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ABSTRACT ARTICLE HISTORY

The aim of this study was to investigate the potential for elemental sulphur recovery from Received 26 April 2021
sulphurous solutions under aerobic and anoxic conditions by haloalkalophilic Thioalkalivibrio Accepted 20 September
denitrificans at 0.8-19.6 g S,03™-S L™' and 0.2-0.58 g NO, L', respectively. The experiments 2021

were conducted as batch assays with haloalkaline (pH 10 and>14g Na® L™") thiosulphate KEYWORDS

solution. Aerobically, the highest biotransformation rate of thiosulphate obtained was 0.03 h™' Biotransfolr)mation of

at 859 L S,037-S. Based on Monod model, the maximum substrate utilisation rate (q,,) was sulphurous compounds;
0.024 h~" with half saturation constant (K,) 0.42 g 5,037-S L™" at initial [S,03-S] of 149 L™". S° enitrification; haloalkaline
accumulated at [S,037-S]>1.5g L™" (10% vyield at initial 9.5 g $,037-S L™") and the highest S°  sulphurous solution; sulphur
yield estimated with the model was 61% with initial [S,03-S] of 16.5g L™'. Anoxically, the oxidising bacteria; sulphur
maximum nitrite removal rate based on Monod modelling was 0.011 h™" with K,=0.84 g NO3 recovery

L™". Aerobically and anoxically the maximum specific growth rates (u,) were 0.046 and

0.022 h™", respectively. In summary, high-rate aerobic biotransformation kinetics of thiosulphate

were demonstrated, whereas the rates were slower and no S° accumulated under anoxic

conditions. Thus, future developments of biotechnical applications for the recovery of S° from

haloalkaline streams from the process industry should focus on aerobic treatment.

Highlights

« Haloalkaline 5,03 biotransformations kinetics by Thioalkalivibrio denitrificans

« Aerobic thiosulphate-S bioconversion up to 0.024 h™' with K, = 0.42 g S,03~-S L™
o 10% S° yield with initial 9.5 g 5,03-S L™" in aerobic condition

e Anoxic NO, removal up to 0.01 h=" with K, = 0.84 g NO3z L’

Biological sulphur recovery from thi by Thie
(batch kinetics, pH 10, 30°C)
14-26 g Na* L%, 0.8-19.6 g 5,0,2-5 L 15gNa* L%, 0.2-0.58 g NO, L%, 2.3 g 5,0,2-5 L
50 N, o

+NO;

+0, .
5,0 | mmmp S0P iy o 5,0, | mmmmp SOB S0z
g =

= 10% S° recovery at initial 9.5 g 5,0,2-5 L'*
" g,= 0.024h?
= K= 0.42g5,0.-S Lt

* g,= 0.01gNO, L h?
* K,= 0.84gNO, L
= p,=0.022h1

" u,=0.046h1 x

= ¥,z 0.22gcell/ g5,0:S

= Compatible model with experimental » Potent for S° recovery from haloalkaline industial
‘ process streams in aerobic condition.

results (R%0.95)

1. Introduction attention [1-5]. These compounds can also cause
environmental and health concerns if released without
To support circular economy, the recovery and recycling treatment [6]. From the economic point of view, the
of sulphurous compounds (i.e. HS™, S,037) from use of sulphurous compounds contributes directly to
different industrial streams (i.e. pulp and paper, petro- operational costs, by raising the need for other chemi-

chemical, mining and fertiliser) are gaining increasing cals and water as well as by causing corrosion [7]. As
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an example, maintaining the Na/S balance is crucial for
efficient chemical pulping, and recovery of sulphur com-
pounds from the process would be beneficial. It would
decrease the requirement of additional Na supply
because S accumulates in the process more than Na
[8]. In pulping, the Na/S balance is generally controlled
by purging the electrostatic precipitator-ash (ESP-ash)
from the recovery boiler which results in reduction of
Na and S in the recycled streams [9]. Complementing
large-scale chemical processes with the biological recov-
ery of excess sulphur is a promising approach [10].
Oftentimes the industrial streams, like the ones from
pulp and paper industry, have alkaline pH and high
salt content [11]. Moreover, the oxygen supply in
aerobic treatment of these concentrated solutions
might become process limiting. Therefore, biological
processes for sulphur recovery would preferably be
based on anoxic or microaerophilic processes. Haloalka-
line process/wastewater streams may contain other con-
stituents in addition to sulphurous and sodium-based
compounds. These streams such as spent sulphidic
caustic from the petrochemical industry contains
phenols and benzene that may be toxic to chemolitho-
trophic SOB as well as organo-sulphur compounds (for
example, methanethiol) that potentially interfere with
biotransformations of sulphurous compounds [12-14]).

Haloalkaliphilic sulphur oxidising bacteria (SOB) are
potent organisms for sulphur recovery from industrial
steams. Haloalkaliphilic SOB use inorganic sulphur
compounds including sulphide, polysulphide, thiosul-
phate, polythionates and elemental sulphur as elec-
tron donor [15]. Most SOB grow aerobically.
Biooxidation of partially oxidised sulphurous com-
pounds coupled to NO3 or NO; reduction is possible
under anoxic conditions by some haloalkaliphilic
species of SOB [16,17]. Oftentimes, oxygen supply is
rate limiting in industrial scale and also results in
high costs, thus using SOB that biotransforms HS™
under anoxic condition is of interest.

Haloalkalophilic SOB are abundant in salt and
soda lakes. Among these microorganisms, bacteria
in the genus Thioalkalivibrio can use a wider range
of reduced sulphurous compounds (HS™, S,03~, S&~,
Sg, SO3~, S;027, S,02” and SsO%7) as a source of
energy than for example those in the genus Thiomi-
crospira (HS™, S,037, S&~, Ss, S40%&~ and Ss027) [16].
Moreover, Thioalkalivibrio spp. has tolerance to high
salinity (e.g. up to 43. M Na*) and alkaline pH (up
to 10.6) [15,18]. T. denitrificans uses oxygen or
nitrite/nitrous oxide as an electron acceptor during
oxidation of sulphurous compounds in microaerophilic
and anoxic environments, respectively [17] (for a
review, see [16]). Therefore, it can be a better

option with haloalkaline sulphurous solutions than
for example aerophilic T. versutus. Besides oxidising
sulphide to sulphate, T. denitrificans can also dispro-
portionate partially oxidised sulphur oxyanions to
elemental sulphur and sulphate [17] and was, for
these reasons, selected as a model organism for this
study. Elemental sulphur would be the desired
product of sulphide conversion due to its separability
from liquid phase and potential uses in various fields
[19]. For example, the produced elemental sulphur
could be used as a fertiliser or electron acceptor for
denitrification [19-21]. The biological sulphur recovery
process Thiopaqg (Shell-Paques) in which HS- is con-
verted to S° by SOB in the presence of oxygen.
This process can be used internally or for fertiliser
production has been applied to recover sulphur
from natural gas, refinery gas and synthetic gas
since 1993 [22]. Moreover, S° can be applied in
mining and metallurgy for the recovery and removal
of metals from wastewaters via biosulphidogenesis
[23]. Due to the hydrophilic nature of biologically pro-
duced sulphur, it is more readily biologically available
than chemically produced sulphur [19,20].

