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Heterotrophic-autotrophic poly(3-hydroxybutyrate) (PHB) production is a promising process to pro-
duce bioplastics from CO,, which is more sustainable and safe compared to completely heterotrophic or
completely autotrophic alternatives, respectively. In this study, pure culture heterotrophic-autotrophic
PHB production was described through a mathematical model, which was validated on experimental
datasets obtained with different organic substrates and applying different switching points from growth
phase to PHB production phase. The mathematical model provided an accurate prediction of the dynamic
behaviour of heterotrophic biomass growth and autotrophic PHB production. The model was subse-
quently applied for scenario analysis, to determine the optimal operation conditions in terms of O, and
NH4*-N concentrations in the fermentation medium. The optimal scenario for maximal PHB production
was 0.224 mg/L oxygen concentration at ammonium-nitrogen (NH4*-N) free condition.

Simulation

© 2016 Published by Elsevier B.V.

1. Introduction

Poly(3-hydroxybutyrate) (PHB) is an intracellular storage mate-
rial that is synthesized by a number of microorganisms and has
become of considerable industrial interest and of environmental
importance as a biodegradable and bio-based plastic. Although
PHB is regarded as an effective substitute for conventional plas-
tics, commercialization of this biopolymer is hampered by its high
production cost compared to other (bio)polymers [1].

PHB is mostly produced through pure-culture fermentation, in
which a cell growth phase under nutrient-sufficient conditions is
followed by a PHB production phase triggered by applying nutrient
(typically ammonium-nitrogen) limitation, making up a two-phase
process. Most often heterotrophic conditions are applied during
both phases, employing a wide variety of organic substrates, either
pure substrates such as glucose, sucrose, starch, cellulose, or waste
substrates such as molasses, whey, waste glycerol etc [2-5]. How-
ever, also autotrophic PHB production is possible by applying
bacteria which use carbon dioxide (CO;) as a carbon source and
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hydrogen (H,) as an energy source [6-8]. Autotrophic PHB pro-
duction is particularly interesting because it produces a valuable
product and at the same time reduces the concentration of the
greenhouse gas CO,, in this way contributing to climate change
mitigation. However, autotrophic PHB production is limited by the
fact that the oxygen (O,) concentration in the gas phase needs
to be kept below the lower level of explosion, i.e. between 6 and
6.9% O, by volume in the gas mixture of CO,, Hy, and O, [9]. The
0O, transfer rate becomes very low under this condition, which
seriously hampers the cell growth because of O, limitation [10].
As a result, autotrophic-autotrophic PHB production, i.e. combin-
ing autotrophic growth (phase 1) and autotrophic PHB production
(phase 2) cannot be realized in an economically viable way.

To overcome this limitation, a new cultivation method, namely
heterotrophic-autotrophic PHB production, was proposed by
Tanaka and Ishizaki, [10]. This method consists of heterotrophic
growth on organic substrate (phase 1), maintaining nutrient-
sufficient conditions, followed by autotrophic PHB production on
CO,, Hy, and O, while applying ammonium-nitrogen limitation
(phase 2). In this way, a high PHB concentration can be realized
under safe operating conditions.

Cupriavidus necator (formerly known as Ralstonia eutropha,
Alcaligenes eutrophus, and Wautersia eutropha) is a well-known and
well-studied hydrogen oxidizing bacterium that is able to grow
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Table 1
Stoichiometry for heterotrophic-autotrophic PHB production.

Component — Substrate  Nutrient Carbon dioxide  Hydrogen Oxygen Residual Heterotrophic Autotrophic Process rate
Process |, S) (NH4™") (COy) (H2) (072) biomass (X) PHB (Pper) PHB (Pgur)

1. Biomass growth on  -1/Yys -1/Yan -1/Yxo 1 HxsX
substrate?®

2. Biomass growth on -1/Yi -1/Yxo 1 -1/Yxp xpX
PHB"

3. Heterotrophic PHB  -1/Y)s -1/Ypo 1 Mpspee X
production®

4. Autotrophic PHB —1/Ypco2 —1/Ypu2 —1/Ypo2 1 IpsqueX

production?

