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Abstract: Residual process brine is a sustainable raw material for chlor-alkali electrolysis processes.
This study investigates the influence of critical process parameters on the performance of a continuous
treatment process for residual process brine using halophilic microorganisms. The goal of the
bioprocess is an efficient degradation of the organic impurities formate, aniline, phenol, and 4,40 methylenedianline from this residual stream. It was shown that formate could be degraded with high
efficiencies (89–98%) during the treatment process. It was observed that formate degradation was
influenced by the co-substrate glycerol. The lowest residual formate concentrations were achieved
with specific glycerol uptake rates of 8.0–16.0 × 10−3 g L−1 h−1 OD600 −1 . Moreover, a triplenutrient limitation for glycerol, ammonium, and phosphate was successfully applied for continuous
cultivations. Furthermore, it was shown that all aromatic impurities were degraded with an efficiency
of 100%. Ultimately, this study proposed optimized operating conditions, allowing the efficient
degradation of organics in the residual process brine under various process conditions. Future
optimization steps will require a strategy to prevent the accumulation of potential intermediate
degradation products formed at high aniline feed concentrations and increase the liquid dilution
rates of the system to achieve a higher throughput of brines.
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The chlor-alkali industry uses brines for the electrolytic production of chlorine gas,
sodium hydroxide, and hydrogen [1–3]. The products sodium hydroxide and chlorine
gas are especially widely used in various industries [1,4]. Membrane cell technology is
seen as the best available technology among chlor-alkali electrolysis processes [2,4]. Brines
comprise the raw material for the membrane cell process and can be derived from seawater
desalination plants or industrial production chains [5,6]. However, there are high quality
requirements for brines used as a raw material in membrane cell processes to ensure
an efficient process [4]. For instance, organic contaminations in brines negatively affect
chlor-alkali membrane process performance [7–10]. Moreover, inorganic impurities such
as Mg2+ , Ca2+ , or nitrogen can also decrease the membrane cell process [7,10,11]. Thus,
a pre-treatment of industrial result process brines (RPB) is necessary. So far, biological
treatment processes are seen as a cost-effective alternative for residual water treatment,
compared to physical or chemical treatment approaches [12]. Moreover, several studies
have already shown the applicability of halophilic bioprocesses for saline residual water
treatment [13–19].
In this study, a biological process for the treatment of an RPB is characterized for its integration into an industrial production chain. The RPB is derived from the industrial production
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process of 4,40 -methylenedianiline (MDA), which serves as a substrate in the production of
methylene diphenyl diisocyanate (MDI) and, ultimately, of polyurethanes [20–22]. After the
separation of the organic phase containing the product MDA and the aqueous phase, the RPB
comprises four organic impurities (formate, aniline, phenol, and MDA) and high concentrations
of sodium chloride (10–15%) [23–25]. Thus, the organic matter present in the RPB has to be
removed if the RPB is reused as raw material for a membrane cell CAE process. As previously
reported, RPB from industrial MDA-production can be successfully treated with a continuous
retentostat bioprocess using halophilic microorganisms [13,16].
During the production of MDA, process conditions might be varied, which ultimately
leads to changes in organic impurity concentrations between different RPB batches. However, the effects of such changes in the raw material attributes (RMA), such as the organic
impurity concentrations on the degradation efficiency of the investigated biological treatment process, are not known. Still, the degradation efficiency of organic contaminants
is one major process performance variable, if the RPB shall serve as a raw material for a
chlor-alkali-electrolysis step. Besides RMA, other critical process parameters such as bioprocessing parameters (dilution rate, retention rate, or biomass concentration) and media components (different nutrient concentrations) might also influence the process performance.
Therefore, the goal of this study is to determine the effect of critical process parameters
on the process performance of a halophilic biological process for the treatment of an
industrial RPB. This process understanding shall be used to propose optimized operating
conditions where process parameters should be controlled in a way in which high process
performance is achieved. Moreover, the industrial integration of bioprocesses requires
cost-effective processing. Thus, this study is aimed at the reduction of operational costs,
achieved by reducing media supplementation but maintaining high degradation efficiencies
at the same time.
To do so, critical process parameters were identified and their influence on the process
performance was investigated. In that way, the question should be answered of whether
process performance variables need to be known before the bioprocess step, or if it is
sufficient to set process parameters within the control space, to obtain sufficient degradation performance. To that end, a total of three continuous cultivation experiments were
performed and analyzed. It was shown, for the first time in a biological RPB treatment
process, that the degradation of the main organic contaminant formate is dependent on the
specific uptake rate of the co-substrate glycerol and the consumption yield of ammonium to
glycerol. Thus, pre-defined settings for the glycerol uptake rate keep formate degradation
high, even at large concentration changes in the RPB. Moreover, for the first time, this study
showed the successful application of a triple-nutrient limitation (carbon, nitrogen, and
phosphorus source) in a continuous bioprocess.
2. Materials and Methods
2.1. Strain and Medium
The microbial culture used in this study was a novel halophilic mixed culture first
found in a biological MDA residual water treatment process [16]. The culture mainly
consists of strains from the three halophilic genera Halomonas and Aliifodinibius, and a small
part of Oceanobacillus strains.
The RPB was supplemented with mineral salts and contained (g L−1 ): FeCl3 0.005;
MgCl2 ·6 H2 O 1.3; MgSO4 7 H2 O 1.1; CaCl2 2 H2 O 0.55; KCl 1.66; Trace elements solution 1
mL [(g L−1 ): FeSO4 7 H2 O 1.39; CuSO4 5 H2 O 1.0; CoCl2 2 H2 O 0.62; ZnSO4 7 H2 O 0.86;
Manganese stock 1 mL [(g L−1 ): and MnCl2 ·4 H2 O 0.18. However, concentrations of MgCl2
6 H2 O, MgSO4 7 H2 O, and CaCl2 2 H2 O were altered as indicated. The pH value of the
RPB medium was adjusted to pH 4, using 37% HCl.
The substrate glycerol was added in concentrations of 0.3–4.0 g L−1 , as indicated. As a
nitrogen source, ammonium chloride (NH4 Cl) was added in concentrations of 0.1–1 g L−1 .
As the phosphorus source, potassium dihydrogen phosphate (KH2 PO4 ) was used in concentrations of 0.05–0.15 g L−1 . The macronutrients, consisting of carbon, nitrogen, and
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Figure 1. Scheme of the cell retention setup: In the first bioreactor setup, a constant feed (FRPB) adds
Figure 1. Scheme
of the cell retention setup: In the first bioreactor setup, a constant feed (FRPB )
fresh residual brine to the bioreactor broth and supplies the cells with substrate and media compoadds fresh residual
to the
bioreactor
broth
andup
supplies
the cells
and media
nents. Inbrine
a second
setup,
the feed flow
is split
into a residual
brinewith
feed substrate
(FRPB) containing
additional
micronutrients
andfeed
a supplement
feed
Supplements
) containing
carbon,
and
components. In
a second
setup, the
flow is split
up(Finto
a residual
brinethe
feed
(FRPBnitrogen,
) containing
additional micronutrients and a supplement feed (FSupplements ) containing the carbon, nitrogen,
and phosphorus source. Base (FBase ) is added to hold the pH at a constant level of 7.0. A pump
continuously circulates the cell suspension as loop flow (FLoop ) through the membrane module to
separate cell-free harvest (FHarvest ). Bleed flow (FBleed ) is continuously removed to eliminate cells
and sustain steady state conditions. To guarantee a constant reactor volume (VR ), flows for Feed,
Base, Harvest and Bleed have to meet the following equation: FRPB + FBase (+FSupplements ) = FHarvest +
FBleed . Biomass is monitored using a turbidity probe and a soft sensor that is driven by measurements
of off-gas composition. Oxygen is supplied with a constant flow of pressurized air FAir . The off-gas
composition of oxygen xOffgas,O2, and carbon dioxide xOffgas,CO2 is measured.
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This setup was altered for one continuous fermentation experiment, two separated
feeds were used. One feed contained industrial residual brine containing organic contamination and micronutrients. The flow for the residual brine was set to 90 mL min−1 . The pH
of the residual water feed was adjusted to values around 4, using hydrochloric acid. The
second feed contained the carbon, nitrogen, and phosphorus source. The salt content of the
second feed was adjusted to 10% NaCl and the pH was 7. The second feed was pumped by
the feed pump installed at the Infors bioreactor tower (peristaltic pump) and the flow was
set to 10 mL min−1 . This resulted in a combined feed flow of 100 mL min−1 , leading to a D
of 0.1 h−1 .
The inlet airflow was kept constant at 100 mL min−1 using a mass flow controller
(Brooks Instrument, Hatfield, PA, USA). Dissolved oxygen was measured using an Oxyferm
probe (Hamilton, Switzerland) and kept above 20% to maintain aerobic conditions in the
reactor. Oxygen transfer was adjusted through variation of stirrer speed between 400 and
560 rpm. The off-gas composition was determined using a BlueSens gas analyzer system
(BCP O2 and CO2 , BlueSens, Herten, Germany). To reduce the water content, the off-gas
passed a countercurrent condenser before entering the gas analyzer system. Online datamonitoring and process control were executed using a process information management
system (Lucullus, SecureCell, Switzerland).
2.3. Calculations
All calculations in this study were performed using Matlab R2019b (Mathworks,
Natick, MA, USA).
2.3.1. Steady-State Cultivation
Continuous cultivation experiments were performed, and steady-state conditions were
assumed, as each experimental setpoint was performed for at least 96 h. During the experiments, the substrate glycerol was completely consumed; thus, changes in concentrations in
the bioreactor were zero over time according to:
dci
= 0,
dt