The aim of this study was to determine thiosulphate
biotransformation potential by microaerophilic/denitri-
fying T. denitrificans under haloalkaline conditions and
for the recovery of elemental sulphur from saline and
alkaline sulphurous streams. In case of toxic concen-
tration of HS™, chemical oxidation of to $,03~ could be
used as pre-treatment prior to thiosulphate bioconver-
sion step [21]. Therefore, thiosulphate was selected as
a model sulphurous compound of this study. The bio-
transformation kinetics of T. denitrificans have not been
comprehensively studied and especially not at high
(up to 19.6g L") thiosulphate concentrations. The
earlier studies on T. denitrificans have focused on the
growth kinetics [17], pH limitation and N,O reducing
activity [17]. The sensitivity of T. denitrificans to NO3
has been reported by Sorokin et al. [17], but anoxic kin-
etics or the potential of elemental sulphur production
have not been investigated. Therefore, the specific
objectives of this study were the following: (i) determi-
nation of the biotransformation rates of thiosulphate
and nitrite by T. denitrificans under aerobic and anoxic
conditions, respectively; (ii) determination of the kinetics
of elemental sulphur and sulphate formation at different
initial concentrations of thiosulphate in aerobic con-
dition; (iii) determination of elemental sulphur pro-
duction vyield by T. denitrificans at a chosen
concentration by in aerobic conditions; (iv) determi-
nation of qPCR-based growth kinetics and vyields of
T. denitrificans in presence of oxygen or nitrite, and (v)
model fitting of aerobic biotransformations.



2. Materials and methods
2.1. Inoculum and growth medium

Thioalkalivibrio denitrificans strain ALJD was obtained
from the German Collection of Microorganisms and
Cell Cultures GmbH (DSMZ). The stock culture was routi-
nely grown with the 925 alkaliphilic sulphur respiring
medium recommended by DSMZ on an orbital shaker
at 30+ 1°C and 150 rpm under aerobic condition [24].
The growth medium included: 20 g L' Na>CO;, 10 g
L=" NaHCO;, 5g L™" NaCl, 1g L™" K,HPO,, 05g L™
KNOs, 0.05 g L MgCl, and 2% (v/v) trace element sol-
ution (see preparation from [24]). As energy source,
45 g L™ sterile filtered (0.2 um polyethersulfone mem-
brane syringe filter, VWR International, North America)
S,03 stock solution was added to the medium of the
stock culture. The inoculum used during both aerobic
and anoxic experiments was actively growing. The bio-
transformation activity of the stock culture under
anoxic condition (nitrite as electron acceptor) was seen
to decrease by repeatedly transferring the culture to a
fresh anoxic medium (data not shown), thus the aerobi-
cally grown stock culture was used as inoculum during
all experiments.

The stock solution of nitrite (as NaNO,) that was
added to the cultures at the beginning of the anoxic
experiments, was purged with N, gas and sterile
filtered (0.2 um polyethersulfone membrane syringe
filter, VWR International, North America) in an anoxic
chamber. In addition, the cultures (including the inocu-
lum) were purged with N, gas prior to the addition of
nitrite stock in the anoxic chamber.

2.2. Aerobic biotransformation experiments with
thiosulphate

2.2.1. Kinetic experiments

The experiments in the presence of air were
implemented as liquid cultures with a working volume
of 100 mL in 250 mL Erlenmeyer flasks [24]. To enable
air transfer to the flasks, the caps were loosened slightly.
The alkaline growth medium was the same as described
in Section 2.1. The culture preparation was done as pre-
viously described by Hajdu-Rahkama et al. [24]. In brief,
different concentrations (0.8, 1.5, 3, 6, 8.5, 14, 16.5 and
19.6 g L™") of thiosulphate-S were added to duplicate
cultures with 10% (v/v) inoculum taken from the stock
culture. All flasks were incubated for 14 days in an
orbital shaker at 150 rpm and 30°C. In order to ensure
comparability of the kinetic results at the different thio-
sulphate-S concentrations, the inoculum used was in the
same growth phase.
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2.2.2. Determination of sulphur formation
Quantitative determination of elemental sulphur for-
mation under aerobic conditions was implemented as a
separate batch experiment to enable validation of kinetic
modelling of the elemental sulphur formation. The con-
tents of the medium and growth phase of the 10% (v/Vv)
inoculum were the same as used during the aerobic the
kinetic experiments (Section 2.2.1). Altogether 12 identical
cultures were prepared with 9.5g L™ concentration of
5,03-S which was a mid-range concentration used
during the kinetic experiments. After the removal of
sample (6 mL) for sulphur compounds determination by
ion-chromatography, the full solid content was collected
by vacuum filtration of the whole culture volume. This
sacrificial sample collection was carried out from duplicate
cultures every second day. During this incubation, the
temperature and shaking were the same as of the inocu-
lum and the duration of the experiment was 10 days.

2.3. Anoxic experiments in the presence of nitrite

Anoxic experiment was implemented to compare the thio-
sulphate transformation kinetics with nitrite as an electron
acceptor to the rates obtained with oxygen as the terminal
electron acceptor. Nitrite was used because T. denitrificans
is missing nitrate reductase and can thus utilise nitrate only
as nitrogen source for biomass formation. T. denitrificans
can use nitrite as electron acceptor at concentration at
least up to 4.14 g NO5 L™, but only after prolonged adap-
tation to increasing nitrite concentrations [17].

The anoxic experiment was conducted in 160 mL
serum bottles (60 mL working volume) at 30°C and
150 rpm in an arbitrary shaker. The growth medium
was the same as used for the aerobic experiments. To
enable the investigation of the toxicity of nitrite only,
the initial concentration of S;03™ in the serum bottles
was 39+0.2¢g L', as this concentration was found to
be non-inhibitory (similar as of stock culture) during
the aerobic experiments and resulted in excess thiosul-
phate concentration based on the stoichiometry of
nitrite biotransformation. The used initial concentrations
of nitrite were 0.2, 0.3 and 0.58 g L™". The 10% (v/v)
inoculum added to each culture was in the same
growth phase. The length of the incubations depended
on the timing of full nitrite consumption. This duration
was 3, 6 and 8 days for the cultures with initial nitrite
concentrations of 0.2, 0.3 and 0.58 g L™', respectively.

2.4. Analytical methods

The concentration of thiosulphate (5,037), sulphate (SO2
7) and nitrite (NO3) were measured with ion
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chromatograph from 0.45 pm sterile filtered (Chromafil
Xtra polyester membrane filter, Macherey-Nagel,
Germany) samples as reported by Di Capua et al. [19].
Dionex lonPac AS22 anion exchange column (Thermo
Scientific) was used with the ion-chromatography. The
quantity and quality of the elemental sulphur formation
were measured from samples that were vacuum filtered
(1.2 um GF/C glass microfiber filter, Whatman) and dried
overnight at 105°C. The sulphur content of these
samples was determined by using elemental analyser
(Flash Smart, Thermo Fischer Scientific) coupled to a
Thermal Conductivity Detector (TCD and supplied with
helium as carrier gas [24]. The initial and end pH of the
batch cultivations was measured with a pH 3210 metre
(WTW, Germany) and SenTix 81 pH-electrode (WTW,
Germany).