2 The parameters Yys, Yyv and Yyo are related to each other through the COD and N-balances.
b The parameters Yyxp, Yxv and Yy are related to each other through the COD and N-balances.
C
d

The parameters Y,s and Yjo are related to each other through the COD balance.

The parameters Y,co2, YpH2 and Yo, are related to each other and to the stoichiometric coefficient of H,O (not explicitly taken up) through the C, H and O balances.

under both heterotrophic conditions, using organic carbon, and
autotrophic conditions, on a gas mixture (CO,, O, and Hy) [11]. In
the presence of sufficient O, and ammonium-nitrogen (NH4*-N),
C. necator (CH;.7400.46No.19) grows on organic substrate (CxHy0;)
according to Eq (1).

CxHy0; + 0, + NHI — CH1.7400.46No.19 + CO3 + H,0 + HT (1)

Under stress conditions such as under O, and/or NH4"-N
limitation, C. necator has the capability of producing pure PHB
(homopolymer) using an organic carbon (Eq. (2)) or using CO, as
carbon source and Hj as energy source (Eq. (3)) [12].

CxHyOZ + 02 — C4H602 + COZ + Hzo (2)
33H, + 120, + 4C0, — C4HgO, + 30H,0 (3)

Although the heterotrophic-autotrophic process has a high
potential to produce PHB from CO,, it only attracted a limited
amount of research attention so far, only focusing on experimental
work. Tanaka and Ishizaki [10] proved the feasibility of the con-
cept using fructose as the carbon source during the heterotrophic
growth phase and a gas mixture of CO5:H;:0,=10.3:84.1:6.7 dur-
ing the autotrophic PHB production phase. Sugimoto and his
collaborators [7] used acetic acid for heterotrophic growth but
found a low PHB productivity in the subsequent phase due to the
inhibitory effect of acetic acid on enzymes related to autotrophic
metabolism. Recently the feasibility of heterotrophic-autotrophic
PHB production was demonstrated using either glucose or waste
glycerol for the heterotrophic growth phase and maintaining an O,
fraction lower than 3% in the gas mixture during the autotrophic
phase, to ensure safe operational conditions [12].

The microbial production of PHB comprises a number of pro-
cess steps including cell growth, intracellular PHB accumulation,
PHB consumption etc. in which a lot of process variables and other
influencing factors are involved [13]. This makes optimal process
design and operation for efficient production of PHB one of the main

Table 2
Process Kinetics for heterotrophic-autotrophic PHB production.

challenges. Modelling and simulation are very useful tools to under-
stand the dynamic process behaviour, the underlying mechanisms
and to develop control strategies for maximizing PHB production
[14]. However, up till now no model is available for heterotrophic-
autotrophic PHB production.

This study constitutes the first contribution in which mod-
elling and simulation was applied for optimizing heterotrophic-
autotrophic PHB production. The process was described combining
previously established models for heterotrophic-heterotrophic
[15] and autotrophic-autotrophic [16] PHB production processes.
The model was validated on the experimental datasets of Garcia-
Gonzalez et al. [12]. Subsequently, the model was applied in view
of process optimization in terms of maximizing PHB production, to
examine the influence of the O, and NH4*-N concentration in the
fermentation medium.

2. Modeling heterotrophic-autotrophic PHB production
2.1. Process stoichiometry and kinetics

The model for heterotrophic-autotrophic PHB pro-
duction was based on previously established models for
heterotrophic-heterotrophic PHB production [15] and for
autotrophic-autotrophic PHB production [16], for the same
microorganism as in this study, Cupriavidus necator DSM 545. The
detailed model stoichiometry and kinetics are given in Table 1 and
Table 2, respectively and all the parameter values in Table S1 in
the Supplementary materials.