(1)

Hence, the specific substrate uptake rate for glycerol under steady-state conditions
was calculated using Equation (2):
qS = D ∗ (ci,Feed − ci,Harvest )/OD600 ,

(2)

where i indicates substrate components. D denotes for the liquid dilution rate and is
calculated based on Equation (3):
D=

FRPB + FSupplements + FBase
F
1
= Feed =
,
VR
VR
HRT

(3)

FHarvest
,
FFeed

(4)

R=

µ = (1 − R) ∗ D,

(5)

where FFeed is the sum of input flows FRPB , FSupplements , and FBase ; FRPB is the RPB feed flow
rate; FSupplements is the supplement feed flow; FBase is the flow of the base; and VR is the
bioreactor volume. The dilution rate D can also be denoted as the reciprocal value of The
Hydraulic Residence Time (HRT). The retention rate R is calculated based on flows of the
RPB feed FFeed and the cell-free harvest FHarvest . Once steady-state conditions are reached,
the growth rate µ of the microbial system can be calculated based on the retention rate R
and the dilution rate D (Equation (5)).
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2.3.2. Multiple Linear Regression
For the investigation of effects of one or more predictor variables on one outcome
(target variable) a multiple linear regression (MLR) model can be used [26,27]. The relation
between the outcome Y and the predictor variables Xk (k = 1,2, . . . ,p–1) is described in
Equation (6):
y i = β 0 + β 1 x 1 + β 2 x 2 + · · · + β p −1 x p −1 + ε i ,
(6)
where βk (k = 1, 2, . . . , p – 1) represents the regression coefficients to the representing predictor
variables. To estimate the coefficients, the least squares criterion is applied where βk is chosen
to minimize the sum of squared errors of the observed Y and the fitted model ŷ:
n

∑ i =1

ŷi − β 0 + β 1 x1 + β 2 x2 + · · · + β p−1 x p−1 + ε i

2

,

(7)

To test if regression coefficients and the regression model are significant, several
statistical tests can be evaluated. The hypothesis H0 that the regression coefficients βk
(k = 1, 2, . . . , p – 1) are equal to zero is verified if the corresponding p-value is above 0.05
and the F-value is larger than the reference statistic:
p > 0.05,

(8)

