactor setup in the laboratory. The 
reactors were continuously stirred on a magnetic stirrer 
(IKA* C-MAG MS10, Staufen, Germany) at 80 rpm. For 
the proper growth of PPB in the laboratory environment, 
reactors were monitored for approximately two months 
to enrich PPB before the main experiment started. The 
temperature of both reactors was uncontrolled and var-
ied at 24 ± 4  °C, and dissolved oxygen concentration 
was < 0.2 mg L−1 throughout the experiment. In addi-
tion, the pH of both reactors was monitored through a pH 
controller (Kontrol OI, ProsystemAqua, Cordoba, Spain) 
and maintained constant at pH 7 during the experiment. 
The reactors were operated in batch mode, where each 
batch lasted for 5 days, and three successive batch experi-
ments were performed.

2.3 � PPB enrichment and feeding strategy

Carbon and nutrients in adequate ratios are essential for PPB 
growth; in general, PPB are fed with high organics and low 
N and P ratios for higher PHA accumulation [8]. Therefore, 
a COD:N:P ratio of 100:3:0.5 was used (nutrient-limited 
conditions) for adequate PHA accumulation. Firstly, both 
reactors were fed with wastewater and acetic acid to main-
tain a COD:N:P ratio of 100:3:0.5. Then, an additional spike 
of acetic acid (1 g COD L−1) was added once all the nutri-
ents were consumed during the batch. Figure 2b represents 
the overall feeding strategy of the batch. The initial solu-
ble chemical oxygen demand (SCOD) was 1 g COD L−1. 
In anaerobic conditions, PPB can be grown in permanent 

feast conditions to have continuous availability of volatile 
fatty acids [8]; therefore, similar conditions were provided 
in the present study. Once the PPB mixed culture consumed 
the SCOD and nutrients, both reactors were spiked with 1 g 
COD L−1 of acetic acid, generally on the 3rd day of each 
batch. On the other hand, since the consumption of nutrients 
was slower in R1, the COD spike was unnecessary during 
the first two batches. The batch’s refreshment was performed 
using 10% volume from the previous batch. The reactors 
were cleaned daily by scrubbing the reactor walls to control 
light diffusion limitations.

2.4 � Wastewater analysis

The wastewater parameters were monitored from day 1 
to day 5 for each batch. The wastewater was monitored 
for COD, NH4

+, PO4
3−, total suspended solids (TSS), and 

volatile suspended solids (VSS) at the start of each batch 
and after every 24 h during 5 days. The liquid samples 
were filtered through a cellulose filter of 0.45 μm pore 
size before analysis. COD, TSS, and VSS were analyzed 
according to APHA Standard Methods [16]. NH4

+ and 
PO4

3− were analyzed through SmartChem140 (AMS 
ALLIANCE, Frepillon, France). A pH meter monitored 
pH and Oxidation Reduction Potential (ORP) daily (GLP 
22, Crison, Spain). Temperature and dissolved oxygen 
(DO) were monitored by Hach portable dissolved oxy-
gen meter (Hach, Colorado, USA). The PPB growth was 
monitored by scanning the absorbance of the biomass 
between 400 and 1100 nm wavelength using a UV Spec-
trophotometer (Agilent Technology, Santa Clara, CA, 
USA) and taking absorbance at wavelengths 660  nm 
(which is used for measuring optical density) and 805 
and 865  nm (corresponding to the absorbance peaks 
of bacteriochlorophyll a that is typically found in pur-
ple phototrophic bacteria). The apparent biomass yield 
(Yx/s, in mgVSS mg COD−1) was calculated by the ratio 
between total biomass growth (VSS) and the total SCOD 
consumed.

2.5 � Standard PHA extraction and analysis

The PHA extraction was done from 50 mL of fermentation 
broth (biomass suspension) taken from the reactors and 
immediately inactivated with 0.2% formaldehyde, followed 
by centrifugation and lyophilization (Standard M, Harvest 
Right, Spain) to prevent PHA degradation. The samples 
were further mixed with chloroform, and acid solution 
for PHA extraction following a protocol is described else-
where [1]. PHA production was analyzed by gas chroma-
tography using an HP-5 Agilent column and coupled with 
an FID detector (Agilent Technologies, Santa Clara, CA, 
USA). The column was initially maintained at 50 °C for 

Fig. 1   Picture of the anaerobic raceway ponds operated in the Uni-
versity Rey Juan Carlos that were used as the source of biomass to 
inoculate the experiments (Móstoles, Madrid, Spain) 
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3 min, followed by 180 °C at 12 °C min−1, and maintained 
at 250 °C for 5 min at 7 °C min−1. Helium was used as 
carrier gas (1 mL min−1), and the injector temperature was 
maintained at 320 °C. The complete protocol for the analy-
sis is described elsewhere [1]. Commercial standards of 
PHA were used to make calibration curves: one containing 
88% of hydroxybutyrate (HB) and 12% of hydroxyvalerate 
(HV) and another with 100% methyl 3-hydroxyhexanoate 
(Sigma-Aldrich, USA). The PHA production was calcu-
lated as wt.% of dried biomass (d.b.) and expressed as PHA 
content/fraction (mPHA) by using Eq. 1.

