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Abstract

The biodegradation of organic aromatic compounds in subsurface environments is often hindered by limited dissolved oxygen.
While oxygen supplementation can enhance in situ biodegradation, it poses financial and technical challenges. This study
explores introducing low-oxygen concentrations in anaerobic environments for efficient contaminant removal, particularly
in scenarios where coexisting pollutants are present. An innovative strategy of alternating nitrate-reducing and microaerobic
conditions to stimulate biodegradation is proposed, utilizing nitrate initially to degrade easily-degradable compounds, and
potentially reducing the need for additional oxygen. Batch experiments were conducted to assess the biodegradation of a
BTEX, indene, indane, and naphthalene mixture using groundwater and sediments from an anaerobic contaminated aquifer.
Two set-ups were incubated for 98 days to assess the redox transitions between microaerobic (oxygen concentrations < 0.5 mg
0, L") and nitrate-reducing conditions, aiming to minimize external electron acceptor usage while maximizing degradation.
Comparative experiments under fully aerobic and fully anaerobic (nitrate-reducing) conditions were conducted, revealing
that under microaerobic conditions, all compounds were completely degraded, achieving removal efficiencies comparable to
fully aerobic conditions. A pre-treatment phase involving nitrate-reducing conditions followed by microaerobic conditions
showed more effective utilization of oxygen specifically for contaminant degradation compared to fully aerobic conditions.
Contrarily, under fully anaerobic conditions, without oxygen addition, partial degradation of ethylbenzene was observed after
400 days, while other compounds remained. The outcomes of this study can provide valuable insights for refining strategies
involving oxygen and nitrate dosages, thereby enhancing the efficacy of in situ bioremediation approaches targeting complex
hydrocarbon mixtures within anaerobic subsurface environments.

Key points

e BTEX, indene, indane, and naphthalene mix biodegraded under microaerobic conditions
e Subsurface microorganisms swiftly adapt from nitrate to microaerobic conditions

e More oxygen directed to hydrocarbon biodegradation via a pre-anaerobic treatment

Keywords BTEX - Microaerobic conditions - Nitrate-reducing conditions - Oxygen supplementation - Redox transitions -
Bioremediation

Introduction

Before natural gas, cities and towns throughout the US and
Europe relied upon gas manufactured from coal and oil
(Murphy et al. 2005). The manufacturing process and the
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waste from the industrial activities led to the contamination
of the soil and groundwater over the years. Common con-
tamination in manufactured gas plants (MGP) sites is coal
tar which contains a mixture of various aromatic hydrocar-
bons (Sperfeld et al. 2018). These contaminants can perco-
late to the subsurface as non-aqueous phase liquids (NAPL),
and migrate downwards, ending up as a long-term source of
contamination in groundwater because of their slow disso-
lution (Birak and Miller 2009). Benzene, toluene, ethylben-
zene, and xylenes (BTEX) generate the most concern among
hydrocarbon contaminants due to their high solubility and
toxicity (Chakraborty and Coates 2004). Therefore, methods
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to remove contaminants like BTEX from groundwater and
subsurface sediments of former MGP sites are necessary.

Biodegradation of aromatic hydrocarbons can be in
many situations the most effective way to remove these
contaminants from the environment (Meckenstock et al.
2015). Many studies have reported complete removal of
such compounds under aerobic conditions and those stud-
ies were summarized in the review of Das and Chandran
(2011). However, biodegradation in aquifers is often lim-
ited by either low concentrations of dissolved oxygen or
a complete absence of oxygen leading to various types of
anaerobic conditions. When oxygen is not available, the best
electron acceptor for degradation process is nitrate (NOz™),
followed by manganese (Mn*"), ferric iron (Fe**), sulfate
(SO4°7), and carbon dioxide (CO,) (Hatipoglu-Bagci and
Motz 2019). Even though these alternatives to oxygen are
often present in naturally anaerobic systems, aerobic bio-
degradation is often much faster than anaerobic contami-
nant transformation (Chakraborty and Coates 2004; Varjani
2017) and lead to complete removal of all the contaminants.
Therefore, adequate oxygen dosage for enhancing biodeg-
radation in oxygen limited environments can be a good
strategy for the removal of recalcitrant compounds under
anaerobic conditions.

Adequate oxygen dosage is challenging due to the low
solubility of oxygen in water (~ 10 mg L™! at 15 °C), and
the rapid consumption of oxygen in reduced aquifer environ-
ments. Furthermore, oxygen may lead to precipitation of
oxidates, which can lead to less permeable aquifers, compet-
ing with aerobic conversion processes (Wilson and Bouwer
1997). Compared to oxygen, nitrate has the next level energy
yield as electron acceptor for aromatic hydrocarbons degra-
dation, and is favored by its high solubility in water, absence
of precipitate formation, is inexpensive, and non-toxic to
microorganisms at concentrations below 500 mg NO;~ Lt
(Hutchins 1991). Limitations for nitrate application are the
maximum acceptable concentration in drinking water (max
50 mg NO;~ L~ in the Netherlands (European Environment
Agency 2016)) and as mentioned, potentially longer time
needed for biodegradation to take place. Therefore, balanc-
ing the advantages and disadvantages of these two different
electron acceptors (oxygen and nitrate) in the subsurface
can be helpful for development of successful remediation
strategies.