F > F1−α (k, n − p),

(9)

where α is the significance interval (in this case, 0.05), p is the number of regression
parameters, and n is the number of samples. During this study, two different predictor
variables were tested: the consumption yield of ammonium, and phosphate per consumed
glycerol (YNH4+/glycerol and YPO43-/glycerol ) in mmol mmol−1 . The chosen predictor variables
were not correlated. As response variables, the residual formate concentration, and the
residual amount of US2 were used. Linear regression was performed using the Matlab
function regress.
2.4. Analytical Procedures
2.4.1. HPLC Analysis
Substrate quantification for glycerol and formate in the feed and harvest samples was
conducted as described previously [28], using HPLC (Vanquish UHPLC systems, ThermoFisher, Waltham, MA, USA) with an Aminex HPX-87H column (Bio-Rad, Hercules, CA,
USA) at 60 ◦ C and an isocratic eluent of 4 mM sulfuric acid in Milli-Q water with a flow of
0.6 mL min−1 , followed by UV detection at 210 nm and RI detection (ERC RefractoMax 520,
Thermo Scientific, Waltham, MA, USA). In short, samples and calibration standards were
prepared by mixing 450 µL cell-free supernatant with 50 µL of 40 mM H2 SO4 . For analysis,
a 10 µL sample was injected to the column and 5-point calibration curves were used for
quantification. The samples were analyzed for residual formate and glycerol, as well as the
formation of organic acids. The standards, used for quantifications were prepared in the
same way as the samples and diluted with 40 mM sulfuric acid [16].
The quantification of aromatic compounds in feed and harvest samples was performed
using a reversed-phase HPLC measurement method (Vanquish UHPLC systems, ThermoFisher, Waltham, MA, USA) with an AcclaimTM PolarAdvantage column (Thermo Scientific,
USA, C16, 3 µm, 120 Å, 4.6 × 150 mm) at 30 ◦ C [13,16]. Aromatic compounds were detected
using a UV detector at 210 nm. The flow was 0.6 mL min−1 and a gradient system was
used: 0–5 min: 5% A, 95% B; 5–10 min: 25% A, 75% B; 10–33 min: linear increase of A from
25% to 70%, rest B; 33–35 min: 70%A, 30%B; 35–40 min: linear decrease of A from 70%
to 5%, rest B; 40–45 min: 5% A, 95% B. The eluents were: (A) acetonitrile and (B) Milli-Q
water. The samples were centrifuged before analysis and 10 µL undiluted supernatant was
injected for HPLC analysis. The quantification of aromatic compounds in feed and harvest
samples for cultivation experiment 1 was performed as described previously [16].
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2.4.2. Media Composition Analysis
The determination of ammonium and phosphate was conducted in a Cedex Bio HT
Analyzer (Roche, Basel, Switzerland), where enzymatic assays were used and combined
with photometric measurements. For these measurements, the limits of detection (LOD) of
the analyzer were 0.238 mmol L−1 for ammonium and 0.1 mmol L−1 for phosphate.
2.4.3. Determination of the Chloride Ion Concentration
The determination of the chloride ion concentration in residual process brine samples
was performed using the titration method as described previously (Fajans). The method is
based on titration with AgNO3 and dichlorfluorescein (2%) as an indicator [29]. Together
with chloride ions, silver ions form a poorly soluble precipitation of silver chloride:
Ag+ + Cl− → AgCl
Before starting the titration, a AgNO3 solution was prepared and standardized with
a NaCl solution of known concentration. According to the titration of this known NaCl
solution, the AgNO3 solution had a concentration of 163.9 mmol L−1 . The pH of the
samples was adjusted to pH 7, either by adding hydrochloric acid or sodium hydroxide. To
avoid precipitation of the silver chloride colloidal solution, 10 mL of chlorine-free dextrin
solution (1%) was added to 2 mL of sample, resulting in a yellow color. Upon titration of
the prepared sample with a AgNO3 solution, the color of the liquid sharply turned to pink
at the equivalence point, indicating the end of the titration.
3. Results and Discussion
3.1. Definition of Process Performance Variables and Critical Process Parameters
The goal of this study was to propose optimized operating conditions, used for
the control strategy of a biological treatment process to reduce organic impurities in an
industrial RPB. To do so, potential factors which influence the degradation efficiency of
bioprocesses have to be identified (see Figure 2). To measure the degradation efficiency
of the four organic impurities in the biological treatment process, the following process
performance
variables were defined:
Fermentation 2022, 8, x FOR PEER REVIEW
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As other process parameters might also influence the process efficiency, critical process parameters were defined and analyzed during this study (see Table 1):
•
•

Bioprocess parameters (dilution rate, retention rate, and the biomass concentration
(indicated by the optical density));
Media components (glycerol, ammonium, phosphate, magnesium, and calcium
feed concentrations);
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As other process parameters might also influence the process efficiency, critical process
parameters were defined and analyzed during this study (see Table 1):

•
•
•

Bioprocess parameters (dilution rate, retention rate, and the biomass concentration
(indicated by the optical density));
Media components (glycerol, ammonium, phosphate, magnesium, and calcium
feed concentrations);
Raw material attributes (RPB origin, formate, aniline, phenol, and 4,40 -MDA
feed concentrations).

Table 1. Overview of critical process parameters investigated for their influence on process performance.
Critical Process Parameter

Unit

Critical Process Parameter

Unit

Glycerol
Ammonium (NH4 + )
Phosphate (PO4 3− )
Magnesium (Mg2+ )
Calcium (Ca2+ )
Dilution rate D

g L−1
mmol L−1
mmol L−1
g L−1
g L−1
h−1

Formate
Aniline
Phenol
4,40 -MDA
Optical Density OD600
Retention rate R

mg L−1
mg L−1
mg L−1
mg L−1
-

To investigate the influence of the critical process parameters on the process performance variables, three different continuous cultivation experiments were performed. In
each cultivation experiment, different settings of critical process parameters were tested. For
simplification the cultivation experiments are indicated as cultivation 1, 2 and 3 (Table 2).
Table 2. Overview of cultivation experiments.
Parameter

Cultivation 1

Cultivation 2

Cultivation 3

Reference

[16]

This study

Feed system

Feed: RPB and glycerol

Feed: RPB and glycerol

Reactor volume
Range of D
Range of R
RPB origins
Cultivation time [days]