(1)mPHA =
PHA(mg)

PPB biomass (mgVSS)
× 100

2.6 � Alternative PHA inactivation and stabilization

An inactivation method was used to make PHA production 
eco-friendlier and more economical than the standard one 
using formaldehyde as an inactivating agent. The PHA 
inactivation was performed using different inorganic acids 
to identify the best inactivating agent. The inactivation 
protocol with formaldehyde from Sect. 2.5 was consid-
ered the control method. The alternative inactivation was 
performed with three different inorganic acids (1 M): HCl, 
HNO3, and H2SO4. Three different pH (1, 2, and 3) and 
three time frames (1, 4, and 8 h) were considered influ-
encing factors. Based on the operational parameters, a 
D-optimal randomized factorial with design model 2-fac-
tor interaction was performed using Design-Expert 12.0 

Fig. 2   Schematic of reactor 
setup in the laboratory. R1 (10 
L) and R2 (0.5 L) had a similar 
configuration except for the 
volume in both reactors (a). 
Feeding strategy of both reac-
tors (b)
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software (Stat-Ease, Minnesota, MIN, USA). The total 
number of runs was 28 based on three different acids, pH, 
temperature, and 5-level replicate points.

For inactivation experiments, 6 L of volume from the 
R1 reactor was centrifuged at 5430 rcf for 15 min to reach 
at least 3 g TSS L−1 of biomass. Afterward, a jar test was 
performed with a working volume of 200 mL in each beaker. 
The pH of all runs during the jar test was controlled by a pH 
controller (ProsystemAqua, Cordoba, Spain). Samples were 
taken at the mentioned time interval and kept at 4 °C. Then, 
the samples were centrifuged, followed by the same PHA 
extraction and analysis process mentioned in Sect. 2.5. The 
measured concentration of PHA was then compared to the 
concentration of the control sample to determine the PHA 
recovery efficiency of the alternative inactivation method.

The stability of the PHA over time was measured by ana-
lyzing the PHA concentration on the same day of the experi-
ment (expressed as day 0). The same sample was kept in a 
desiccator at room temperature and analyzed after 1 week 
(day 7), followed by the second week (day 14). The results 
from day 0 were compared with those from days 7 and 14. 
The results were considered stable if the PHA concentration 
after 2 weeks were not changed (at 95% confidence).

2.7 � Data handling

Confidence intervals at 95% were calculated from triplicate 
measurements based on a two-tailed t-test from param-
eter standard error and used for statistically representative 
comparisons.

3 � Results and discussions

3.1 � Performance of PPB culture for accumulating 
PHA

The COD and nutrient consumption were monitored to 
observe PPB growth and PHA accumulation. Figure  3 
shows the COD, N, and P concentration and removal dur-
ing each batch experiment. The TCOD was relatively con-
stant throughout the batch, and SCOD reduced with time in 
both reactors (Fig. 3a, b). The TCOD generally increases 
or stays constant when the biomass increases, whereas 
SCOD is consumed by biomass for its growth; thus, it 
decreases with time. Since PPB under phototrophic condi-
tions are assimilative organisms, they do not reduce TCOD 
but convert it from soluble to particulate (assimilative 
growth) [17]. The SCOD consumption rate in R1 was 0.78 
mgCOD mgCOD-biomass−1 d−1 at the start of the initial 
batch, which increased with time to 2.3 mgCOD mgCOD-
biomass−1 d−1 at the end of the batch. On the other hand, 
in R2, the SCOD consumption rate at the initial batch was 