In nature redox zonation can be observed as methano-
genic conditions occur close to source of pollution, fol-
lowed by sulfate, manganese, and iron, nitrate-reducing
conditions, and finally aerobic conditions at the end of the
plume. However, this process may not be as straightforward
as described by Meckenstock et al. (2015), suggesting that
oxygen, nitrate, or sulfate reduction can occur at the plume's
edges, where electron acceptors are replenished by disper-
sion and diffusion from surrounding groundwater. Once
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all dissolved electron acceptors are depleted, methanogen-
esis and Fe(IlI)- or Mn(IV)-reduction may dominate in the
plume core. Additionally, redox zones near sediment—water
interfaces can exhibit microaerobic conditions (oxygen con-
centration <2 mg O, L~ (Olsen et al. 1995; Yerushalmi
et al. 2002). In those zones, facultative anaerobes such as
denitrifying bacteria are abundant because of their ability
to use both oxygen and nitrate (Wilson and Bouwer 1997;
Firmino et al. 2018). For organic contaminant biodegrada-
tion, facultative anaerobes have been shown to use oxygen to
metabolize organics and once oxygen is depleted, degrada-
tion of the intermediates can occur under nitrate-reducing
conditions (Wilson and Bouwer 1997; Firmino et al. 2018).
Thus, sequential electron acceptor usage can potentially con-
tribute to the removal of aromatic organic compounds such
as benzene where the most challenging step for microorgan-
isms is the breakdown of the stabile ring structure (Weelink
et al. 2010; Firmino et al. 2018). Furthermore, oxygen-based
conversion generally yields more microbial biomass, which
can enhance the subsequent denitrification processes that
lead to biodegradation of subsurface contaminants (Su and
Kafkewitz 1994). There are several publications focusing
on the microaerobic biodegradation of individual BTEX
compounds (Su and Kafkewitz 1994; Yerushalmi et al.
2001, 2002; Aburto et al. 2009) and on BTEX as a mixture
(Hutchins et al. 1992; Olsen et al. 1995; Da Silva et al. 2005;
Firmino et al. 2018; Siqueira et al. 2018) with diverting out-
comes on biodegradability of the individual compounds of
the BTEX and other aromatic compounds. Nonetheless, for
compounds such as indene and indane, the biodegradabil-
ity in microaerobic conditions has not been reported prior
to this study. Studies with much more complex mixtures of
organic aromatic compounds are scarce, while mixtures—
and not the individual compounds—are found in contami-
nated sites (Deeb et al. 2001; Gusmao et al. 2006; Zhou
et al. 2011). In our previous study, where batch experiments
were conducted under aerobic conditions, showed that com-
pounds in the mixture influence their mutual biodegradation
(Aydin et al. 2023). With the aim of taking our previous
work one step forward, the biodegradation of complex aro-
matic organic compound mixtures was studied by investi-
gating the potential use of oxygen, at lower concentrations,
together with nitrate.

This study focused on the biodegradation of a mixture
composed of BTEX, indene (Ie), indane (Ia) and naphtha-
lene (N) which were found to be prevalent in the subsur-
face of a former gasworks site. The complete removal of the
BTEXIelaN mixture was previously reported under aerobic
conditions (Aydin et al. 2023). In this study, biodegradation
of BTEXIelaN mixture was tested under microaerobic con-
ditions (~0.5 mg O, LY. Furthermore, transitional redox
scenarios were explored, involving shifts between micro-
aerobic conditions and complete anaerobic (nitrate-reducing)
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conditions, and vice versa. Both scenarios were evaluated to
determine the most efficient approach, aiming to minimize
electron acceptor usage while achieving maximal degrada-
tion. The overall goal is to gain insight into the biodegrada-
tion of BTEXIelaN through the sequential use of oxygen and
nitrate (and vice versa), contributing to the development of
efficient remediation strategies for aromatic and other hydro-
carbons in the subsurface environments.

Materials and methods
Sediment and groundwater sampling

Sediment and groundwater samples were collected from the
Griftpark, a former gasworks site located in Utrecht (The
Netherlands). The subsurface and groundwater of the site
were found to be contaminated with a hydrocarbon mix-
ture composed of BTEXIelaN compounds (Hauptfeld et al.
2022). For the study, sediment samples were taken from 38
to 38.5 m below ground level (bgl) and the groundwater
was collected from the same well (8§ m bgl). Both samples
showed no contamination of BTEXIelaN above the limit
of detection by HPLC analysis (Aydin et al. 2021) prior to
experiments but were most probably exposed to the contami-
nation because above and below the sampled area, contami-
nation was reported. The sediment samples were mixed in an
anaerobic tent to have a homogenous composition, and was
equally distributed to ambered glass jars, fully filled to limit
the headspace, then closed with Teflon coated lids. Ground-
water samples were stored separately in 2-L glass bottles,
fully filled without allowing any headspace. All bottles were
stored at 4 °C, in dark, upside down (inside of a water-filled
bucket for glass jars) to keep anaerobic conditions and pre-
vent any oxygen leak during storage period.