16 L
0.06–0.20 h−1
0.75–0.95
1
>200

1L
0.09 h−1
0.92–0.98
1
39

This study
Feed 1: RPB
Feed 2: glycerol
1L
0.10 h−1
0.8–0.91
1, 2, 3
35

During this study, continuous cultivation experiments were performed in a 16L pilotscale bioreactor system (cultivation 1) and in a 1L lab-scale bioreactor system (cultivation 2
and 3). For the experiments, RPBs from three different MDA production sites were used and
compared for their impact on the process performance of the biological treatment process.
The RPB origins are numbered with RPB1, RPB2, and RPB3. Cultivation experiments 1 and
2 only used RBP1. For cultivation 3, RPBs from three different MDA production sites were
used and compared (RPB1–3). Moreover, for cultivation 3, a two-feed system was applied,
where feed 1 consisted of the RPB, and with feed 2, glycerol was supplied to decouple
glycerol feeding from RPB feeding.
3.2. Influence of Critical Raw Material Attributes on Process Performance
3.2.1. RPB Origin
In previously performed shake-flask experiments, the potential effects of the RPB
origin on the microbial growth rate and the degradation efficiency of organic impurities
were investigated. Shake-flask experiments showed no differences in the specific growth
rates and organic degradation efficiency for medium prepared from RPB1, 2, and 3 (data
not shown). As previously reported, potential changes in the NaCl concentration in the
RPB might occur and influence microbial growth rates [16]. Therefore, specific growth rates
of the novel halophilic mixed culture at different NaCl concentrations were determined in
shake flasks (Figure 3). The growth rates stayed constant at NaCl concentrations between
50 and 100 g L−1 , whereas a decline in the growth rates was observed at NaCl contractions
of 150 and 200 g L−1 . Hence, NaCl concentrations for the different RPB origins were
determined (RPB1: 100.1 ± 0.6 g L−1 , RPB2: 83.0 ± 0.6 g L−1 , RPB3: 82.9 ± 0.7 g L−1 ).

Fermentation 2022, 8, 246

8 of 18

In conclusion, the determined growth rates indicated that the halophilic mixed culture is
suitable for growth in the RPB as the NaCl concentration was measured between 80 and
Fermentation 2022, 8, x FOR−PEER
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3.2.2. Aromatic Compounds
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1
ContaminantContaminant
RPB 1 [mg L−1 ] RPB
*

RPB 2 [mg L−1 ]RPB 2 RPB 3 [mg L−1 ] RPB 3
[mg L−1] *
[mg L−1]
[mg L−1]
Aniline
0.04–15.50
3.91
0.04
Aniline 1.37–7.71 0.04–15.50
3.91
0.04
Phenol
15.00
2.99
0
Phenol 0.02–0.74 1.37–7.71
15.00
2.99
4,4 -MDA
0.21
0.06
0.02–0.74
0.06
* 32 different batches of 4,4′-MDA
RPB 1 were used. Full range
of concentrations are given 0.21
in the table.

* 32 different batches of RPB 1 were used. Full range of concentrations are given in the table.

Although all aromatic compounds from the RPB feeds were degraded with a 100%
efficiency during theAlthough
bioprocess,
potentialcompounds
intermediates
in the RPB
aromatic
pathall aromatic
from
feedsdegradation
were degraded
with a 100
ways were discovered
during
HPLC
analyses
of
the
bioreactor
samples.
In
the
bioreactor
efficiency during the bioprocess, potential intermediates in the aromatic degradatio
samples of all continuous
cultivation
experiments,
yet unidentified
peaks
were observed
pathways were
discovered
during HPLC
analyses of the
bioreactor
samples.inIn the bior
HPLC chromatograms.
However,
unidentified
peaksexperiments,
were not present
in the RPB feed
actor samples
of allsuch
continuous
cultivation
yet unidentified
peaks were o
samples. In cultivation
different
HPLC method
for the detection
of aromatic
compounds
served in1 aHPLC
chromatograms.
However,
such unidentified
peaks
were not present
the cultivation
RPB feed samples.
cultivationthe
1 aunidentified
different HPLC
methodfound
for the
detection of ar
was used than for
2 and 3.InTherefore,
substance
during
matic
compounds
was used
than for
cultivation
andsubstance
3. Therefore,
theduring
unidentified su
cultivation 1 was
indicated
as unknown
substance
1 (US1),
while2the
found
stance
found
duringas
cultivation
was indicated
as unknown substance 1 (US1), while t
cultivations 2 and
3 was
indicated
unknown 1substance
2 (US2).
during cultivations
and 3 was indicated
as unknown
substance 2 (US2
During thesubstance
microbialfound
degradation
of aromatic 2compounds
such as aniline
and phenol,
During
the
microbial
degradation
of
aromatic
compounds
such
as
aniline
catechol is one of the first intermediate substances [30–33]. Afterwards, catechol is
de- and ph
nol,
catechol
is
one
of
the
first
intermediate
substances
[30–33].
Afterwards,
catechol is d
graded via two main pathways (the meta- and ortho-cleavage pathways) and ultimately

graded via two main pathways (the meta- and ortho-cleavage pathways) and ultimate
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transformed
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For a more
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view, we encoura
reading of the cited
review
about
aromatic
degradation
pathways [30–33].
reading
of theliterature
cited review
literature
about
aromatic degradation
pathways [30–33].
However, US1 However,
and US2 could
notUS2
be identified
not shown).
Still,
the Still, t
US1 and
could not as
be catechol
identified(data
as catechol
(data not
shown).
peak areas of the
twoareas
unidentified,
intermediates
and US2 increased
withincreased
an
peak
of the twopotential
unidentified,
potential US1
intermediates
US1 and US2
wi
increasing aniline
concentration
in concentration
the RPB feed in
(Figure
4). feed
In contrast,
accumulation
of
an increasing
aniline
the RPB
(Figure 4).
In contrast, accumulatio
of these
unidentified
compounds
correlate
phenolconcentrations.
and 4,4′-MDA concentr
these unidentified
compounds
did not
correlate did
withnot
phenol
andwith
4,40 -MDA
tions.
In
addition
to
the
aniline
feed
concentration,
no
other
critical
process
In addition to the aniline feed concentration, no other critical process parameters
wereparamete
were
found
to
influence
the
accumulation
of
the
unidentified
substances.
found to influence the accumulation of the unidentified substances.