The change in biomass concentration was estimated
from the starting and endpoint culture sample 16S
rRNA copy numbers. For modelling purposes, the
biomass concentration is typically measured as dry
weight (volatile suspended solids, VSS), protein
content and/or total nitrogen [12,18,25,26]. However,
measuring the VSS content is not possible in the pres-
ence of elemental sulphur which has a boiling point of
440°C. Total-N content quantification can be challenging
from low biomass concentration. Therefore, quantitative
real-time polymerase chain reaction (QPCR) was used for
the determination of the biomass concentration as it has
been commonly used in microbial ecology studies
[26,27]. The DNA samples were taken after the same dur-
ations (14 days) from all aerobic cultures, while in the
case of anoxic cultures after all, nitrite was consumed
(4, 6, 9 days with 0.2, 0,3 and 0.58 g L™' NO; concen-
trations, respectively). The copy numbers were
measured with quantitative polymerase chain reaction
(gPCR). Prior to the gPCR, the DNA was extracted from
cell pellets (2 mL samples centrifuged at 2800 g and 4°

C for 15 min) by using DNeasy PowerSoil Kit (Qiagen).
The gPCR was conducted with Step One Plus Real-
Time PCR (AB Applied Biosystems) as reported by
Rinta-Kanto et al. [27]. The qPCR gene copy number of
5.8, which is the average of Gammaproteobacteria [28],
was used for the conversion of copy numbers to cell
numbers.

Monitoring the dissolved oxygen (DO) concentration
in the shake flasks with pure culture was not possible
aseptically and therefore was not done in this study.

2.5. Kinetic calculations

The kinetic calculations applied on the results of aerobic
experiments were similar as described by Hajdu-
Rahkama et al. [24]. The calculations used were as sum-
marised in Table 1.

2.5.1. Thiosulphate and nitrite utilisation kinetics
The biological substrate utilisation rate (SUR) is directly
proportional to the active microorganism concentration
[29] which was also the case in our bio-assays (Figure S1).
Factors such as concentration of the substrate, possible
inhibitory compounds, and the environmental con-
ditions (temperature, pH, pressure, etc.) that influence
the concentration of microorganisms also increases the
volumetric reaction rate as, for example, demonstrated
in our earlier research [30,31]. Moreover, aerobic sub-
strate utilisation can also be limited by the mass transfer
of oxygen and nutrient availability [32,33].

The kinetics of both S,037-S and NO5 utilisation by
T. denitrificans were described by Monod equation
(Equation (1)) [29-311:

O [5203-5]
Ks + [S,03-S]

dm [NO;]

and 4= = INO,]

q:
(M

Table 1. Kinetic calculations used during aerobic ([24]) and anoxic experiments.

Aerobic Anoxic

Kinetic calculation experiments experiment Software used Function used

(i) Substrate utilisation rates (SUR) — Monod kinetics yes no Microsoft Excel Non-linear regression of Solver add-
(0, qms Ko)? in/ ‘fminsearch’

(ii) Haldane kinetics (K;)® yes yes Microsoft Excel/ Non-linear regression of Solver add-

in/ ‘fminsearch’

(iii) Differential equation (d[S,037-S)/dt) using yes no POLYMATH 6.1 DEQ Differential equations
constants from (i)

(iv) Estimation of SO2~ and S° production rates yes no Microsoft Excel Solver add-in/ ‘fminsearch’
(SPR) by using fractions (f; and f,)°

(v) Nitrite utilisation kinetics (g, gm, Ks)? no yes Microsoft Excel

(viii) Growth kinetics (W, pm, Ym)d yes yes Microsoft Excel

(xi) Verification for SUR and SPR yes no POLYMATH 6.1 and DEQ Differential equations and Solver

Microsoft Excel add-in/ ‘fminsearch’

%gm is the maximum SUR; K; is the half saturation constant.
PK; is the inhibitory substrate concentration (g L™").

f, is the fraction of [$,037-S] to [SO3~-S]; f, is the fraction of [$,037-5] to [S°].

9 is the specific growth rate, i, is the maximum specific growth rate and Yy, is the yield. The yield was only calculated with the aerobic experiments.



where q is specific SUR (g-S/ (g-VSS h)~" or simply
h™, dm is the specific maximum substrate (5,037-S)
utilisation rate or specific nitrite (NO3) reduction rate
(h™), respectively, and K, is half saturation concen-
tration (g L™" of the analyte. As it was mentioned
before, the SUR is proportional of the biomass concen-
tration, thus the kinetic equation takes the following
form:

d[S;05-S] Q- [5:,05-5] 2
dt- X 37K +15,059]
and
d[$;05-5] __Qm - [5203-5]
it 9T K T 5,005 ®)

where X is the biomass concentration as g-VSS L'
More information about how the kinetic constants
were obtained can be seen from S1.

Besides using Monod modelling for the kinetic calcu-
lations of S,037-S utilisation, Haldane model has been
also applied to see if there is inhibition by the substrate
(Equation (4)) with the aerobic batch cultures:

Am [5203-5]
[S,05-S1?
Ki

9= -
Ks + [5205-5] +

where K; is the inhibitory concentration of [$,037-S] in g
L—1

The lag phases of biotransformations observed at
different initial thiosulphate concentrations were
omitted in the model fitting to the experimental data.

2.5.2. Product formation kinetics under aerobic
conditions

The aerobic biotransformation reactions of thiosulphate
together with their Gibbs-free energy changes have
been given in Equations (5)-(9). Depending on the avail-
able oxygen concentration, thiosulphate is mainly con-
verted to elemental sulphur (Equation (5)) and
sulphate (Equation (6)) by T. denitrificans. In case
oxygen is not limited, elemental sulphur is further con-
verted to sulphate (Equation (7)). Although unlikely,
some of the elemental sulphur may first become oxi-
dised to sulphite (Equation (8)) which is then further oxi-
dised to sulphate by T. denitrificans (Equation (9)).
[25,34,35]. Moreover, Ang et al. [25] has also reported
the formation of thiosulphate as metabolic intermediate
of elemental sulphur oxidation to sulphate by

ENVIRONMENTAL TECHNOLOGY e 5

Thioalkalivibrio versutus:
1
S0 + 502~ S° +502-
AG® = —231.6 kJ. (mol S-substrate)™

$,03” + 20, + H,0 — 2507 + 2H*
AG® = —738.7 kJ. (mol S-substrate) ™"

3
s° +35 02+ H,0 — SO2™ +2H"
AG® = —507.4 kJ. (mol S-substrate) ™"

S 4+ 0, + H0 — SO~ + 2H"
AG® = —249.4 kJ. (mol S-substrate) ™’

1
S02~ +-0, — SO~
) ¢ 9)
AG® = — 258.0 kJ (mol S-substrate) ™"

According to Equations (3) and (4), conversion of thio-
sulphate produces two fractions that are SO3~ (f;) and S°
(f,). A detailed description of this calculation of the two
fractions was reported by Hajdu-Rahkama et al. [24].