Batch reactor preparation

For the batch experiments, 250-mL serum glass bottles were
used as reactors. In order to mimic site conditions, serum
bottles were filled with 20 g sediment as the source of inocu-
lum, and with 150 mL groundwater as the media. Different
set-ups were prepared with different headspace and electron
acceptor compositions (Table 1). All set-ups consisted of
three active bottles as experimental triplicates, and two abi-
otic duplicate controls to discriminate between biotic and
abiotic processes in this study.

All bottles were sealed with butyl/PTFE-coated stoppers
and aluminum crimp caps prior to the headspace modifi-
cation using the gas exchanger. Except for set-up III, the
groundwater was flushed with 100% nitrogen gas for 10 min
and a gas exchange procedure with nitrogen was applied and
set to 1.50 bar to achieve anaerobic conditions both in liquid

Table 1 Information on the chemical composition of the batch bottles
for each set-up

Set-up  Headspace Nitrate Oxygen Addition
(~2.5 mg O, per injection)
I 100% N, ~400mg L™ Day 1,7, 14,21,42
II 100% N, ~400mgL™!  Day 60, 67
11 Air 21%0,) ~50mgL~"  No addition
v 100% N, ~600 mg L™'  No addition
A% 100% N, ~50mgL™!  Dayé6, 18

and the headspace. For fully aerobic conditions (set-up III),
the groundwater was not flushed, and headspace consisted
of air. Thus, no gas exchange procedure was performed. All
the control bottles were autoclaved at 120 °C, for 20 min.
This procedure was repeated two times. After sterilization,
headspace modification was made (except set-up III) with
use of gas exchanger using filters (0.22 pm) to prevent any
contamination from the added gas. Finally, biocides (1 mL
of 260 g L™! NaNj and 2.5 mL of 0.5 g L™! HgCl,) were
added to all control bottles to ensure sterile conditions
throughout the experiment. Once all bottles (experimental
and controls) were prepared, the BTEXIelaN mixture was
added. To create microaerobic conditions (set-up I, II, V),
anaerobic bottles received oxygen injection via a syringe on
the days indicated in Table 1. Oxygen dosage is explained in
detail further in "Adjustment of the oxygen concentrations".

BTEXlelaN mixture preparation

In order to have a mixture with equal mass ratio, 100 mg of
each compound was mixed within each other without the use
of any carrier solvent. The mass calculations were made as
in Supplementary Table S1, and the calculated volumes were
added to vials and vortexed for one minute until complete
dissolution of all compounds was achieved. Then, 10 puL
from the pure mix was added to the batch bottles via a glass
syringe, with estimating an equal mass ratio (1:1:1:1:1:1:1:1,
B:T:E:0-X:m/p-X:Ie:Ia:N) with an initial concentration
of ~8.9 mg for each compound. It was aimed to create an
equally amount of each compound of BTEXIelaN per bot-
tle. Due to redistribution of the mixture over the phases soil,
liquid and gas, some variation occurred when analysing the
compounds in liquid phase (Table S2).

Analytical methods

To monitor biodegradation, quantification of BTEXIelaN
compounds was done by sampling the liquid phase and ana-
lyzed with HPLC-FLD equipped with a Phenyl-1 (Thermo)
HPLC column as previously described (Aydin et al. 2021).
Briefly, 1 mL sample was taken with a syringe from each
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bottle and centrifuged at 15000 rpm for 10 min to discard
soil. An amount of 750 pL. supernatant was then transferred
to HPLC-glass vials and 250 uL. methanol was added to keep
the volatile compounds stable during autosampler period.

Nitrate (NO5 ™), nitrite (NO, "), and sulfate (SO4'2) con-
centrations were quantified by an ion chromatography (IC)
(Dionex ICS-2100, Thermo, USA) equipped with an AS17-
Column. The supernatant used for the HPLC measurements
were also used for the IC analysis. For this, the supernatant
was diluted tenfold with Milli-Q water before measurements
to be within the limit of detection range of the equipment.

For headspace analysis, concentrations of O, and CO,
were monitored with gas chromatography (GC) (GC-2010,
Shimadzu) with the method of De Wilt et al. (2018) by sam-
pling 2 mL gas from the bottles. Parallel to GC, oxygen con-
centrations were also measured via a non-invasive oxygen
sensor spot (Spot SP-PSt3 PreSens, Germany) before and
after sampling to ensure no oxygen was introduced during
sampling procedures. The oxygen sensor was attached at the
bottom of the batch bottles to measure the dissolved oxygen
present in the liquid phase. Chromeleon software (Thermo
Fischer Scientific, USA) was used for analysis of the data
from both liquid and gas chromatography.