Figure 4. Accumulation of US1+2 depending on RPB feed concentrations of aniline (•: peak area of
Figure
4. Accumulation
of US1+2experiment
depending 1;
onNRPB
feed
concentrations
aniline (●:2,peak area
unknown substance
1, found
during cultivation
: peak
area
of unknownofsubstance
unknown substance 1, found during cultivation experiment 1; ▲: peak area of unknown substan
found during cultivation experiments 2 + 3).
2, found during cultivation experiments 2 + 3).

3.2.3. Formate

3.2.3. Formate

Generally, in RPB derived from MDA production, formate is the main organic imin RPB derived from MDA production,
formate is the main organic imp
purity and showedGenerally,
a concentration
range of 0.17–0.50 g L−1 in the
used RPB batches.
rity and showed a concentration range of 0.17–0.50 g L−1 in the used RPB batches. Durin
During the cultivation experiments, formate was degraded with an efficiency of 89–98%.
the cultivation experiments, formate was degraded with an efficiency of 89–98%. Forma
Formate is usually oxidized to CO2 via enzymes, which are classified into two different
is usually oxidized to CO2 via enzymes, which are classified into two different groups [3
groups [34]. The first group consists of metal-independent but NAD+ + -dependent formate
The first group consists of metal-independent but NAD -dependent formate dehydroge
dehydrogenases, which oxidize formate according to Equation (7) [35,36]:
ases, which oxidize formate according to Equation (7) [35,36]:

+
+
HCOOH + NADHCOOH
↔ CO
+ NADH
+ 2NAD
↔ CO2 + NADH

(10)

(1

The
group are metal-containing
which have moly
The second group
aresecond
metal-containing
formate hydrogenformate
lyases, hydrogen
which havelyases,
molybdenumdenumor
tungsten-containing
components
(Equation
(8))
[34,37,38]:
or tungsten-containing components (Equation (8)) [34,37,38]:
HCOOH ↔ CO2 + H + + 2e−

HCOOH ↔ CO2 + H+ + 2e−

(11)

(1

Among halophiles, the halophilic bacterium Halomonas sp. MA-C was reported
degrade
However,
less than 5%
of formate
incorporated
into the
Among halophiles,formate.
the halophilic
bacterium
Halomonas
sp.was
MA-C
was reported
tobiomass,
14C-labeled formate.
shown
by
experiments
using
degrade formate. However, less than 5% of formate was incorporated into the biomass, as
14 C-labeled
It was
shown
that the total
amount of degraded formate and the formate concentr
shown by experiments
using
formate.
tion
in
the
RPB
feed
were
linearly
correlated
This linear
trend was consiste
It was shown that the total amount of degraded
formate(Figure
and the5).formate
concentration
within
all
three
cultivation
experiments.
Nevertheless,
formate
was
completely d
in the RPB feed were linearly correlated (Figure 5). This linear trend was consistentnot
within
graded,
as
residual
formate
was
still
measured
in
harvest
samples
(2–11%
of the origin
all three cultivation experiments. Nevertheless, formate was not completely degraded,
formate
concentration).
However,
residual
formate
concentrations
could
not
as residual formate was still measured in harvest samples (2–11% of the original formatebe linked

concentration). However, residual formate concentrations could not be linked to the
corresponding formate concentration in the RPB feed. Therefore, further investigations of
influential factors on formate degradation were carried out (see Section 3.3.2).
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3.3.1. Ammonium
Phosphate
3.3.1. Ammonium and Phosphate

In addition to low organic levels, RPB—used as a raw material in a membrane-cell
In additiontotobelow
RPB—used
as a raw
material
in a membrane-c
chlor-alkali electrolysis—has
freeorganic
of anylevels,
ammonium
or organic
nitrogen
species,
as
chlor-alkali
electrolysis—has
to
be
free
of
any
ammonium
or
organic
nitrogen
explosive nitrogen trichloride (NCl3 ) can be formed [7]. For microorganisms that require species,
explosive
nitrogenbiosynthesis,
trichloride (NCl
3) can be formed [7]. For microorganisms that requi
nitrogen for growth
and protein
ammonium
was supplied in the cultivation
nitrogensource.
for growth
and protein
biosynthesis,
ammonium
was supplied
the cultivati
medium as a nitrogen
However,
to meet
the raw material
specifications
for in
chlormedium
as
a
nitrogen
source.
However,
to
meet
the
raw
material
specifications
alkali electrolysis, the ammonium concentration in the feed medium must be low enough for chlo
alkali electrolysis,
concentration
the high
feed medium
must
be low enou
to allow for complete
degradationthe
byammonium
the microbial
culture, butinstill
enough to
ensure
to allow for complete degradation by the microbial culture, but still high enough to ensu
sufficient process performance.
sufficient process performance.
In addition to ammonium, phosphate also plays a crucial role for microbial growth,
In addition to ammonium, phosphate also plays a crucial role for microbial growt
as it plays a major part in several cellular processes such as DNA synthesis and is a part
as it plays a major part in several cellular processes such as DNA synthesis and is a pa
of the energy molecule ATP. In contrast to ammonium species, it was not known to the
of the energy molecule ATP. In contrast to ammonium species, it was not known to t
authors that phosphate could negatively affect the chlor-alkali process when it is present
authors that phosphate could negatively affect the chlor-alkali process when it is prese
in brines. However, the reduction in the used phosphate source is of interest in terms of
in brines. However, the reduction in the used phosphate source is of interest in terms
the operationalthe
cost
of the process. Thus, the addition of phosphate should be limited to
operational cost of the process. Thus, the addition of phosphate should be limited to
a minimum, sominimum,
that successful
degradation
of organic compounds
is still ensured
butensured
no
so that
successful degradation
of organic compounds
is still
but
residual phosphate
is
measured
in
the
harvest
samples.
residual phosphate is measured in the harvest samples.
Therefore, during
cultivation
2, the
influence2,ofthe
ammonium
phosphate consumpTherefore,
during
cultivation
influenceand
of ammonium
and phosphate co
tion on the process
performance
variables
was
investigated.
To
do
so, the ammonium
sumption on the process performance variables was investigated.
To do so, the amm
and phosphatenium
concentrations
in the
RPB feeds were
varied
to compare
the degradation
and phosphate
concentrations
in the
RPB feeds
were varied
to compare the degr
efficiency of organic
limiting
and non-limiting
conditions
for either
ammo- for eith
dationcompounds
efficiency ofin
organic
compounds
in limiting
and non-limiting
conditions
nium, phosphate,
or both (see
Table 4).
all(see
experiments,
conditions
ammonium,
phosphate,
or In
both
Table 4). Inglycerol-limiting
all experiments, glycerol-limiting
cond
were applied. All
used
RPB
feeds originated
from
RPB1.
Successful
of a tripletions
were
applied.
All used RPB
feeds
originated
fromapplication
RPB1. Successful
application o
nutrient limitation
(glycerol, limitation
ammonium,
and phosphate)
triple-nutrient
(glycerol,
ammonium,was
and achieved,
phosphate)and
wassufficient
achieved, and suf
degradation of organic
impuritiesofwas
maintained.
The
results
also showed
that the
lowest
cient degradation
organic
impurities
was
maintained.
The results
also
showed that t
c(formateHarvestlowest
) was reached
with
phosphate-limiting
but
not nitrogen-limiting
c(formate
Harvest
) was reached with
phosphate-limiting
but conditions
not nitrogen-limiti
(see Table 4, experiment
In addition,
ammonium
phosphate
consumption
did
conditions2.5–2.7).
(see Table
4, experiment
2.5–2.7).and
In addition,
ammonium
and phosphate
co
not show an effect
of the did
accumulation
ofeffect
US2. of the accumulation of US2.
sumption
not show an