2.5.3. Product formation kinetics under anoxic
conditions

Under anoxic conditions with nitrite as electron accep-
tor, biotransformation of  thiosulphate by
T. denitrificans is shown in Equation (10) [10]:

35,027 + 8NO; + 2H™ — 6502~ + 4N, + H,0 o)
AG® = —5515.4 kJ (mol S-substrate) ™"

Based on this pathway, the formation of 1 mol SO;~
requires 1.33 mol of NO5.

Sorokin et al. [17] reported nitrous oxide (N,O) for-
mation during reduction of NO; to N, gas by
T. denitrificans. The equations of denitrification of
gaseous NO5; to N, gas (Equations (11)—(13)) are as
follows:

2NOyg — 2NO(g) + Oy(g) (11)
ZNO(Q) + Nz(g) — 2N20(g) (12)
2NO(g) — N(g) + Oy(g) (13)

2.5.4. Growth of T. denitrificans at different
thiosulphate and nitrite concentrations

Similarly, as in Hajdu-Rahkama et al. [24] the cell growth
was estimated based on the results of qPCR copy
numbers. The copy number was converted to g L™ by
using 6.25x107'° g dry weight for cell formula of
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CsH,NO, [36]. Then, the specific growth rates (y, h™)
were calculated by using Monod (Equation (14)). It was
not possible to calculate the K, from the results of [S,03
~-S] of the anoxic experiments, thus also with the
anoxic specific growth rate calculation, the K, from the
aerobic experiments were used. The yield with aerobic
condition was calculated as reported by Hajdu-
Rahkama et al. [24]:

Mo [5203-5]

Mm 1>20575] 14
K + [5,05-5] (a4

M =
where p is the specific growth rate calculated from
experimental data and p,., is the maximum specific
growth rate (h™").

The growth of the biomass and the consumption of
thiosulphate are connected as follows:

Mm:qm'Y (15)

where Y is the biomass growth yield (g L™' biomass/ g
L™' 5,037-S or g biomass/ g 5,037-S).

2.5.5. Model validation with experimental data

At the end of this study, the SUR, sulphate production
rate (SPR;) and elemental sulphur production rate
(SPR,) kinetic models for the aerobic experiments were
statistically verified with experimental data from the
sulphur formation aerobic batch experiments (see
Section 2.5.2). For this verification, regression analysis
was applied.

3. Results and discussion

Biotransformations of thiosulphate by T. denitrificans in
aerobic and anoxic conditions were studied and the
batch experimental data was used to derive the SUR
model. With aerobic biotransformation results, this SUR
model was further used to create the SPR models (sul-
phate and elemental sulphur production). The aerobic
biotransformation models were validated with the data
of an independent batch experiment. Moreover, both
aerobic and anoxic growth kinetics of T. denitrificans
were determined.

3.1. Thiosulphate biotransformation under
aerobic condition

3.1.1. Kinetics of thiosulphate biotransformation

As shown in Figure 1, thiosulphate was biotransformed at
all studied initial substrate concentrations (0.8-19.6 g
$,037-S L™"). The specific SUR increased with initial 0.8—
85g S,05-S L™' and at higher concentrations, it
decreased (Figure 2(a)). The highest q measured was
0.051 h™" with initial 8.5g S,037-S L™". At initial [S,03

~Slof 159 L™" and higher, elemental sulphur was pro-
duced and based on visual observations the quantity
increased with increasing thiosulphate concentration.
Once thiosulphate was removed at low (1.5-6 g 5,037-S
L") initial concentrations, the elemental sulphur was
further oxidised to sulphate, resulting in the removal of
sulphur particles (Figure S4). At initial thiosulphate-S con-
centrations from 0.8 to 3 g L™, thiosulphate was comple-
tely biotransformed within 14 days while this
thiosulphate conversion efficiency was only 76%, 70%,
39%, 35% and 30% at initial substrate concentrations of
6, 9, 14, 165 and 19.8g S,037-S L', respectively.
Hajdu-Rahkama et al. [24] studied the thiosulphate bio-
transformations of T. versutus using similar experimental
design conditions (pH 10 and 0.6-1.2 Na*) and thiosul-
phate concentrations (0.8-17.6g S$,037-S L™ at
150 rpm and 30°C. In their study, the thiosulphate utilis-
ation rate increased from 0.03 to 0.08 h™' by increasing
the thiosulphate concentration while in this study with
T. denitrificans, the highest SUR was only 0.03h™"
Sorokin et al. [17] reported severe growth inhibition of
T. denitrificans by forced aeration in batch culture. Thus,
T. denitrificans as a microaerophile is likely more sensitive
to oxygen than the aerobic T. versutus.

Monod fitting of the experimental data resulted in g,
0f 0.025 h~" and K of 0.42 g S,037-S L™ (Figure 2(a) and
Equation (3)). The model fitted well the $,027-S and SOZ
~-S results with initial substrate concentrations of 0.8
and 8.5-19.6 (Figure 2(a, e-h)) and had a worse fit with
15-6g S,037-S L' (Figure 1(b-d)). The Haldane
model (Equation (4)) showed no substrate inhibition at
any of the studied concentrations. The substrate inhi-
bition constant or K; value estimated by the Haldane
model was high, 64 g S,037-S L™'. Due to the better
overall fit of the Monod model and high K; value, the
kinetic constants from the Monod model were used in
the further kinetic calculations. The lag-phase estimated
from the thiosulphate consumption curves (Figure S3
and Figure 2(b)) increased from approximately 8-70 h
with the increase of initial 5,03-S concentration from
0.8t019.6g L™ (R*°=0.93).

3.1.2. Sulphate and elemental sulphur formation

For the quantification of elemental sulphur formation
with time, an independent batch experiment with 9.5 g
5,037-S L' was performed (Figure S5). The results in
Figure 3 showed continuous increase of both sulphate
(R? = 0.96) and elemental sulphur (R? = 0.90) with time.
During the experiment, 35% and 10% of the $,037-S
was biotransformed to SO37-S and S°, respectively. Over
50% of the S,037-S was not removed within 10 days.
The sulphur formation started after 4 days and increased
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Figure 1. Aerobic 5,037-S biotransformation and SO2~-S production kinetics for T. denitrificans at initial $,037-S concentrations of (a):
08gL " (b):15gL7@3gL 5 (d6gL " (e):85gL " (N:14gL7";(g):16.5gL™"; (h) 19.6 g L. ({)): S,037-S data from batch
assays; (#): SO;~-S data from batch assays; solid line (—): SZO§_-S biotransformation kinetics model; dashed line (- - - ): SO3™-S
production kinetics model. At the end (i) are the equations used to calculate the substrate (thiosulphate) utilisation rate (SUR)
and sulphate production rate (SPR).
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Figure 2. (a) Monod kinetics for aerobic thiosulphate utilisation (qm = 0.024 h™"; K;=0.42 g S,057-S L™ for T. denitrificans and (b) lag
phases of $,037-S removal at different initial concentrations. (c) Monod kinetics for anoxic nitrite removal (q,=0.01 h™"; K,=0.84 g
NO3 L™") by T. denitrificans and (d) lag phases of NO3 removal at different initial NO3 concentrations and initial 2.5 g 5,027 - L.

t0 0.9 g L™ (10% yield from initial 5,037-S) by the end of
the experiment.