Four processes were considered: heterotrophic biomass growth
on organic substrate and on PHB, heterotrophic PHB production on
organic substrate and autotrophic PHB production using CO as car-
bon source. Maintenance on organic substrate was not taken into
account because it does not have significant effect during the het-
erotrophic growth phase [15,17]. Heterotrophic cell growth (phase

Process

Kinetic expression

1. Biomass growth on substrate Jxs— ™ (

s N ( 0, )
Ks+S+ 3= Ky+N+ 42 Kxo2 + 02

max fPHB

2. Biomass growth on PHB

3. PHB production on organic substrate

4. PHB production on gaseous substrate

Uype
Hoo=Fap Kphg + fprp

N ( 0,
Ky +N+ 2 ) \ Koz +0;

max
Hepsper=Fpspe, <

S 0,
Kps +S+ 7 %
ps Kpis Kpo2 + 02 + Kooz

1 ( Sem "I Ko
SrHB(max) N+ Kpin

Hy 0,
Ppsaur = Moy ( Ko+ T3 ) P

AV\—/
—_

CO, 1- fru ? Kpin
Kpcoz + CO2 frrB(max) N+ Kpiv

Kpoz + 02 + KTf)z




204 Md.S.I. Mozumder et al. / Biochemical Engineering Journal 114 (2016) 202-208

1), both on organic substrate and on PHB, is limited by too low
concentrations of NH4*-N and inhibited when these concentra-
tions are too high, which is modelled through Haldane kinetics.
The effect of organic substrate on cell growth is also described by
Haldane kinetics, while growth on PHB is limited (not inhibited)
by the intracellular PHB fraction. Monod kinetics were included
to describe the limitation effect of O, on biomass growth; it was
assumed that the O, concentration never reached inhibitory lev-
els. Cell density inhibition of biomass growth on substrate and on
PHB were taken into account by a modified logistic growth expres-
sion [15,17]. During the heterotrophic growth phase (phase 1), the
headspace gas was at atmospheric pressure and its composition
was similar to the one of air. CO; produced during the heterotrophic
growth phase was not considered in the model because its con-
centration was very low and it was not used as a carbon source
due to the absence of hydrogen (H,) in this phase. The limitation
and inhibition effect of oxygen on heterotrophic PHB production
[18] was modelled through Haldane kinetics. A fixed oxygen (O-)
concentration was assumed during phase 1; during the PHB pro-
duction phase (phase 2) O, was considered as a state variable. The
effect of O, on autotrophic PHB production (phase 2) was mod-
elled through Haldane kinetics [16]. Due to the low solubility, the
concentrations of Hy during autotrophic PHB production was rea-
sonably assumed not to be in the inhibiting range and the limitation
effect was modelled through Monod kinetics. CO, causes significant
cell damage and thus reduces PHB production at headspace concen-
trations of 22% [19]. However, in this study the CO, composition in
gas phase was maintained below 15%, which is in the limiting range.
Monod kinetics were used to describe the CO, limitation effect. The
stoichiometric coefficients were determined by the stoichiomet-
ric equation for autotrophic PHB production (Eq. (3)), which was
based on the overall consumption of gaseous substrate and on the
overall PHB production [6]. In this way, maintenance was lumped
in the stoichiometry and therefore not considered as a separate
process. Autotrophic biomass growth was not considered as the
autotrophic phase was only started when the NH4*-N concentra-
tion had become very low, thus preventing biomass growth.

Distinct state variables were defined to describe PHB produced
from organic substrate (Pp,; ) or from CO; (Pgy¢ ). This model feature
can be seen as a ‘labelling’ of produced PHB to track its origin. It is
clear that no physical distinction exists between PHB produced in a
heterotrophic or autotrophic way. The fraction of PHB into the cell
is defined as PHB to residual cell ratio (fpyg). Both heterotrophic
and autotrophic PHB production are inhibited by NH4*-N, which
was expressed by a non-competitive inhibition equation; product
(PHB) inhibition was modelled through a modified logistic expres-
sion (Table 2).