Fermentation 2022, 8, 246

11 of 18

Table 4. Experimental conditions and results of ammonium and phosphate limitation experiments.
Concentrations of ammonium, phosphate, and formate in feed and harvest samples are denoted as
c((NH4 + Feed ), c(NH4 + Harv .), c(PO4 3 Feed ), c(PO4 3- Harv .), c(formateFeed ), and c(formateHarvest ). Consumption yields of ammonium and phosphate attributed to glycerol consumption are denoted as
YNH4+/Glycerol , and YPO43-/Glycerol .
YNH4+/Glycerol
[molN
molgly. −1 ]

YPO43-/Glycerol
[molP molgly ]

c(formateFeed )
[mg L−1 ]

0.76

0.426

0.017

314

7.44

0

0.340

0.003

323

8.15

1.02

0.30

0.199

0.031

359

8.11

0

0.07

0

0.219

0.004

322

8.52

9.65

1.28

0.34

0

0.412

0.017

322

5.89

8.72

0.92

0.37

0

0.390

0.019

325

6.40

9.75

0.52

0.35

0

0.434

0.009

321

6.66

Exp.

c(NH4 + Feed )
[mM]

c(NH4 + Harv. )
[mM]

c(PO4 3− Feed )
[mM]

c(PO4 3− Harv. )
[mM]

2.1

19.75

10.87

1.11

2.2

19.90

12.86

0.07

2.3

4.63

0

2.4

4.69

2.5
2.6
2.7

c(formateHarvest )
[mg L−1 ]

Based on the results, the hypothesis of a significant influence of the consumed ammonium and phosphate on c(formateHarvest ) was tested by performing multiple linear
regression (MLR). To do so, the predictor variables YNH4+/glycerol and YPO43-/glycerol were
applied for the target variable c(formateHarvest ). Among the tested predictor variables, only
YNH4+/glycerol showed a significant effect in the model for the c(formateHarvest ). Therefore, a second linear regression with YNH4+/glycerol as the only predictor variable and
c(formateHarvest ) as target variable was performed.
The results indicated a linear correlation between YNH4+/glycerol and c(formateHarvest )
(Supplementary Figure S1), as the p-value was below 0.05 (p-value = 0.044). However,
the results also showed that residual formate concentrations for all experiments were
below 10 mg L−1 , which equals a theoretical TOC of less than 3 mg L−1 ; this is below the
specification level of 10 ppm required for chlor-alkali processes [7]:
TOCtheor. =

MC−atom
12 g mol−1
∗cformate =
∗ 10 mg L−1 = 2.61 mg L−1
Mformate
46.03 g mol−1

Hence, a feeding strategy for ammonium and phosphate was successfully applied in a
way in which both substrates are consumed completely, to ensure less downstream efforts
before the chlor-alkali-electrolysis step. Such a strategy could, for example, be linked to the
glycerol consumption rate and, thus, to the glycerol feeding strategy. It should be mentioned
that ammonium concentrations in the feed should not exceed the ratio of 0.4 molN molgly −1 ,
in order to avoid residual ammonium. A preferable ratio for ammonium to glycerol would
be in the range of 0.20–0.22 molN molgly −1 , which ensures nitrogen-limiting conditions
and reduces the cost for ammonium supplementation. As no effect of the consumption of
phosphate on formate degradation could be observed, a ratio of phosphate addition based
on glycerol consumption was proposed to be 0.003–0.004 molP molgly −1 .
Nutrient-limiting conditions frequently occur in natural habitats such as marine ecosystems, and include co-limitations of N and P [39,40]. For instance, co-limitations of Zn/C,
Ni/N, or Fe/light were reported in bioprocesses with phytoplankton biomass [41–44]. So
far, dual-nutrient limitations of the carbon, nitrogen, and/or phosphate source are known
for fed-batch and continuous cultivations [45–51]. Nutrient limitations are mostly applied
for biological production processes of secondary metabolites such as polyhydroxybutyrate
or polyhydroxyalkanoates [51–53]. However, an effect of dual- or triple-nutrient limitations
on degradation efficiencies in biological residual water treatment processes has not yet
been investigated.
The results show that a robust continuous cultivation with a halophilic microbial
system and an efficient degradation of organic contaminants in a RPB is successful at triplelimiting conditions for the nutrients glycerol, ammonium, and phosphate. The limitation of
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limiting conditions for the nutrients glycerol, ammonium, and phosphate. The limitation
of these
compoundsdid
didnot
not decrease
decrease the
oror
significantly
reduce
the degradathese
compounds
thegrowth
growthrate
rate
significantly
reduce
the degradation
tion efficiency. This not only allows for a reduction in operational costs, but also ensures
efficiency. This not only allows for a reduction in operational costs, but also ensures that
that the specifications of additional substances in brines used for membrane-based chlorthe specifications of additional substances in brines used for membrane-based chlor-alkali
alkali electrolysis are met.