3.2. Anoxic nitrite reduction and sulphate
formation

In the anoxic experiment, complete NO3 removal took
approximately 3, 5 and 8 days with initial NO3 concen-
trations of 0.2, 0.3 and 0.58 g L, respectively. The
highest measured removal rate of NO; was 0.004 h™'

y =0.3557x + 0.0609
Rz=10.9556

y=0.1191x - 0.1822
R?=10.8981

time (d)

Figure 3. Thiosulphate biotransformation to elemental sulphur
and sulphate by T. denitrificans under aerobic conditions. The
symbols are ({)): 5,055, (a) S°, (#): SO3™-S and (m) S°+ SO3™-S.

with initial 0.58 g NO5 L (Figure 2). The formation of
sulphate increased with the increase of initial nitrite con-
centration. The concentration of nitrate (NO3) in the
medium remained constant with all nitrite concen-
trations throughout the experiments.

The lag-phase increased with the increase of initial
nitrite concentration (Figure 2(d)). The Monod fitting
resulted in g, of 0.01 h™' and K, of 0.84g NO; L™’
(Figure 2(c)). The measured sulphate formation, especially
at initial 0.2 and 0.3 g NO; L™", was different than pre-
dicted from the stoichiometry (Equation (10)). This indi-
cates other fates for nitrite such as reduction to gaseous
N,O followed by partial loss to gas phase due to stirring.
No elemental sulphur was formed based on visual obser-
vations and therefore, SPR was not modelled. The sub-
strate inhibition constant or K; value estimated by using
Haldane model was 30 g NO5 L™

During the anoxic experiments, the highest conversion
of $,037-S to SO~ of 60% could be explained by nitrite
reduction at initial 0.3g NO3 L™ (Figure 4, Equation
(10)). Sulphate production reduced by 21% when increas-
ing the initial NO3 concentrations to 0.58 g L™". The sul-
phate production with initial 0.2 g NO5 L™' was 56%.
Figure 6 shows that the calculated 5,03 7-S to SO3~ conver-
sion was linear.
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Figure 4. Sulphate formation yield as calculated based on the
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3.3. Estimation of thiosulphate
biotransformation under aerobic conditions

The fractions of thiosulphate biotransformed into SO3™-S
and S° were calculated by using the results of kinetic
experiments (Section 2.2.1) and the SUR models
(Section 3.1.1). Finally, the models were validated with
the results of the independent batch (Section 3.1.2).

3.3.1. Estimation of SPR

At initial $,03-S of 0.8 g L™ and below no elemental
sulphur was formed, as shown by the calculated frac-
tions of f; and f, (Figure 5(a)). The highest f, formation
(61%) was obtained with initial 16.5 g 5,035 L™" while
above this concentration it decreased. The yields of S°
formation as a function of time were as shown in

S,05-8 (g LY
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Figure 5(b). In the study of Hajdu-Rahkama et al. [24]
with T. versutus, this highest yield was 45% with initial
1769 S,05-S L™' when the lag phases were not
omitted from the kinetic calculations under similar con-
ditions. Calculating the sulphur formation yield similarly
as with T. versutus, the highest S° yield by T. denitrificans
would be close to the one by T. versutus.

3.3.2. SUR and SPR model validation

The validation of the SUR and SPR model parameters
was done by using the experimental results with initial
95¢g 5,037-S L™' concentration (Section 3.1.2). The
results of model validations are shown in Figure 6. The
regression analysis (confidence bound to 95%) resulted
in high correlation (R? > 0.95) between the kinetic
models and the experimental data.

3.4. Growth of T. denitrificans

The kinetics of the growth of T. denitrificans was esti-
mated by using qPCR copy numbers and K, from the
SUR model.

3.4.1. Growth kinetics under aerobic condition
As shown in Figure 7(a), the kinetic model fitted well the
experimental growth rate results. The highest specific
growth rate of T. denitrificans was 0.024 h™' when
using K=0.42g S,057-S L' of the SUR model. The
maximum yield (Y.,) was 0.22 g cells/ g S,037-S.

3.4.2. Growth under anoxic conditions
The overall biomass growth was 10.2 and 10.7 mg cell
h™' at 0.2-0.3 g NO5 L™, respectively. The increase of

6 -
5 4
=47
=
203
@, |
] 4
0 B T T T
0 100 200 300 400
time (h)
0.8 g/lL 1.5gL ----- 3g/L
------------- 6g/L ---—---85¢g/L 14 g/L
—165g/L ----19.6g/L

Figure 5. (a) Fractions of biotransformation of [Szoﬁ’-S] to [SO3-S] (f;, black rhombus) and [SZO§’-S] to [$Y] (f,, black empty spheres)
with T. denitricans. The solid line (—) shows the f; and the dashed (- - -) the f, based on the kinetic model. (b) modelling of elemental
sulphur formation by different initial thiosulphate concentrations (these concentrations are shown below the figure as legends).
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Figure 6. Validation of the SPR modelling with experimental
data with initial 9.5 g $,057-S L™' concentration in batch incu-
bation with T. denitrificans. The ((}): S,057-S; (#): SO37-S and
(a) S° data from batch assays. The solid line (—): $,027-S bio-
transformation kinetics model, dashed line (- — -): S037-S pro-
duction and dotted dash line (---) is $° formation kinetics model
applied with the experimental data. Here the lag-phase (38 h)
was estimated from Figure 2(b).

biomass concentration of the cultures with 0.2 and 0.3 g
NO; L™' was approximately 0.73 g cell L™" (5 times)
and 1.31 g cell L~ (7 times) after 72 and 122 h, respect-
ively. The specific growth rate was 0.022 h™' with K, of
0.42 g S,037-S L™". This result is similar to the p, of
0.022 h™' reported by Sorokin et al. [17] with initial
414gNO; L™"and 2.56 g 5,03 -S L.

3.5. Limiting factors of aerobic
biotransformations

Figure 7(b) shows that the rate of thiosulphate bio-
transformation did not increase after 0.03 h™' (initial
8.6 g 5,05-S L") with the increasing biomass concen-
tration. This indicates that a third factor, in addition

to thiosulphate and biomass concentrations,
a b
0.07
0.06 g
0.05 + <
£ 0.04 - =]
S @
= 0.03 + O:
0.02 —Kinetic 2
model v
0.01
00 ‘ ‘
0 5 10 15 20
S,05-S (g L)
08 m

controlled the overall biotransformation rate. In
shake flask bio-assays, aeration is intensive and we
suggest that dissolved oxygen concentration was
actually the controlling factor for the microaerophilic
T. denitrificans. Experimentally using batch bio-assays
demonstration of this phenomenon is very challen-
ging and requires continuous-flow bioreactor exper-
imentation. Neither sulphate nor elemental sulphur
are toxic and therefore, product inhibition is out of
question in this case.

Different kinetic parameters from this and other
studies with similar haloalkaline SOB as T. denitrificans
are summarised in Table 2. In aerobic condition,
T. versutus has much higher K, (1.74g S,03~ -S L")
than T. denitrificans (0.42 g S,03~ -S L"), higher gm
(+2.6 h™") and higher yield (+0.09 g cell/g S,037S) of
sulphur formation.