1.3 mgCOD mgCOD-biomass−1 d−1, which decreased at the 
end of each batch to 0.8 mgCOD mgCOD-biomass−1 d−1. 
Therefore, R2 evidenced a higher SCOD consumption in the 
initial phases, resulting in a higher biomass yield than R1. 
However, the consumption rate was vice versa at the later 
stage resulting in higher biomass in R1. It also indicates 
that carbon was used for PPB biomass growth at the initial 
stages and was then majorly utilized for PHA accumulation 
rather than growth [8]. During initial batches, the nutrients’ 
consumption was faster in the R2 than in the R1 due to the 
higher volumetric irradiance (16 vs. 1.44 W L−1). Thus, 
it caused a concomitant faster PPB growth. Nonetheless, 
at the later stage, R1 and R2 performed similarly (Fig. 3), 
indicating that the irradiance had a low influence on the 
cultures’ growth. Figures 3a and 2b show that the R1 and 
R2 showed a sharp increment in TCOD after the COD spike 
during each batch. As stated in the literature, acetic acid pro-
motes PPB growth, and an excess of organic carbon allows 
PHA accumulation irrespective of the nitrogen concentra-
tion, even during growth [18]. It is also generally stated that 
PHA-accumulating bacteria can grow in a two-stage process 
where they enrich in the first stage and accumulate PHA at 
high organic load and limited nutrient conditions [2, 19].

The PPB growth was monitored by measuring TSS and 
VSS daily. Similarly, the absorbance at 600 nm and 805 nm 
was also monitored to observe PPB growth. Figure 3e, f rep-
resents the suspended solids and absorbance ratio, respec-
tively. The absorbance ratio (805/660 nm) increased after 
the COD spike, achieving values close to 1, indicating that 
the mixed microbial culture was highly enriched in PPB [20, 
21].

It is mentioned in several studies that the PF regime (con-
tinuous presence of organic carbon) is a better way to pro-
duce high PHA in anaerobic conditions; therefore, in this 
study, the second COD spike had a significant role in bio-
mass growth and PHA production [1, 8]. In the PF regime, 
PPB store PHA as an electron sink to stabilize the cell’s 
internal redox state [22]. Indeed, PPB can maintain PHA 
accumulation after entering in a resting (not-growing) state, 
as shown in the increment of the PHA accumulation shown, 
e.g., at day 16 after the second acetate spike in both reac-
tors. Three samples per batch were taken to monitor PHA 
production based on the PPB growth (checking the absorb-
ance at 660 nm). The PHA accumulation was higher in the 
R2 than in R1. The PHA mass fraction in biomass (wt.%, 
d.b.) in R1 at the end of batch 1, batch 2, and batch 3 was 
17 ± 1%, 19 ± 1%, and 20 ± 1%, respectively. Similarly, the 
PHA accumulation from R2 in batch 1, batch 2, and batch 
3 was 36 ± 3%, 31 ± 4%, and 31 ± 1%, respectively (Fig. 4). 
The PHA generally lowered on the 2nd and 3rd days; then, 
it increased with biomass growth until day 5 of each batch. 
Based on previous studies, one of the scale-up challenges for 
PHA production by PPB is the control of the PHA evolution. 
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Fig. 3   COD concentration (a  SCOD, b TCOD), nutrient concentration and removal (c, d; solid lines indicate concentration and dotted lines 
removal), and suspended solids and absorbance ratio (e, f) for each batch of R1 (■) and R2 (●) reactors
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Indeed, on a large scale, PHA production is usually limited 
[2, 8]. PHA produced by PPB does not stay stable with time; 
it usually gets utilized by PPB themselves when the volumet-
ric irradiance is not in excess, as in the case of R1. Another 
reason could be the difference in specific irradiation in both 
reactors [23], 5.6 ± 1 (R1) and 48 ± 11 (R2), W gVSS−1, 
which could explain the lower PHA yield from the R1 reac-
tor. This is likely due to the higher energy available for the 
PPB cultures in the smaller reactor due to higher volumetric 
light intensity. The excess of light causes an increase of the 
redox stress inside the cells due to overproduction of reduct-
ants like NADH in the electron transport chain, and it is one 
of the key factors for the accumulation of PHA by PPB [24]. 
However, the PHA production from both reactors remained 
stable at the end of each batch by maintaining up to 20 ± 1% 
in R1 and 31 ± 1% in R2 at an ORP of − 101 ± 14 mV in R1 
and − 108 ± 6 mV in R2. The relatively high PHA production 
can be due to excess reductants from the organic carbon’s 
catabolism that enhance the PHA accumulation [1].