electrolysis are met.
3.3.2. Glycerol

3.3.2. Glycerol

In addition to ammonium and phosphate, glycerol was added to each RPB feed as
In addition
to ammonium
phosphate,
glycerol
to each
RPB
feed as the
the main
growth substrate.
Duringand
cultivation
1, it was
shownwas
thatadded
a suitable
feeding
stratmain
growth
substrate.
cultivation
1, it was
shown
a suitable
feeding strategy
egy for
glycerol
is crucial. During
The overfeeding
of glycerol
resulted
in that
a decreased
degradation
for
glycerolindicated
is crucial.
overfeeding
of glycerol
resulted
a decreased
degradation of
of formate,
by The
an increased
c(formate
Harvest) and
residualinglycerol
in the harvest
(see Figure
6). Furthermore,
other studies
showed
that )carbon-limited
conditions
formate,
indicated
by an increased
c(formate
and residual glycerol
inare
thebenharvest (see
Harvest
eficial for
simultaneousother
utilization
of ashowed
growth substrate
and other organic
compounds
Figure
6).the
Furthermore,
studies
that carbon-limited
conditions
are beneficial
[54,55].
for
the simultaneous utilization of a growth substrate and other organic compounds [54,55].

Figure 6.
for cultivation
1 during
the second
phase. ConcentraFigure
6. Process
Processperformance
performance
for cultivation
1 during
the experimental
second experimental
phase. Concention of glycerol (●) and formate (■) in harvest samples. The table gives information about the cortration of glycerol (•) and formate () in harvest samples. The table gives information about the
responding feed concentrations [16].
corresponding feed concentrations [16].

Therefore, the data from cultivation experiments 2 and 3 were analyzed for a potenTherefore, the data from cultivation experiments 2 and 3 were analyzed for a potential
tial influence of glycerol feeding on formate degradation. Indeed, the results of the cultiinfluence
of glycerol
feedingaon
formate between
degradation.
Indeed,
results
ofthe
theforcultivation
vation experiments
indicated
correlation
the addition
ofthe
glycerol
and
experiments
indicated
a
correlation
between
the
addition
of
glycerol
and
the
formate
mate degradation efficiency, as well as c(formateHarvest) (see Table 5).

degradation efficiency, as well as c(formateHarvest ) (see Table 5).

Table 5. Overview of parameters used for glycerol feeding experiments. RPB denotes the origin of

the used
residual process
brine, andused
qS,gly for
denotes
the specific
uptake RPB
rate. denotes
Feed concentraTable
5. Overview
of parameters
glycerol
feedingglycerol
experiments.
the origin of the
tions of glycerol, ammonium and phosphate are denoted by c(Gly.Feed), c(NH4+Feed), and c(PO43−Feed).
used residual process brine, and qS,gly denotes the specific glycerol uptake rate. Feed concentrations
of glycerol, ammonium and phosphate are denoted by c(Gly.Feed ), c(NH4 + Feed ), and c(PO4 3− Feed ).
Exp.

RPB

D [h−1 ]

R [–]

qS,gly [g L−1 h−1 OD600 −1 ]

c(Gly.Feed ) [g L−1 ]

c(NH4 + Feed ) [mmol L−1 ]

c(PO4 3− Feed ) [mmol L−1 ]

2.8
2.9
3.1
3.2
3.3
3.4
3.5

1
1
1
1
1
2
3

0.095
0.095
0.088
0.088
0.088
0.088
0.088

0.800
0.800
0.917
0.980
0.965
0.965
0.965

17.0 × 10−3
15.9 × 10−3
8.7 × 10−3
2.1 × 10−3
5.2 × 10−3
7.7 × 10−3
5.4 × 10−3

3.74
1.79
2.07
0.30
0.57
0.58
0.59

5.10
4.90
5.23
0.73
1.52
1.41
1.54

0.36
0.29
0.33
0.05
0.10
0.10
0.10
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2.8
2.9
3.1
3.2
3.3
3.4
3.5

1
1
1
1
1
2
3

0.095
0.095
0.088
0.088
0.088
0.088
0.088

0.800
0.800
0.917
0.980
0.965
0.965
0.965
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15.9 × 10−3
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2.1 × 10−3
5.2 × 10−3
7.7 × 10−3
5.4 × 10−3

3.74
1.79
2.07
0.30
0.57
0.58
0.59

5.10
4.90
5.23
0.73
1.52
1.4113 of 18
1.54

0.36
0.29
0.33
0.05
0.10
0.10
0.10
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−1 [13] and
in other
10−3600
g −L1−1[13]
h−1 OD
× 110h−3−1g OD
L−1 600
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co-utilized
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carbon
excess
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b
In contrast, higher specific glycerol uptake rates could not increase formate degradation,
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result
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process
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due
to
a
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consumption.
Moreover,
would result in higher process costs due to a higher glycerol consumption. Moreover, it
shown, 1,
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the carbon
source
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Figure 7. Influence of glycerol on process performance. Correlation of the specific glycerol uptake
Figure 7.)Influence
of glycerol on process performance. Correlation of the specific glycerol upta
rate and c(formate
Harvest (•: cultivation 3, RPB 1; : cultivation 3, RPB 2; : cultivation 3, RPB 3;
rate and c(formateHarvest) (●: cultivation 3, RPB 1; ♦: cultivation 3, RPB 2; ■: cultivation 3, RPB
N: cultivation 2, RPB 1).
▲: cultivation 2, RPB 1).
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3.4. Defining Optimized Operating Conditions