Table 3 compares the results obtained with initial
2.5 g 5,03 -S L™ in aerobic and anoxic conditions (con-
taining 0.2-0.56 g NO5 L™"). With 2.5 g 5,03~ -S L™, the
aerobic p was higher (0.04 h™') than that of the anoxic
with nitrite (0.02 h™"). At slightly higher substrate con-
centration (2.56 g S,03~ -S L™", Sorokin et al. [17]
reported P, of 0.045 h™" with N,O (3.96 g L™") based
on their batch bio-assays. Further, they also reported
anoxic (with NO3) growth rate of 0.038 h™' but not sub-
strate utilisation kinetics by T. denitrificans in a continu-
ous chemostat culture [17]. Therefore, the chemostat
growth rates were lower than those obtained in our
batch assays (0.046 h™"). Further studies are needed to
optimise electron acceptor supply in anoxic bioreactors
for thiosulphate biotransformation.

This study showed high vyield elemental sulphur
accumulation by T. denitrificans in the presence of
sufficient thiosulphate and oxygen (from air) concen-
trations. In industrial scale applications, bioprocesses
are always open systems. Based on our earlier work

0.04 -
0.03 -
0.02 =
0.01 =
0 . b= E
0.10 0.09 0.12 0.33 0.51 0.93 1.03 1.51
biomass (g VSS/L)
15 m30 +60 =85 0l40 - 165 <196 gS203-S

Figure 7. (a) Aerobic growth kinetics of T. denitrificans, pm = 0.046 h™"; K;=0.42 g 5,037-S L™, Yield (Y,) = 0.22 g cells (g 5,037-5)";
and (b) specific thiosulphate-S utilisation rates and biomass concentrations with mean biomass concentrations.
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Table 2. Comparison of aerobic thiosulphate biotransformation kinetic constants of studies in haloalkaline condition.

Experimental conditions Kinetic parameters Reference
Microorganism  Experimental Temp. pH rpm  Salinity Initial am Ks Hm Y (g cell/g 5,03
system (0 (gL S0 () (g (h7™"
Na®) (L™ L™
T. denitrificans  batch assays 30 10 150 24 14 0.024 042 0.046 0.22* This study
T. denitrificans  batch assays 30 10 NR 0.6 2.56 N.D. N.D. 0.028 0.038 g protein/ g 5,03~ [17]
(4.2 mg protein/ mmol
$,03)
T. versutus batch assays 30 10 150 26 17.2 2.66 1.74 0.048 0.31* [24]
T. versutus batch assays 30 10 150 N.R. 2.56 0.049**  N.D. 0.082 N.D. [18]
T. versutus batch assays 37 10 150 N.R. 2.56 0.064**  N.D. 0.095 N.D. [18]
T. denitrificans ~ chemostat (lab- 30 10 NR. N.R. 2.56 N.D. N.D. 0.038 0.039 g protein/ g 5,03~ [17]
scale fermentor) (4.4 mg protein/ mmol
$,037)
T. versutus chemostat (lab- 35 10 N.R. 13.8, 46 2.56 N.D. N.D. 0.27 0.21 0.12, 0.086 and 0.055 [37]
scale fermentor) and 92 and 0.11

*As 5,027- S; N.D.: not determined; N.R.: not reported.
**Asg L™ h

with T. versutus [24] and the results of this study, both
T. denitrificans and T. versutus would be likely catalysts
of thiosulphate biotransformations. Although the rate
of aerobic biotransformation is higher by T. versutus, in
oxygen-limited conditions, the application of microaero-
philic T. denitrificans can be more suitable.

The experimental design (shake flasks) and pure
culture (a requirement for aseptic conditions) did not
allow monitoring and control of DO concentration
although it is an important variable that influences the
final product formation in thiosulphate biotransform-
ation. Therefore, the DO concentration effects and
optimisation for elemental sulphur formation by
T. denitrificans should be delineated in bioreactor
studies that allow the possibility for DO control and con-
tinuous monitoring. Adjusting the DO concentration to
an adequate level is crucial when the aim is to
produce elemental sulphur, thus preventing its further
oxidation to sulphate [21,38]. At low DO concentrations,
which are preferred for S° formation, reading the actual
values is often challenging, therefore controlling the
oxygen supply based on the oxidation redox potential
(ORP) is a better approach [21,39]. In addition, bioreactor
provides steady-state conditions and thus, gives

Table 3. Comparison of the kinetic constants of T. denitrificans
under aerobic and anoxic conditions obtained in this study.

Anoxic condition
(kinetics with NO3)

Kinetic constants and Aerobic condition

parameters (kinetics with S,0%7-5)?

lag-time (h) 27 15-75°
highest q (h™") 0.02 0.005
Ki(gL™) 64 30
K (L™ 0.42 0.84
max. SO27-S formation (%) 80 60°
u (h~") with 5,037-S 0.04 0.02

®These results were calculated considering the initial 2.5 g 5,03~ -S L™ con-
centration of the anoxic cultures.

Pwith 0.2-0.56 g [NO3] L™

“Based on theoretical calculation.

additional information about the practical applicability
of this bioprocess. The desired DO levels can be main-
tained in continuous-flow bioreactors such as fluidised
bed bioreactor where completely mixed conditions are
maintained via high-rate recirculation [40]. This has
been demonstrated under haloalkaline conditions in a
Thioalkalivibrio versutus amended fluidised bed bio-
reactor [41]. In a practical application, the bioreactor
would serve as a kidney removing the excess/ accumu-
lating sulphur from the process stream. Some of the
haloalkaline streams may contain organic constituents
that can be toxic towards SOB [13] and therefore, the
potential inhibitory effects of these constituents should
be determined in future studies.

5. Conclusions

Under haloalkaline conditions (~pH 10 and 14-28 g Na*
L™") aerobic and anoxic thiosulphate biotransformation
batch bio-assays with Thioalkalivibrio denitrificans used
in this work resulted in the following conclusions:

1. With oxygen as electron acceptor and initial [S,03-S]
of 0.8-19.6 g L™, the highest biotransformation rate
of thiosulphate was 0.024 h™' with K,=0.42 g 5,03
~SLT.

2. Elemental sulphur accumulated at >1.5g S,037-S
L™". The highest obtained elemental sulphur yield
was 10% with an initial 9.5 g 5,035 L™ and the esti-
mated 61% with initial of 16.5 g S,03-S L™".

3. Under anoxic conditions (with nitrite as an electron
acceptor), only minor thiosulphate biotransformation
occurred with no visual elemental sulphur formation.
The highest rate of nitrite removal was 0.011 h™" with
K,=0.84 g NO; L.

4. The maximum aerobic and anoxic specific growth
rates were 0.046 and 0.022 h™’, respectively, which



12 (& R.HAJDU-RAHKAMA ET AL.

may indicate partial inhibition by nitrite. The highest
aerobic growth yield was 0.22 g cells/ g S,037-S.

5. In summary, aerobic/microaerobic biotransform-
ations producing elemental sulphur under haloalka-
line conditions have potential for development of
sulphur recovery from saline and alkaline industrial
sulphurous streams.

Acknowledgement

This work was supported by the Doctoral School of Tampere
University, Finland.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by Tampere University.