3.2 � Biomass inactivation process

Once the higher PHA production was achieved in R1, the 
inactivation process was performed with different acids and 
compared with the control sample using formaldehyde. Fig-
ure 5 provides the detailed inactivation result of all three 

acids. The control sample treated with formaldehyde solu-
tion had a PHA fraction in biomass of control sample which 
amounted to 20.2%. However, the maximum PHA concen-
tration was 33.4% by fixing the biomass with HNO3 at pH 2 
for 4 h. The highest PHA of 30.7% and 32.2% was observed 
from HCl and HNO3, respectively, in inactivated samples 
at pH 1 for 8 h, whereas the maximum of 28.4% PHA was 
observed from H2SO4 in inactivated samples at pH 1 for 1 h. 
From the results, it is clear that, at pH 1, most of the acids 
worked effectively to inhibit the biomass PHA assimilation 
and resulted in higher PHA recovery. However, pH 3 also 
resulted in higher PHA recovery for the samples inactivated 
with HCl and HNO3. Thus, based on economic aspects, pH 
3 can be considered an adequate acidity for fixing PPB bio-
mass with HCl and HNO3. The results indicate that the PHA 
recovery was higher in the samples inactivated with acids 
than in the control sample inactivated with formaldehyde, 
which indicates that alternative inactivation with H2SO4, 
HNO3, and HCl was better than the traditional inactivation 
in terms of PHA recovery. The loss of the PHA assimilation 
and the less PPB consumption by acid inactivation were due 
to inhibition at low pH [25]. The low pH can destructure 
the cell wall by the acidic attack, causing general inhibi-
tion of the metabolism due to the PPB’s inability to per-
form active transport along the membranes. Another reason 
can be the disruption of the proton motive force or proton 

Fig. 4   PHA production based 
on dry biomass wt.% for each 
batch of R1 (■) and R2 (●) 
reactors using formaldehyde as 
a fixing agent
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gradient, which may cause disability of the bacteria to pro-
duce electron transporters that are necessary to polymerize 
PHA and depolymerize PHA (phaZ, depolymerase enzyme) 
[26]. PHA synthesis and degradation can happen simultane-
ously [26]. Since inorganic acids disrupted cell metabolism, 
the polymerization and depolymerization of PHA stopped. 
Thus, the PHA was stabilized by the acidic treatment, likely 
due to metabolic inhibition. Additionally, inorganic acids do 
not degrade the accumulated PHA like alkali [13], and thus, 
higher PHA recovery can be achieved with acid inactivation.

The same samples were tested at day 0, again after one 
week (day 7), and after two weeks (day 14) to observe 
the stability of the PHA results achieved from alternative 

inactivation. Table 1 provides detailed data. The samples 
inactivated by HCl and HNO3 had relatively stable results 
even after day 14 compared to day 0. However, the stability 
test indicated that even though H2SO4 performed well for 
PHA inactivation, the results were not stable after day 7 and 
day 14 in samples inactivated at pH 3 for 8 h. Therefore, HCl 
and HNO3 were more effective inactivating agents for PHA. 
Alternatively, H2SO4 can also be used as an inactivating 
agent if stability is not an issue (e.g., in case the shipment of 
PHA-containing biomass is not necessary and PHA extrac-
tion can be performed onsite immediately after biomass 
inactivation). Also, pH 3 can be considered a suitable pH to 
fix PHA due to its economic benefits at a large scale due to 

Fig. 5   Concentration of PHA in the PPB biomass extracted from the experiments performed at different pH and reaction times, using HNO3 (a), 
HCl (b), and H2SO4 (c) as fixing agents. The sample inactivated with formaldehyde had a PHA content of 20.2%
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lower acid requirements. The stability results also indicate 
that PHA does not degrade with time and remains stable for 
up to 2 weeks. On the other hand, the less hazardous could 
be considered to have fewer environmental hazards among 
the three inorganic acids. Thus, HNO3 can be considered an 
excellent inactivating agent as it can be economical for large-
scale usage and does not have as much environmental impact 
as formaldehyde as an inactivating agent [14, 15], which 
causes environmental and health hazards. Consequently, the 
economic and environment-friendly inactivating agent can 
significantly reduce the PHA production costs, which is one 
of the major limitations to its industrialization [8].

3.3 � Downstream processing and economic 
advantages

Recently, PHA production has gained enough attention in 
the context of industrial interest. However, large-scale PHA 
production is still costly and is one of the major limitations 
of bioplastic production. The PHA production costs until 
2018 were 3.1€ kg−1, significantly higher than the produc-
tion of fossil-based plastics, which costs 1.05–1.15 € kg−1 
[2]. In industrial or large-scale PHA production, the major 
cost required is for microbial PHA polymer extraction from 
inside the cell [11]. The extraction process is a major cost 
factor besides feedstock cost for PHA production. Addition-
ally, downstream processing has a large ecological footprint 
due to using chemicals, solvents, and energy [10]. In the 
past few years, several ongoing studies on PHA recovery 
aimed to reduce or substitute the use of chemicals and sol-
vents to decrease the ecological footprint and maximize 
PHA yields [27]. However, since PHA recovery from PPB 
biomass requires stopping its metabolism, the recovery can 
be affected by changing biomass inactivation techniques.