Adjustment of the oxygen concentrations

In order to achieve microaerobic conditions in the desired
batch bottles, 8.5 mL atmospheric air was injected to the
anaerobic bottles via a syringe. The theoretical amount of
oxygen in 8.5 mL air was calculated by considering the
atmospheric gas pressure (Table S3) and should be ~2.5 mg
based on the ideal gas law (Equation S1 and Equation S2,

Phase 1

intermittent addition
of low oxygen

Microaerobic
conditions

7
@
w
Nitrate reducing
conditions

no oxygen addition

Fig. 1 Scheme for the experimental design of the set-up I and II
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Table S4). After oxygen addition to anaerobic bottles, the
oxygen gas in the headspace was measured with GC at
around 1.3% (Table S5) which matched to the theoretical
calculations (~2.5 mg O,) given in Table S4. Additional to
headspace measurements, oxygen concentrations in liquid
phase were measured via an oxygen sensor and was ~ 0.8 mg
L~! (Table S6) which corresponds to~0.12 mg. To under-
stand the distribution of the added oxygen in gas and lig-
uid phase, calculations based on Henry’s Law were done
(Table S7). The distribution of oxygen in gas and liquid
phase was found to be close to the theoretical Henry’s coef-
ficient (Table S7). Oxygen measurements were performed
periodically, before and after the sampling procedure, as
well as after the addition of new oxygen. Dissolved oxygen
concentrations measured in liquid phase were below 2 mg
0, L™! and therefore considered as microaerobic condi-
tions (set-up I, IT and V). As the added oxygen concentra-
tions were insufficient for the complete removal of the total
organic pollutant in the bottles, repeated additions of oxygen
were needed over time to periodically re-install short term
microaerobic conditions. For fully aerobic bottles (set-up
III), the oxygen was measured at the start of the experi-
ment as 19% in the headspace and the dissolved oxygen
was ~8 mg L™! in liquid (Table S8 and S9).

Experimental design

The experimental design for set-up I and II was summarized
in Fig. 1. To elaborate, set-up I started with microaerobic
conditions achieved by introducing low oxygen concentra-
tions on day 1. Once the available oxygen was depleted,
there was a brief 3-day interval without oxygen. Following

Phase 2
NSTEXIeIaN

Nitrate reducing no oxygen addition

conditions

=

intermittent addition
of low oxygen

Microaerobic
conditions



Applied Microbiology and Biotechnology (2025) 109:9

Page 5 of 15 9

this, set-up I underwent a series of five cycles involving
intermittent low-oxygen addition (Phase 1). Subsequently,
after complete removal of all the compounds, the bottles
were re-spiked with the BTEXIelaN mixture (added on day
59 and measured on day 60). From that point onward, set-
up I no longer received oxygen supply (Phase 2). Set-up II
did not receive any oxygen at the beginning of the experi-
ment, therefore nitrate-reducing conditions were prevail-
ing in phase 1. This condition served as a representation
of the in situ conditions, involving prolonged exposure of
microorganisms to the BTEXIelaN mixture under anaerobic
conditions. At day 60, set-up II was switched to microaero-
bic conditions by receiving low oxygen for the first time,
followed by a second addition on day 67 (Phase 2). The
experiment stopped for both set-ups at day 98. Set-ups III,
IV, and V were prepared at a later stage to allow for a com-
parison between the biodegradation capacity of BTEXIelaN
and the consumption of electron acceptors. This comparison
was made in relation to the conditions observed in set-ups
Tand II.

Results

Assessment of BTEXlelaN mixture biodegradation
under transitional redox conditions

Set-up I: From microaerobic conditions to nitrate-reducing
conditions

In set-up I, complete biodegradation of BTEXIelaN com-
pounds was observed when low oxygen concentrations
were added intermittently to the active bottles during phase
1 (Fig. 2A). Control bottles showed no biodegradation
(Fig. 2B), confirming a biotic removal process in the active
bottles. Oxygen was added intermittently on days 1, 7, 14, 21
and 42 with initial concentration of ~0.7 mg O, L', reduc-
ing to 0.2 mg O, L™! (Fig. 3). This concentration remained
consistent until subsequent oxygen addition, suggesting the
constant reading of 0.2 mg O, L™! corresponds to an absence
of oxygen. This could be related with either the sensitivity
of the oxygen sensor to low concentrations, or a potential
disturbance in the initial calibration. Therefore, the initial
microaerobic conditions in this study were after correction
around 0.5 mg O, L™!. Reduction in the oxygen concen-
trations (Fig. 3) were in line with the biodegradation data
(Fig. 2), indicating BTEXIelaN removal at oxygen concen-
trations below 0.5 mg O, L™\,

After complete removal of the contaminants, active bot-
tles of set-up I were re-spiked with the BTEXIelaN mix-
ture on day 60, initiating a new phase to assess biodegrada-
tion under nitrate-reducing conditions (Phase 2). Notably,
in the absence of oxygen, BTEXIelaN biodegradation did

not occur as indicated by negligible changes in compound
concentrations, consistent with control bottle observations
(Fig. 2). The findings from set-up I lead to the conclu-
sion that oxygen is essential for the bioremediation of the
BTEXIelaN mixture. Additionally, it was shown that low
oxygen concentrations (~0.5 mg O, L") are sufficient for
the complete degradation of the complex mixture compris-
ing various aromatic hydrocarbons.