2.2. Mass balances

The mass balances over the fermentor for heterotrophic-
autotrophic PHB production comprise advective transport (inflows
and outflows, interphase transport (between the gas and the liquid
phase)) and biochemical conversion (transformation of substrate
and nutrients into PHB or residual biomass). The corresponding
terms for the heterotrophic growth phase and for the autotrophic
PHB production phase were described in Mozumder et al. [15] and
in Mozumder et al. [16] respectively.

The feed flow rates of the organic substrate and nutrient solu-
tions during the heterotrophic growth phase were determined from
the mass balances for organic substrate and nitrogen, given that
their concentrations were maintained at a constant (optimal) level.

ds(t) Fs(t)Sp

d — V()

—D(t)S— pusX(t)=0 (4)

dN(t)  Fy(ONp

a ~ V(D)

D(O)N — unX () = 0 (5)

s (g substrate/g cell/h) and uy (g nitrogen/g cell/h) denote
the specific substrate consumption rate and the specific nitrogen
consumption rate, respectively.

Mxs | Mpspe
_ s 6
Hs = Vs (6)
UN = 7MXSY+ Hap (7)
XN

Assuming that neither biomass nor PHB were present in the
feed solutions, the biomass and PHB concentration profiles dur-
ing heterotrophic phase were obtained from their respective mass
balances.

dx(t) _

S = (e = DOX () (8)
Pt _ 1y X D (1) Prer (1) (9

inwhich p (g cell/g cell/h) and up,,, (g PHB/g cell/h) denote the
net biomass growth rate and the net PHB production rate, respec-
tively.

Mx = Hxs + Mxp (10)
Hexp

Hepper = Mpsper — Y, (11)
xp

During autotrophic PHB production, the reactor volume remains
constant since there is no liquid feeding to the system. The macro-
scopic transport comprises mass transfer from the gas phase to the
liquid phase. The individual mass balances are represented by Eqs.
(12)-(14).

de (t) _ * Mpsaur

g = kuags,) (M3 —Hz) - Vo X (12)
d02 (t) _ ¢ Hpsqut

dr = k]_a(oz) (02 - Oz) — 7Yp()2 X (13)
dCO2 (t) * Mpsay

= kia(co,) (co2 - COZ) - YpToz[ X (14)

Hj, 0%, CO3 denote the equilibrium liquid phase concentrations
corresponding with the gas phase composition of Hy, O,, CO,
respectively as expressed by Henry’s law (Eq. (15)). The solubil-
ity of a gas (C* (H;, 03, CO;) ,g/L) is the inverse of Henry’s constant
(ky, atm/g/L), multiplied by the partial pressure of the gas (Pg, atm).

C* =Pg/kn (15)

The Henry’s constant (ky) of each gas was calculated from the gas
solubility at standard conditions (pure gases at 30°C and 1atm
pressure [20], see Table S1 in Supplementary materials).

The overall volumetric mass transfer coefficients for Hy (kpays)
and for CO, (kpacoy ) were calculated from that of O, (k;ap; ) accord-
ing to Eq. (16) [21] and Eq. (17) [22] respectively.

kiay, = 0.280(k.ap,)'?° (16)

D
kiacoz = 4/ %haoz (17)

In which Dyco, is the diffusion coefficient for CO; (1.77 x 107> cm?/s
[23]) and Dyq; is the diffusion coefficient for O (2.50 x 107> cm?2/s
[22]).
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Table 3

Dependency of maximum PHB to RCC ratio, fprp(max) ON Organic substrate type and autotrophic phase conditions.
Organic substrate in heterotrophic phase RCC at the autotrophic phase SpHB(max) Reference
Fructose 4 5.6 [10]
Fructose 10 13 [10]
Fructose 15 1.3 [10]
Acetic acid 5 1.2 [7]
Glucose 5 (16/5)=3.2 [12]
Glucose 16 (11/16)=0.7 [12]
Waste glycerol 5 (13/5)=2.6 [12]
Waste glycerol 16 (28/16)=1.8 [12]

The autotrophic PHB production rate depends on the specific
PHB production rate (tps,, ) and residual cell concentration (RCC)
in the autotrophic phase, as expressed by the PHB mass balance:

dPays (t)
= MpsaX (18)