PHA recovery from inside the cell of PPB biomass is gen-
erally performed after using solvents in the form of inacti-
vating agents to stop PPB metabolism that consumes PHA. 
This is especially relevant when production and extraction 
processes are not performed in the same facilities, and the 

transport of biomass is necessary. Otherwise, synthesis and 
consumption of PHA can cooccur. Several strategies have 
been implemented at the production stage to reduce the inacti-
vation process cost and decrease environmental hazards. How-
ever, the inactivation of PPB biomass to stop their metabolism 
and maximize PHA productivity is one of the major chal-
lenges which still has not been addressed. Mainly, formalde-
hyde is used as an inactivating agent for PPB biomass to stop 
their metabolism; however, it causes several environmental 
and health hazards. Moreover, the formaldehyde requirement 
can be high in large-scale PHA production, increasing produc-
tion costs and environmental risk hazards. Therefore, finding 
other economic and environment-friendly alternatives for fix-
ing PPB biomass is essential. Using inorganic acids such as 
H2SO4, HCl, and HNO3 as an inactivating agent for PPB can 
be a good alternative because of being economical and envi-
ronmentally friendly. The cost associated with inorganic acids 
is estimated as much cheaper than the formaldehyde cost; e.g., 
considering the current market prices from a large chemical 
company (Merck) in a specific quality (ACS reagent) and the 
amounts needed to achieve the inactivation of the biomass 
in this study (expressed as € per gram of VSS), the relative 
application price for the inorganic acids and formaldehyde is 
0.8, 0.43, 5.0, and 18.3 €/g for sulfuric (at pH 1), nitric and 
hydrochloric acids (at pH 3), and formaldehyde, respectively. 
In addition, inorganic acids do not degrade PHA like alkali, 
and higher PHA % can be achieved [13]. Additionally, the 
use of inorganic acids does not have any major environmental 
hazards; therefore, it would not have a large ecological foot-
print as the use of formaldehyde or other harmful solvents on 
a larger scale. Thereby, the use of inorganic acids can reduce 
operational costs significantly.

4 � Conclusions

This study shows for the first time the possibility of using 
inorganic acids as an alternative inactivating agent for PPB 
biomass. The alternative inactivating agents were used to 

Table 1   Stability results of 
PHA production (as dry wt.%) 
based on inactivation results of 
three different acids at different 
pH and times on day 0, day 7, 
and day 14

pH Time (hours) Acid type

HNO3 (A) HCl (B) H2SO4 (C)

Day 0 Day 7 Day 14 Day 0 Day 7 Day 14 Day 0 Day 7 Day 14

1
1
1
2
2
2
3
3
3

1
4
8
1
4
8
1
4
8

21.5
24.1
32.2
27.2
33.4
26.3
26.1
29.1
27.3

21.9
–
23.9
–
–
23.1
–
–
25.0

–
–
23.9
30.2
29.2
30.7
28.9
31.7
29.8

21.7
20.6
30.7
28.6
27.1
32.2
27.5
30.5
30.5

22.5
20.2
27.4
–
–
30.6
–
–
31.3

–
–
23.5
34.6
35.6
33.3
31.4
26.3
30.1

28.4
23.1
24.1
21.8
24.4
23.3
24.3
12.5
14.6

–
21.9
24.9
–
–
18.3
–
–
11.4

31
–
24.1
–
–
–
28.6
13.4
13.7
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stop the PHA assimilation by PPB and to improve the PHA 
recovery potential. The study anticipates higher PHA recov-
ery on a large scale. The PHA results indicated that with 
inorganic acid inactivation, the PHA recovery is higher than 
the use of formaldehyde. At pH 3, the results obtained from 
fixing with HCl and HNO3 were pretty stable; thus, it can be 
considered the best condition to fix PPB biomass. However, 
H2SO4 can also be used as an alternative except for 8 h at 
pH 3. Additionally, the stability of the results is even up to 
2 weeks for all the inorganic acids except H2SO4 at pH 3. 
Using inorganic acids can benefit large-scale PHA produc-
tion since it is more economical than other harmful solvents. 
It may also reduce environmental hazards associated with 
using formaldehyde as an inactivating agent.
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