Set-up II: From nitrate-reducing conditions to microaerobic
conditions

In set-up II, nitrate-reducing conditions were prevalent
during the initial 60-day period, and throughout that time,
the BTEXIelaN mixture was not biodegraded (Fig. 4). The
biodegradation of the compounds was observed starting
from day 60, when set-up II bottles received low oxygen
concentrations for the first time (Fig. 4A). In the second
oxygen addition (day 67), biodegradation continued and
almost all the compounds of the mixture were biode-
graded. The DO concentrations measured for set-up 11
batch bottles (Fig. 5) exhibited a similar trend to set-up I,
decreasing from approximately 0.8 to 0.3 mg O, L~!. The
reduction in oxygen concentrations was consistent with
the biodegradation data (Fig. 4). Despite supplying oxygen
to the control bottles on day 60, all compounds were still
present on day 98, with concentrations remaining close to
their initial values. These results suggest that microorgan-
isms could adapt to microaerobic conditions after a pre-
anaerobic period and biodegrade the BTEXIelaN mixture
within a short timeframe.

Set-up lll and IV: BTEXlelaN degradation under fully aerobic
and fully anaerobic conditions

Additionally, to set-up I and II, separate experiments were
conducted under fully aerobic conditions (set-up III) and
fully anaerobic conditions (set-up IV), without assessment
of any transitional redox conditions. On one hand, within
set-up III, all compounds of the BTEXIelaN mixture were
fully biodegraded within 15 days (Supplementary Fig S1).
On the other hand, in set-up IV, under prevailing nitrate-
reducing conditions, only the degradation process of eth-
ylbenzene started, taking a substantial duration of 308 days
and continued until the end of the experiment by day 400
(Supplementary Fig S2). Even after this prolonged period of
400 days, all compounds, including ethylbenzene, remained
in the bottles. These results indicate that fully anaerobic con-
ditions were ineffective in completely removing the BTEX-
IeIaN compounds, thus confirming the essential role of oxy-
gen in the rapid conversion of these contaminants.
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A Set up | - Active

Phase 1

Phase 2

Concentration
(mg/L)

time (day)

B Set up | - Control

Phase 1

Phase 2

Concentration
(mg/L)

time (day)

o Benzene ® Toluene & Ethylbenzene % o-Xylene + m/p-Xylene < Indene © Indane = Naphthalene

Fig.2 Set-up I: BTEXIelaN biodegradation with intermittent addi-
tion of low oxygen (A) in active bottles and (B) in controls. Micro-
aerobic conditions shown in blue. Control bottles received low oxy-
gen addition only on day 1, as oxygen was not consumed throughout

Investigation on the microbial use of electron
acceptors

In order to have an insight on the electron acceptor usage
throughout the experiments, oxygen and nitrate consump-
tions were compared between set-ups. Additionally, the
effect of nitrite on biodegradation as a by-product of deni-
trification process was investigated.

@ Springer

phase 1. The figures represent the mean of the triplicate active bottles
(A) and duplicate controls (B). On day 54, gas exchange procedure
was performed, leading to some decrease in concentrations in control
bottles (measured on day 60)

Specificity in oxygen consumption

BTEXIelaN mixture was biodegraded in set-up I through the
application of five oxygen spikes, reaching a concentration
around 0.5 mg O, L™". In contrast, set-up II required only two
similar oxygen spikes to achieve almost complete conversion
of the same amount of complex substrate. This indicated a
variation in oxygen utilization between the different oxygen
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Fig.3 Mean of the dissolved oxygen concentrations of the active bottles and controls for set-up I, measured with oxygen sensor. At day 54, gas

exchange procedure was applied with nitrogen gas (N,, 100%)

dosage set-ups. In order to investigate further, a comparison
was made between the oxygen consumptions of set-up I and
II (Table 2). First, the theoretical O, was determined by calcu-
lating the required oxygen per mg of consumed contaminant
using the stochiometric values provided in Supplementary
Table S10. Next, the consumed O, was calculated based on
the total of consumed oxygen (mg) in the headspace and lig-
uid phase. The oxygen used for organic matter (OM) degrada-
tion was derived by subtracting the theoretical oxygen values
from the actual experimental oxygen measurements.

In set-up I, 22% of the consumed oxygen was utilized
for BTEXIelaN degradation (2.98 mg), leaving the 78%
of the oxygen used for OM (10.59 mg) (Table 2). While
in set-up II, 86% of the oxygen was consumed for biodeg-
radation of the mixture (3.41 mg), with 14% for the OM
(0.53 mg) (Table 2). This demonstrates that oxygen was
more efficiently used for BTEXIelaN degradation in set-up
II compared to set-up I. This is likely due to the fact that in
set-up II, most of the organic matter degradation occurred
during the pre-anaerobic period (Phase 1), wherein nitrate
was utilized as an electron acceptor. As a result, having a
pre-anaerobic period before addition of low oxygen concen-
trations showed to be efficient in terms of directing most of
the oxygen towards BTEXIelaN biodegradation.