Data availability statement

The authors confirm that the data supporting the findings of
this study are available within the article and/or its supplemen-
tary materials.

ORCID

Réka Hajdu-Rahkama ‘2 http://orcid.org/0000-0002-0500-4807
Bestamin Ozkaya © http://orcid.org/0000-0003-2358-3248
Aino-Maija Lakaniemi () http://orcid.org/0000-0001-7189-8741
Jaakko A. Puhakka (© http://orcid.org/0000-0001-9423-6556

References

[1] Baquerizo G, Chaneac A, Arellano-Garcia L, et al.
Biological sulfide removal under alkaline and aerobic con-
ditions in a packed recycling reactor. Mine Water Environ.
2013;32(4):278-284. doi:10.1007/510230-013-0239-3

[2] Castro IMP, Azevedo LS, Souza CL. Evaluation of micro-
aeration strategies in the digestion zone of UASB reactors
as an alternative for biogas desulfurization. Environ
Technol. 2021;0:1-23. doi:10.1080/09593330.2021.
1974574

[3] Gonzalez-Sanchez A, Meulepas R, Revah S. Sulfur for-
mation and recovery in a thiosulfate-oxidizing bioreactor.
Environ Technol. 2008;29(8):847-853. do0i:10.1080/
09593330801987657

[4] LiW, Shan XY, Wang ZY, et al. Effect of self-alkalization on
nitrite accumulation in a high-rate denitrification system:
performance, microflora and enzymatic activities. Water
Res. 2016;88:758-765. doi:10.1016/j.watres.2015.11.003

[5] Ramirez M, Gémez JM, Aroca G, et al. Removal of hydro-
gen sulfide and ammonia from gas mixtures by co-
immobilized cells using a new configuration of two

(1o

(11l

[12]

[13]

[14]

[15]

[16]

[17]

[18]

19

[20]

biotrickling filters. Water Sci Technol. 2009;59(7):1353-
1359. d0i:10.2166/wst.2009.105

Lens PNL, Hulshoff Pol LW. Environmental technologies
to treat sulfur pollution - principles and engineering.
London: IWA Publishing; 2000.

Shareefdeen Z, Herner B, Wilson S. Biofiltration of nui-
sance sulfur gaseous odors from a meat rendering
plant. J Chem Technol Biotechnol. 2002;77(12):1296-
1299. doi:10.1002/jctb.709

Tikka P. Chemical pulping part 2: recovery of chemical
and energy. Helsinki: Paperi ja Puu Oy; 2008.

Mikael A, Johansson U, Svedin K. Syntesrapport om
kunskapslaget gallande I6slighet och aktivitetsdata for
hégkoncentrerade saltldsningar i skogsindustriella
tillampningar. AForsk Rapport. 2007, 05-078.

Velasco A, Alcantara S, Razo-Flores E, et al. Partial thiosul-
fate oxidation by steady-state continuous culture in a bio-
reactor-settler system. J Chem Technol Biotechnol.
2004;79(2):132-139. doi:10.1002/jctb.949

Hubbe MA, Alén R, Paleologou M, et al. Lignin recovery
from spent alkaline pulping liquors using acidification,
membrane separation, and related processing steps: A
review. BioResources. 2019;14(1):2300-2351.

De Graaff M, Klok JBM, Bijmans MFM, et al. Application of
a 2-step process for the biological treatment of sulfidic
spent caustics. Water Res. 2012;46(3);723-730. doi:10.
1016/j.watres.2011.11.044

Kalantari H, Nosrati M, Shojaosadati SA, et al.
Investigation of transient forms of sulfur during biological
treatment of spent caustic. Environ Technol. 2018;39
(12):1597-1606. doi:10.1080/09593330.2017.1334707
Park JJ, Byun IG, Park SR, etal. Use of spent sulfidic caustic
for autotrophic denitrification in the biological nitrogen
removal processes: Lab-scale and pilot-scale experiments.
Journal of Industrial and Engineering Chemistry. 2009;15
(3):316-322. doi:10.1016/j.jiec.2008.11.008

Sorokin DY, Kuenen JG. Haloalkaliphilic sulfur-oxidizing
bacteria in soda lakes. FEMS Microbiol Rev. 2005;29
(4):685-702.

Sorokin DY, Kuenen JG, Muyzer G. The microbial sulfur
cycle at extremely haloalkaline conditions of soda lakes.
Front Microbiol. 2011;2:1-16. doi:10.3389/fmicb.2011.
00044

Sorokin DY, Gijs Kuenen J, Jetten MSM. Denitrification at
extremely high pH values by the alkaliphilic, obligately
chemolithoautotrophic,  sulfur-oxidizing  bacterium
Thioalkalivibrio denitrificans strain ALID. Arch Microbiol.
2001;175(2):94-101. doi:10.1007/s002030000210
Makzum S, Amoozegar MA, Dastgheib SMM, et al. Study
on haloalkaliphilic sulfur-oxidizing bacterium for thiosul-
fate removal in treatment of sulfidic spent caustic. Int
Lett Nat Sci. 2016;57:49-57. doi:10.18052/www.scipress.
com/ilns.57.49

Di Capua F, Ahoranta SH, Papirio S, et al. Impacts of sulfur
source and temperature on sulfur-driven denitrification
by pure and mixed cultures of Thiobacillus. Process
Biochem. 2016;51(10):1576-1584. doi:10.1016/j.procbio.
2016.06.010

Janssen AJH, De Keizer A, Lettinga G. Colloidal properties
of a microbiologically produced sulphur suspension in
comparison to a LaMer sulphur sol. Colloids Surf B.
1994;3(1-2):111-117.


http://orcid.org/0000-0002-0500-4807
http://orcid.org/0000-0003-2358-3248
http://orcid.org/0000-0001-7189-8741
http://orcid.org/0000-0001-9423-6556
https://doi.org/10.1007/s10230-013-0239-3
https://doi.org/10.1080/09593330.2021.1974574
https://doi.org/10.1080/09593330.2021.1974574
https://doi.org/10.1080/09593330801987657
https://doi.org/10.1080/09593330801987657
https://doi.org/10.1016/j.watres.2015.11.003
https://doi.org/10.2166/wst.2009.105
https://doi.org/10.1002/jctb.709
https://doi.org/10.1002/jctb.949
https://doi.org/10.1016/j.watres.2011.11.044
https://doi.org/10.1016/j.watres.2011.11.044
https://doi.org/10.1080/09593330.2017.1334707
https://doi.org/10.1016/j.jiec.2008.11.008
https://doi.org/. doi:10.3389/fmicb.2011.00044
https://doi.org/. doi:10.3389/fmicb.2011.00044
https://doi.org/10.1007/s002030000210
https://doi.org/10.18052/www.scipress.com/ilns.57.49
https://doi.org/10.18052/www.scipress.com/ilns.57.49
https://doi.org/10.1016/j.procbio.2016.06.010
https://doi.org/10.1016/j.procbio.2016.06.010

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

31]

Janssen AJH, Sleyster R, Van der Kaa C, et al. Biological sul-
phide oxidation in a fed-batch reactor. Biotechnol Bioeng.
1995;47(3):327-333.