The total PHB production in the heterotrophic-autotrophic sys-
tem was calculated as the sum of the amount of PHB produced

during the heterotrophic growth condition (P, ) (Eq. (9))and the
produced PHB under autotrophic condition (Pgy) (EqQ. (18)).

dP(t) _ dPhet (t) dPaut(t)
dt — dt dt

= (/”Lpsaut + I'Lpshet)x - D(t)Phet (t) (19)
2.3. Model validation

The model was applied to simulate the four experimental
datasets described by Garcia-Gonzalez et al. [12]. The model fit
was evaluated through visual comparison and by applying the
Nash-Sutcliffe model efficiency coefficient (E) [24] as a quantita-
tive means to assess the accuracy of model outputs and thus the
predictive power of the model. Essentially, the closer the model
efficiency is to 1, the more accurate the model is.

2.4. Scenario analysis

The validated model was applied for scenario analysis, to deter-
mine the optimal operation conditions, in terms of O, and NHy"-N
concentrations in the fermentation medium maximizing the spe-
cific biomass growth rate and the specific PHB production rate. In
all cases glucose was used as carbon source during heterotrophic
growth (phase 1)and NH4*-N limitation was imposed at 5 g/L resid-
ual cell concentration (RCC) to shift to the PHB production phase
(fprB(max) =3.2)- A gas mixture of Hj, O, and CO, was supplied for
autotrophic PHB production (phase 2).

3. Results and discussion
3.1. Model validation

The model for heterotrophic-autotrophic PHB production was
validated on the experimental datasets reported by Garcia-
Gonzalez et al. [12]. These datasets differed in the substrates
applied during the heterotrophic growth phase, being pure glu-
cose or waste glycerol, and in the residual cell concentration
(RCC) for which the autotrophic PHB production phase was ini-
tiated, namely around 5 and 16 g/L RCC. Fig. S1 (in Supplementary
materials) displays the model validation results for heterotrophic-
autotrophic PHB production using glucose or waste glycerol for
growth. During the heterotrophic growth phase, sufficient sub-
strate (initially 10g/L glucose or 12 g waste glycerol), O, (55% of
air saturation) and NH4*-N (initially 0.75 g/L NH4"-N) concentra-
tions were maintained to favour growth instead of PHB production.
Approximately 21 h and 22 h were needed to reach 5 g/L RCC using
glucose and waste glycerol as a substrate, respectively; while to

reach 16 g/L RCC the duration was around 27 h and 29 h, respec-
tively. When the desired RCC was achieved, NH4*-N limitation was
imposed to stimulate PHB production, by stopping the NH;"-N
feeding. The organic substrate feeding was stopped and a gas mix-
ture of H,:0,:C0, =84:2.8:13.2 vol% was supplied, thus realizing
autotrophic conditions.

The model described the experimental observations obtained
with glucose quite well, with Nash-Sutcliffe model efficiency coef-
ficients E=0.91 and 0.92 for RCC and E=0.87 and 0.81 for PHB when
the autotrophic phase started at 5 and 16 g/L RCC respectively (Fig.
S1a-b). Also for the experimental data using waste glycerol for
growth, the model predictions agreed well with the experimen-
tal results in terms of RCC, PHB and total biomass concentration
(Fig. S1c-d). The E-values corresponding with an operation of
autotrophic phase at 5 and 16 g/L RCC are 0.95 and 0.82 for RCC and
0.86 and 0.97 for PHB, all of which are close to 1, thus indicating
a good model fit. The final biomass and PHB concentrations were
however not so well predicted (Fig. S1 in Supplementary materials)
by taking a fixed value of fpyp(max). In order to fit the final PHB con-
centration, it was found required to adjust the fpyp(max). By adjusting
the value of the maximum PHB to RCC ratio, fpyp(max), according
to the experimental data obtained by Garcia-Gonzalez et al. [12]
(Table 3), instead of using the default value of fpyp(nax)(=1.78),
the final biomass and PHB concentration was very well predicted
(Fig. 1). Moreover, by adjusting fpypmax) value the overall PHB pro-
ductivity (g/L/h) was in better agreement with the experimental
observation (Table S2 in Supplementary materials).