To define the optimized operating conditions for a biological treatment process of RPB
To define
optimized
operating
conditions
biological
treatment process
from MDA production,
criticalthe
process
parameters
which
influencefor
theaprocess
performance
from MDA
critical
process
parameters
which
process pe
were identified.RPB
Among
thoseproduction,
variables, the
specific
glycerol
uptake
rate influence
qS,gly andthe
the
formance
were identified.
Among
those variables,
the specific
glycerol
uptake rate qS
consumption yield
of ammonium
to glycerol
YNH4+/glycerol
influenced
the residual
formate
and the consumption
yield of ammonium to glycerol YNH4+/glycerol influenced the residu
concentration c(formate
Harvest ), whereas the aniline feed concentration was shown to have
an influence on the intermediate accumulation.
Additionally, several other process variables were tested and found to have no influence on any process performance variable. The dilution rate D (Equation (3)) varied
from 0.036 to 0.2 h−1 in cultivation experiment 1. No influence of the dilution rate on
the process performance could be observed. A process can, therefore, be operated with a
dilution rate of at least D = 0.2 h−1 , which corresponds to a hydraulic residence time (HRT)
of 5 h. In other biological processes for the reduction of organic content in wastewater,
HRT values of 3–24 h were applied [13,33,59–61]. Hence, during this study, a desirable
high throughput of RPB was successfully applied. However, in another study, a dilution
rate of D = 0.37 h−1 (HRT = 2.7 h) was already shown to be successful for treating RPB
from MDA production with H. mediterranei [56]. Thus, the usage of even higher dilution
rates should be investigated in future. Nevertheless, the dilution rate also impacts glycerol
feeding, which was found to be influential for formate degradation efficiency. It was shown
that with a specific glycerol uptake rate of 8.0–16.0 × 10−3 g L−1 h−1 OD600 −1 , the highest
formate degradation was achieved.
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Furthermore, the retention rate R (Equation (4)) was found to have no influence on the
process performance variables and was tested at ranges from 0.70–0.98. A high value of
R = 0.98 is beneficial for the process operation costs as fewer, yet unused, waste streams
(bleeds) are generated. Another beneficial impact of high retention rates is that cell washout can be prevented at high dilution rates and low glycerol concentrations in the feed.
In general, the usage of a retention system for the degradation of organic compounds in
RPBs can be seen as beneficial, as it allows the application of higher dilution rates D for
bioprocesses using slow-growing microorganisms such as extremophiles [62,63]. Moreover,
other studies showed that at low growth rates achieved in carbon-limited retentostat
cultures, bacteria are prone to co-utilizing substrates which are not co-utilized during
carbon excess conditions, including aromatic compounds such as benzoate [57,58].
Moreover, it was shown that the limitation of ammonium and phosphate due to reduced addition in the RPB feed did not negatively affect process performance. Additionally,
no negative influence on process performance was observed when the concentration of
Mg2+ and Ca2+ ions (in the form of MgCl2 × 6 H2 O, MgSO4 × 7 H2 O, and CaCl2 × 2 H2 O)
was reduced to 10% of the original level (data not shown). Usually, magnesium and calcium
ions can be removed by using ion-exchange membranes [10]. Nevertheless, a reduction
in added magnesium and calcium salts to the growth medium would not only lower the
operational costs of the bioprocess, but also reduce the efforts for brine pre-treatment for
chlor-alkali electrolysis. During this study, the complete removal of MgCl2 and supply of
magnesium, only through the addition of MgSO4 , was achieved. Based on the results of
this study, potential process parameter ranges for optimized process operating conditions
were proposed (Table 6).
Table 6. Optimized operating conditions of process parameters for a control strategy.
Parameter
Specific glycerol uptake rate [g L−1
h−1 OD600 −1 ]
Ammonium (NH4 + ) conc. feed
Phosphate (PO4 3− ) conc. feed
Magnesium (Mg2+ ) conc. feed
Calcium (Ca2+ ) conc. feed
Dilution rate D [h−1 ]
Retention rate R [–]
NaCl [g L−1 ]

Control Parameter

Proposed Parameter Values
8.0–16.0 × 10−3

−1 ]

Ratio to glycerol [molN molgly
Ratio to glycerol [molP molgly −1 ]
Feed concentration for:
MgSO4 × 7 H2 O [g L−1 ]
Feed concentration for:
CaCl2 × 2 H2 O [g L−1 ]
-

0.20–0.22
0.003–0.004
0.26 (equals 2.16 mmol L−1 )
0.055 (equals 0.51 mmol L−1 )
0.2
0.98
50–100

4. Conclusions
In this study the influence of critical process parameters (bioprocessing parameters,
media components, and raw material attributes) on the degradation efficiency of organic
impurities in a biological treatment process was investigated. For the industrial integration
of the biological treatment process, the optimized operating conditions of process parameters were proposed, in which a cost-effective process control at high degradation efficiencies
was enabled. It was demonstrated that the aromatic impurities of the RPB (aniline, phenol
and MDA) were degraded with high efficiencies of 100%. However, during the cultivation
experiments, it was observed that high aniline concentrations in residual process brine
feeds resulted in an increased accumulation of potential intermediate substances. Therefore,
in the next step, the intermediate substances and, thus, the potential degradation pathway,
should be identified. Additionally, the main organic impurity formate was degraded with
an efficiency of 89–98%. Moreover, it was shown, for the first time, that a triple limitation
of the carbon, nitrogen, and phosphorus source could successfully be implemented while,
at the same time, maintaining high levels of degradation for organic contaminants. The
successful triple limitation not only lowers operational costs, but also reduces further
downstream efforts, especially in the case of nitrogen species. Furthermore, in the course of
this study, an influence of the ammonium consumption yield and the co-substrate glycerol
on the degradation of formate was discovered. In this study, it was shown that higher
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consumption yields of ammonium to glycerol YNH4+/glycerol led to a slight increase in residual formate concentrations. Therefore, further research on the influence of ammonium on
the formate degradation pathway could be beneficial for increased process performance.
Likewise, an excess of glycerol led to a decrease in formate degradation. Additionally, it
was found that the specific glycerol uptake rate outside the range of 8.0–16.0 × 10−3 g L−1
h−1 OD600 −1 increased the residual formate concentration. In conclusion, this study shows
the robustness of a biological system to continuously treat MDA residual process brine
under various process conditions. Optimized operating conditions were proposed, which
support the cost-effective control of the biological treatment process, while maintaining
high degradation efficiencies. Ultimately, the use of triple-nutrient-limiting conditions
shows the potential to improve the cost-effectiveness of biological treatment or production
processes towards an industrial scope. Further investigations should be performed regarding higher liquid dilution rates to increase productivity. Moreover, researching further
influences on aromatic degradation and nitrogen uptake would be beneficial for knowledge
of the process.
5. Patents
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