Oxygen usage of set-up I and II was also compared to
BTEXIelaN degradation under fully aerobic conditions (set-
up III). For set-up III, initial BTEXIelaN concentrations

were higher than set-up I and II (Table S2); therefore, the
theoretical O, values were higher and were calculated as
6.91 (+0.05) mg while the total oxygen consumption in the
headspace and liquid phase was 19.48 (+0.44) mg. This
signifies that 35% of the oxygen in set-up III was used for
the biodegradation of BTEXIelaN. While this percentage
closely resembled the value in set-up I (22%), it is impor-
tant to note that not all the oxygen introduced to the bot-
tles in set-up III was utilized. This is because the oxygen
measurements were stopped upon the complete removal of
BTEXIelaN. If the measurements were to continue, more
oxygen would be consumed for the degradation of OM, as
the BTEXIelaN mixture was no longer present. This would
likely result in a percentage lower than 35%, indicating that
additional oxygen would increase oxygen consumption in
other processes, like OM degradation. Therefore, supplying
an excessive amount of oxygen is unnecessary since, even
under microaerobic conditions, all compounds can still be
biodegraded.

Nitrate consumption under microaerobic
and nitrate-reducing conditions

To assess the nitrate utilization by the indigenous microor-
ganisms, nitrate consumption during phases 1 and 2 in set-
ups I and II were monitored (Table 3). In set-up I, ~12 mg
of nitrate was consumed in the active bottles during
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A Set up Il - Active

Phase 1

Phase 2

Concentration
(mg/L)

time (day)

Set up Il - Control

Phase 1

Phase 2

Concentration
(mg/L)

- Benzene ® Toluene 4+ Ethylbenzene % o-Xylene <+ m/p-Xylene

Fig.4 Set-up II: BTEXIelaN degradation with intermittent addition
of low oxygen (A) in active bottles and (B) in controls. Microaerobic
conditions shown in blue. Control bottles received low oxygen addi-

microaerobic conditions (Phase 1), while only ~3 mg was
utilized during nitrate-reducing conditions (Phase 2). Nitrate
consumptions were higher in active bottles as opposed to
controls, indicating that nitrate consumption was a biotic
process. It is unknown from our data whether nitrate was
consumed for BTEXIelaN biodegradation or OM. However,
it is unlikely that this nitrate consumption was employed for
the biodegradation of the contaminant mixture since when
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49 56 63 70 77 84 91 98
time (day)

< Indene - Indane = Naphthalene

tion only on day 60, as oxygen was not consumed throughout phase 2.
The figures represent the mean of the triplicate active bottles (A), and
duplicate controls (B)

nitrate was solely present in set-up I during phase 2, the
consumption of nitrate was lower than what was theoreti-
cally required for the compounds removed during that phase
(4.44 +£0.58 mg). This implies that nitrate was probably uti-
lized for other processes, such as OM degradation rather than
biodegradation of the aromatic compounds.

In set-up II, ~ 6 mg nitrate was consumed during phase 1,
under nitrate-reducing conditions. Once oxygen was added
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Fig. 5 Mean of the dissolved oxygen concentrations of the active bottles and controls for set-up II, measured with oxygen sensor. At day 54, gas

exchange procedure was applied with nitrogen gas (N,, 100%)

Table 2 Calculations of the actual oxygen consumption within the
batch bottles (consumed O,), the required oxygen for the biodegrada-
tion of the consumed compounds (theoretical O,), and potential oxy-
gen available for the organic matter (OM) in set-up I and II

Set-up  Consumed O, in the Theoretical O, for Potential O,
bottles (mg) biodegradation (mg) available
for OM (mg)
1 13.57+0.76 298+1.32 10.59
I 3.94+0.47 3.41+0.20 0.53

Table 3 Mean of the nitrate consumed in set-up I and II batch bottles

Set-up I Phase 1 Phase 2 Total
(microaerobic) (nitrate-reducing)
Active (mg) 11.95+0.95 3.09+0.47 15.04+0.50
Controls 4.59+0.70 —-1.07x+1.35 3.52+3.34
(mg)
Set-up II Phase 1 Phase 2 Total
(nitrate-reducing) (microaerobic)
Active (mg) 5.75+1.05 3.13+0.35 8.89+1.08
Controls 4.39+0.41 —-1.07+£0.42 3.32+2.30
(mg)

to the bottles during phase 2, nitrate consumption continued;
however, it was not as high as in set-up I-phase 1 (micro-
aerobic conditions). It is possible that more OM was pre-
sent at the beginning of the experiment leading to a higher
consumption of nitrate in set-up I bottles. Furthermore,

bottles in set-up I underwent five oxygen injections, whereas
those in set-up Il received only two, indicating a correlation
between higher nitrate consumption in set-up I and increased
oxygen dosage. This correlation is also supported by the data
from set-up I, where more nitrate was consumed in phase I in
the presence of oxygen compared to phase 2, where nitrate-
reducing conditions prevail.

Monitoring nitrite production

High nitrate consumption can lead to high nitrite produc-
tion which can be toxic for the microorganisms (Chayabutra
and Ju 2000; Philips et al. 2002) and end up inhibiting the
biodegradation (Zhu et al. 2020). As shown in Fig. 6, nitrite
concentrations were almost three times higher in set-up I
compared to set-up II. As mentioned in the previous chapter,
more addition of oxygen in set-up I have led to more nitrate
consumption, which ended up to higher accumulation of
nitrite. To investigate the potential correlation between the
lack of biodegradation observed in set-up I after transition-
ing to fully anaerobic conditions (Fig. 2-phase 2) and the
presence of high nitrite concentrations, an additional experi-
ment (Set-up V, Fig. 7) was performed where BTEXIelaN
degradation was tested under microaerobic and nitrate-
reducing conditions, utilizing lower initial nitrate concentra-
tions (~ 50 mg L") than in set-up I and II (430450 mg L™).