Apparently the maximum PHB to RCC ratio obtained during
autotrophic PHB production, fpypmax), depends on the type of
organic substrate and on the duration of heterotrophic growth
phase. The ratio fpypmax) decreased when delaying the start of the
autotrophic PHB production phase (Table 3). This confirms that the
specific activity of the enzymes linked to autotrophic metabolism
but synthetized during heterotrophic growth were considerably
affected by organic substrate and a prolonged heterotrophic growth
phase, as indicated by Friedrich et al. [25]. Further research is rec-
ommended to elucidate the mechanisms behind both phenomena,
leading to the establishment of correlations for their description,
which could be integrated into the model.

During the heterotrophic growth phase, organic substrate and
NH4"-N were fed in stoichiometric amounts such that they were
both consumed when switching to the autotrophic PHB produc-
tion phase. While an ideal stoichiometric ratio can easily be applied
and maintained during simulation, in practice dosing of NH4*-N
or glucose had to be adjusted just before switching to the sec-
ond phase, due to ammonia stripping and/or inaccuracies in the
feeding equipment. Besides, transition between the two phases
took around 30-40 min during which sometimes a small amount
of (organic) substrate had to be provided to guarantee the survival
of the bacteria. Nevertheless, the simulation results matched the
experimental data very well.

The good agreement between the experimental data and sim-
ulation results is remarkable, given that no model calibration was
performed for heterotrophic-autotrophic PHB production as such,
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Fig 1. Validation of the model for heterotrophic-autotrophic PHB production, with adjustment of fpypmax) according to Table 3. Comparison between the simulation outcome
(full lines) and experimental observations (discrete markers) using glucose (a, b) and waste glycerol (c, d) as a substrate in the heterotrophic phase (phase 1) and starting
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Fig. 2. Effect of O, concentration on specific biomass (RCC) growth rate and spe-
cific PHB production rate. Biomass growth was conducted at 0.70 g/L NH4*-N; PHB
production was under NH;*-N —free (NH4*-N=0g/L) conditions.

but the model structure and all model parameters — except fpyp(max)
— were obtained for heterotrophic-heterotrophic PHB production
[15] and autotrophic—-autotrophic PHB production [16]. This under-
lines the general applicability of the developed model.

3.2. Analysis of the heterotrophic-autotrophic PHB production
process

3.2.1. Effect of dissolved oxygen concentration on growth and
PHB production

The role of the dissolved oxygen (DO) concentration on specific
biomass growth and specific PHB production rate was exam-
ined through model simulation. During the growth phase (phase
1) NH4+-N was maintained at 0.7 g/L, while the PHB production
phase (phase 2) was NH,*-N free (NH4T-N=0g/L). Fig. 2 displays
the total specific biomass growth rate, on substrate and on PHB,
and the total specific PHB production rate, both autotrophic and

heterotrophic, in terms of the DO concentration. The biomass
growth rate remained almost the same for DO concentrations above
1.5mg/L (equivalent to 20% air saturation concentration) — note
that the model implicitly assumed that the O, concentration never
reached inhibitory levels for growth. Below 1.5 mg O, /L, the growth
rate decreased due to O, limitation.

As for PHB production, the optimal oxygen concentration was
found at 0.224 mg/L (equivalent to 3% air saturation concentration).
This value corresponds to the maximum of the Haldane inhibition
kinetics through which the effect of oxygen is described. Below and
above this concentration the specific PHB production rate decreases
due to limitation and inhibition, respectively. The sharp peak of
specific PHB production reflects that the O, half saturation and inhi-
bition constant are very close to each other, so the maximum PHB
production rate is very sensitive to the O, concentration.

The optimal O, concentration for maximum biomass growth
is higher than the one for maximum PHB production. This is not
only true for heterotrophic biomass growth, but also for autotrophic
biomass growth. During autotrophic growth on CO, and Hj, the
high optimal O, levels to reach maximum biomass growth cannot
be maintained because of process safety (explosion risk). For this
reason, the heterotrophic-autotrophic process is preferred over the
autotrophic-autotrophic PHB production process [10].