Kijlstra S, Janssen A, Arena B. Biological process for H2 S
removal from ( high pressure ) Gas). Laurance Reid Gas
Conditioning Conference; 2001 February, 1-13.
Florentino AP, Weijma J, Stams AJM, et al. Sulfur
reduction in Acid rock drainage environments. Environ
Sci Technol. 2015;49(19):11746-11755. doi:10.1021/acs.
est.5b03346

Hajdu-Rahkama R, Ozkaya B, Lakaniemi A-M, et al.
Kinetics and modelling of thiosulphate biotransform-
ations by haloalkaliphilic Thioalkalivibrio versutus. Chem
Eng J. 2020;401:1-9. doi:10.1016/j.cej.2020.126047

Ang WK, Mahbob M, Dhouib R, et al. Sulfur compound
oxidation and carbon co-assimilation in the
haloalkaliphilic sulfur oxidizers Thioalkalivibrio versutus
and Thioalkalimicrobium aerophilum. Res Microbiol.
2017;168(3):255-265. doi:10.1016/j.resmic.2016.12.004
Bonk F, Popp D, Harms H, et al. PCR-based quantification of
taxa-specific abundances in microbial communities: quanti-
fying and avoiding common pitfalls. J Microbiol Meth.
2018;153(August):139-147. doi:10.1016/j.mimet.2018.09.015
Rinta-Kanto JM, Sinkko H, Rajala T, et al. Natural decay
process affects the abundance and community structure
of bacteria and archaea in picea abies. FEMS Microbiol
Ecol. 2016;92(7):1-10. doi:10.1093/femsec/fiw087
Vétrovsky T, Baldrian P. The variability of the 16S rRNA
gene in Bacterial genomes and Its consequences for
Bacterial community analyses. PLoS ONE. 2013;8(2):1-
10. doi:10.1371/journal.pone.0057923

Rittmann BE, McCarty PL. 2001 Environmental biotech-
nology: Principles and applications. New York: McGraw-
Hill Book Co.; 2001.

Nurmi P, Ozkaya B, Kaksonen AH, et al. Inhibition kinetics
of iron oxidation by Leptospirillum ferriphilum in the pres-
ence of ferric, nickel and zinc ions. Hydrometallurgy.
2009;97(3-4):137-145.

Ozkaya B, Sahinkaya E, Nurmi P, et al. Kinetics of iron oxi-
dation by Leptospirillum ferriphilum dominated culture at
pH below one. Biotechnol Bioeng. 2007;97(5):1121-1127.

(32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

ENVIRONMENTAL TECHNOLOGY 13

Kampen WH. Chapter 4 - nutritional requirements in
Fermentation processes. In: Todaro C.M. Vogel H.C,
editors. Fermentation and Biochemical Engineering
handbook (3rd ed., pp. 37-57). Elsevier Inc. 2014.

Katoh S, Horiuchi J, Yoshida F. Biochemical engineering: a
textbook for engineers, chemists and biologists.
Weinheim: John Wiley & Sons; 2009.

Berben T, Overmars L, Sorokin DY, et al. Diversity and dis-
tribution of sulfur oxidation-related genes in thioalkalivi-
brioo, a genus of chemolithoautotrophic and
haloalkaliphilic sulfur-oxidizing bacteria. Front Microbiol.
2019;10(February):1-15. doi:10.3389/fmicb.2019.00160
Kelly DP, Wood AP. Reclassification of some species of
Thiobacillus acidithiobacillus gen.nov. Halothiobacillus.
2018 May;50(2):511-516.

Neidhardt FC. Escherichia coli and salmonella: cellular and
molecular biology. American Society of Microbiology.
1996;1:14.

Banciu H, Sorokin DY, Kleerebezem R, et al. Growth kin-
etics of haloalkaliphilic, sulfur-oxidizing bacterium
Thioalkalivibrio versutus strain ALJ 15 in continuous
culture. In: Curtiss R, et al, editors. Extremophiles.
Washington: American Society of Microbiology; 2004.
Gonzélez-Sdnchez A, Revah S. Biological sulfide removal
under alkaline and aerobic conditions in a packed recy-
cling reactor. Water Sci Technol. 2009;59(7):1415-1421.
doi:10.2166/wst.2009.121

Mu T, Yang M, Xing J. Performance and characteristic of a
haloalkaliphilic bio-desulfurizing system using
Thioalkalivibrio verustus D301 for efficient removal of
H2S. Biochem Eng J. 2021;165:107812, 1-8. doi:10.1016/
j.bej.2020.107812

Ozkaya B, Kaksonen AH, Sahinkaya E, et al. Fluidized bed
bioreactor for multiple environmental engineering sol-
utions. Water Res. 2019;150:452-465. doi:10.1016/j.
watres.2018.11.061

D’Aquino A, Hajdu-Rahkama R, Puhakka JA. Elemental
sulphur production from thiosulphate under haloalkaline
conditions in a Thioalkalivibrio versutus amended
fluidized bed bioreactor. Biochem Eng J. 2021;172
(May):108062, 1-11. doi:10.1016/j.bej.2021.108062


https://doi.org/10.1021/acs.est.5b03346
https://doi.org/10.1021/acs.est.5b03346
https://doi.org/10.1016/j.cej.2020.126047
https://doi.org/10.1016/j.resmic.2016.12.004
https://doi.org/10.1016/j.mimet.2018.09.015
https://doi.org/10.1093/femsec/fiw087
https://doi.org/10.1371/journal.pone.0057923
https://doi.org/10.3389/fmicb.2019.00160
https://doi.org/10.2166/wst.2009.121
https://doi.org/10.1016/j.bej.2020.107812
https://doi.org/10.1016/j.bej.2020.107812
https://doi.org/10.1016/j.watres.2018.11.061
https://doi.org/10.1016/j.watres.2018.11.061
https://doi.org/10.1016/j.bej.2021.108062

	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Inoculum and growth medium
	2.2. Aerobic biotransformation experiments with thiosulphate
	2.2.1. Kinetic experiments
	2.2.2. Determination of sulphur formation

	2.3. Anoxic experiments in the presence of nitrite
	2.4. Analytical methods
	2.5. Kinetic calculations
	2.5.1. Thiosulphate and nitrite utilisation kinetics
	2.5.2. Product formation kinetics under aerobic conditions
	2.5.3. Product formation kinetics under anoxic conditions
	2.5.4. Growth of T. denitrificans at different thiosulphate and nitrite concentrations
	2.5.5. Model validation with experimental data


	3. Results and discussion
	3.1. Thiosulphate biotransformation under aerobic condition
	3.1.1. Kinetics of thiosulphate biotransformation
	3.1.2. Sulphate and elemental sulphur formation

	3.2. Anoxic nitrite reduction and sulphate formation
	3.3. Estimation of thiosulphate biotransformation under aerobic conditions
	3.3.1. Estimation of SPR
	3.3.2. SUR and SPR model validation

	3.4. Growth of T. denitrificans
	3.4.1. Growth kinetics under aerobic condition
	3.4.2. Growth under anoxic conditions

	3.5. Limiting factors of aerobic biotransformations

	5. Conclusions
	Acknowledgement
	Disclosure statement
	Data availability statement
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.245 841.846]
>> setpagedevice