In Set-up V bottles, the first addition of low-oxygen
(~2.08 mg O, L™!) was on day 6, followed by the second
addition (~2.25 mg O, L™!) on day 18 (Fig. 7). After day 18,

@ Springer



9 Page 10 of 15

Setup|

40
fe
2 30+
8 . - N e ~
o s
o = =
c 20 :
S E
pe:
=
> 10+

0

0 10 20 30 40 50 60 70 80 90 100

time (day)

Applied Microbiology and Biotechnology (2025) 109:9
Setup Il
40
30+
20

0 10 20 30 40 50 60

time (day)

70 80 90 100

- Active % Control

Fig. 6 Mean of the produced nitrite concentrations in the active bottles and controls for set-up I and set-up II

no more oxygen was supplied to the batch bottles in order to
observe if transition from aerobic to anaerobic degradation of
BTEXIelaN would occur. However, no removal of the contami-
nants was observed from day 30 to 116 (Fig. 7). The nitrite con-
centrations in set-up V were found to be~5.43 mg L™! by the
end of the experiment, which was one order of magnitude lower
compared to set-up I (~27.53 mg L") and comparable to set-up
II (~8.66 mg L~"). As shown, lower nitrate concentrations led
to lower nitrite production, but the aromatic compound mixture
was still not degraded. This indicated that nitrite was not the
reason for the lack of degradation in set-up I during phase 2.

Discussion

Complete biodegradation of all compounds
in the BTEXIelaN mixture under microaerobic
conditions

The primary objective of this study was to assess whether
indigenous microorganisms could degrade the BTEXIelaN
mixture under microaerobic conditions. In this study, all
compounds within the mixture were successfully biode-
graded at initial oxygen concentrations of ~0.5 mg O, L™},

Setup Vv

(50 mg/LNO3)

2.0

1.5+

Normalized Concentration
(mg/L)

time (day)

- Benzene ® Toluene + Ethylbenzene % o-Xylene + m/p-Xylene < Indene ©- Indane = Naphthalene

Fig.7 Biodegradation of BTEXIelaN in set-up V, with lower nitrate concentrations (50 mg L™"). Blue periods represent microaerobic conditions
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including recalcitrant compounds such as benzene. This
sets apart our study from previous microaerobic studies on
BTEX. Moreover, this study is the first to demonstrate the
biodegradation of indene and indane under microaerobic
conditions.

In literature, a range of oxygen concentrations to initi-
ate BTEX compounds biodegradation under microaerobic
conditions were reported. Su and Kafkewitz (1994) reported
that while xylenes and toluene could be degraded at 2%
oxygen, benzene remained recalcitrant. Yerushalmi et al.
(2001) tested benzene biodegradation under different DO
concentrations (1 to 0.05 mg O, L™!) and demonstrated a
decrease in removal efficiency at lower DO levels (100 to
34%). Similarly, Aburto et al. (2009) showed that very low
concentrations of oxygen (2.57 to 0 mg O, L™ are suf-
ficient for in situ biodegradation of benzene. When BTEX
was assessed as a mixture, Firmino et al. (2018) reported
80% degradation was for TEX compounds and < 50% for
benzene with continuous oxygen injection at 0.18 L O, L.
Hutchins et al. (1992) tested at DO concentration of 1 mg O,
L~!, continuously supplying oxygen to the reactors. Under
microaerobic conditions (with and without nitrate), less than
50% benzene removal was observed while TEX degradation
was minimal under both conditions.

All the references cited above demonstrate the variation in
oxygen concentrations required to initiate the biodegradation of
specific aromatic hydrocarbons. As mentioned by Yerushalmi
et al (2002), oxygen concentration required to initiate aerobic
conversion depends on several factors, such as bacterial popu-
lation, substrate characteristics, and environmental conditions.
Furthermore, oxygen levels can influence the expression of
catabolic genes. For instance, a study (Martinez-Lavanchy etal.
2010) demonstrated that varying oxygen availability affected
the expression of toluene catabolic genes. While the presence or
absence of the substrate and its intermediates typically regulates
these systems, it was found that below a certain oxygen thresh-
old, bacteria significantly reduced the expression of catabolic
genes, even when the inducer (toluene) was present at high con-
centrations. The same study also revealed that Pseudomonas
putida efficiently responded to temporal fluctuations in oxygen
levels. This finding is relevant to real-world scenarios, where
seasonal or diurnal variations in oxygen levels may impact deg-
radation performances. Additionally, oxygen concentrations can
influence the selection of metabolic pathways during compound
degradation. This was demonstrated (Duetz et al. 1994) by test-
ing four different Pseudomonas strains capable of degrading
toluene through distinct pathway. Results showed that under
oxygen-limited conditions, the strain that hydroxylates toluene
at the ortho position exhibited the highest growth rate compared
to other strains.