3.2.2. Effect of ammonium-nitrogen (NH4*-N) on growth and
PHB production

The effect of NH4*-N concentration on biomass growth and PHB
productionis summarized in Fig. 3. The O, concentration was main-
tained at 4.18 mg/L in growth phase (55% air saturation, as in [26])
and at 2.28 mg/L (30% air saturation) in PHB production phase. The
simultaneous effect of both oxygen and ammonium-nitrogen con-
centration on specific biomass growth rate over substrate (tixs) and
specific PHB production rate on gaseous substrate ((tps,, ) iS sum-
marized in Fig. S2 and S3 (in Supplementary materials) respectively.
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Fig. 3. Effect of NH4*-N concentration on total specific biomass (RCC) growth rate
and total specific PHB production rate. Biomass growth was conducted at 4.18 mg/L
and PHB production was at 2.28 mg/L O, concentration.

NH4*-N has both a limitation and inhibition effect on growth;
the maximum specific growth rate was observed at NH;*-N con-
centration of 0.6-0.7 g/L. Below this concentration the growth rate
decreased due to limitation; a linear decrease of the maximum spe-
cific growth rate with increasing NH4*-N concentrations above this
value was observed due to inhibition. This linear decrease corre-
sponds with the findings of Belfares etal. [27] for the same organism
(C. necator) who reported a linear inhibition effect at NH4*-N con-
centration above 2 g/L. Gahlawat and Srivastava [28] found the
same optimal NH4*-N concentration of 0.7 g/L for Azohydromonas
australica, of which the growth rate increased with increasing
NH4"-N concentrations below this value and then decreased, first
slowly and then rapidly once beyond 11 g/L NH4*-N. It should be
noted however that there are no benefits in operating at such high
NH4*-N concentrations. In most fed-batch experiments, NH;*-N
feeding is regulated by the pH control, using NH,OH as a base.
The ratio of NH,*-N consumption and H* production during the
growth (phase 1) is 1:1 (according to Eq. (1)), therefore there
is no possibility of overfeeding or accumulation of NH4*-N, such
that NH,*-N inhibition will not occur in practice. However, during
growth the fermentation medium is rich in NH4*-N, magnesium
and phosphate, which could lead to the production of struvite
(NH4MgP0O4-6H,0) crystals [29], resulting in a decreased NH4*-
N concentration, as observed by Mozumder et al. [26] during
the growth phase. So from a technical point of view, the most
challenging part in realizing the optimal NH4*-N concentration cor-
responding with the maximum growth rate, is to overcome the
NH,4*-N limitation effect. The specific PHB production rate was the
highest when NH;*-N became zero (Fig. 3), which is in agreement
with the fact that NH,*-N stress is applied to stimulate PHB pro-
duction [30,31].

4. Conclusions

e Heterotrophic-autotrophic PHB production was described based
on existing models for heterotrophic-heterotrophic PHB produc-
tion and autotrophic-autotrophic PHB production, and applying
parameter values previously obtained for these cases. The simu-
lation results matched experimental data very well, without the
need for additional model calibration except for the maximum
PHB to residual cell ratio.

Both the type of organic substrate used in growth phase and
the duration of heterotrophic growth phase negatively affect the
autotrophic PHB production capacity (maximum PHB to residual
cell ratio) in the heterotrophic-autotrophic PHB production pro-
cess. Further research is recommended to establish correlations
in this respect.

e While it is generally known that oxygen stress conditions stim-
ulate PHB production, too low O, concentrations may have an
adverse effect because of oxygen limitation. The optimal O, con-
centration for PHB production was determined as 0.224 mg|/L.
Above this value, PHB production was restricted due to inhibition.

e The optimal NH4*-N concentration for biomass growth was
0.60-0.70 g/L NH4*-N, while PHB production was maximal under
NH4"-N free condition.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bej.2016.07.007.
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