Studies discussed in this section highlight the importance of
investigating multiple factors—such as microbial community
composition and metabolic capacity, substrate characteristics,

and environmental conditions—that may simultaneously affect
the biodegradation activity of contaminants. In our study, we
focused on the effect of transitional redox conditions (aerobic/
anaerobic) and oxygen concentrations (fully aerobic/micro-
aerobic) on the biodegradation potential of the indigenous
microbial community. Examining the degradation capacities
of microorganisms for a variety of compounds across differ-
ent oxygen levels can provide valuable insights for developing
effective bioremediation strategies. This is especially critical in
emerging remediation scenarios involving mixtures of diverse
toxic compounds, such as BTEXIelaN, which pose significant
environmental threats. In such cases, micro-aeration emerges
as a promising approach, particularly for projects requiring
urgent risk reduction measures.

Microbial adaptation to transitional redox
conditions

This study also evaluated the biodegradation capacity of
indigenous microorganisms during transitional redox condi-
tions. In set-up I, we tested whether the indigenous microor-
ganisms could sustain the biodegradation of the BTEXIelaN
mixture using nitrate as an electron acceptor (Phase 2) fol-
lowing exposure to low oxygen levels (Phase 1). Results
showed that microorganisms were unable to biodegrade the
contaminants when tested under nitrate-reducing condi-
tions. It is plausible that within the experimental timeframe,
microorganisms failed to adapt to nitrate-reducing condi-
tions after exposure to microaerobic conditions. For set-up
11, the objective was to mimic in situ bioremediation condi-
tions, simulating the prolonged exposure of microorganisms
to BTEXIelaN mixture under anaerobic conditions. For this,
after a 60-day anaerobic period, the set-up II bottles were
supplied with low oxygen concentrations as if oxygen were
supplied to the subsurface of contaminated zones. This time,
indigenous microorganisms were capable of transitioning
from anaerobic conditions to microaerobic conditions and
effectively biodegrading the BTEXIelaN mixture. This high-
lighted the microorganisms’ ability to adapt to microaerobic
conditions after an extended period of anaerobic conditions.
The reverse process (set-up I) did not occur, emphasizing the
one-way nature of this adaptation. Siqueira et al. (2018) and
Firmino et al. (2018) employed a similar approach, initially
testing BTEX biodegradation under anaerobic conditions
and subsequently under microaerobic conditions, where
removal efficiencies increased with micro-aeration. Unlike
findings in the literature, BTEXIelaN could not be biode-
graded under fully anaerobic conditions within the experi-
mental timeframe of this study.

Compound-specific biodegradation activity represents a
challenge when dealing with mixtures containing various
pollutants with distinct properties. This is even more chal-
lenging when anaerobic conditions prevail (Foght 2008). For
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instance, ethylbenzene degradation is commonly observed
under nitrate-reducing conditions but rarely with other
anaerobic electron acceptors. Conversely, xylene degrada-
tion has been reported with nitrate, sulfate, or iron, but its
occurrence depends on the specific isomer (Weelink et al.
2010). Moreover, some compounds, such as indene and
indane, have not been reported to biodegrade under anaero-
bic conditions. Consequently, for complex mixtures, assess-
ing transitional redox conditions is particularly crucial, as
it allows us to leverage the advantages of different redox
conditions. For instance, easily anaerobically biodegradable
compounds like ethylbenzene can be removed during a pre-
anaerobic phase, thereby reducing the mixture's complexity,
and potentially benefiting from the inhibition of substrate
interactions among compounds (Aydin et al. 2023). After
removing easily-degradable compounds, recalcitrant com-
pounds under anaerobic conditions can be biodegraded with
low oxygen injections, enabling microaerobic conditions to
occur. This approach minimizes the presence of compounds
requiring oxygen for their removal, thereby reducing oxygen
dosage, which could be beneficial in terms of cost and miti-
gating side effects such as toxicity.

Microbial use of electron acceptors

Efficiency in oxygen utilization and its role in nitrate
consumption

In this study, the intermittent addition of low-oxygen proved
to be as effective as maintaining fully aerobic conditions in
terms of BTEXIelaN removal (set-up I vs III) and exhibited
even greater efficiency in oxygen utilization when combined
with a pre-anaerobic period prior to low-oxygen addition
(set-up II vs I-III). Firmino et al. (2018) investigated BTEX
degradation under two different air flow rates (2 mL air
min~' vs 1 mL air min~!). They demonstrated that, despite
doubling the oxygen concentration, there were no significant
differences in the removal efficiencies. Their study suggests
that increasing oxygen concentrations in a system might not
necessarily result in improved removal of a compound. Sup-
ply of low oxygen concentrations can even benefit in lower-
ing the toxicity of oxygen to the anaerobic microorganisms
(Krayzelova et al. 2015). In this study, based on the oxygen
results, it was concluded that an excess of oxygen is unnec-
essary for the biodegradation of the aromatic hydrocarbons
as they could already be biodegraded under microaerobic
conditions, with intermittent oxygen supply. Additionally,
introducing a pre-anaerobic period before supplying low
oxygen concentrations has demonstrated to prioritize oxy-
gen usage for BTEXIelaN biodegradation over other biotic
processes. This is explained by the fact that during this pre-
anaerobic phase, nitrate was utilized for OM degradation,

@ Springer

thereby conserving more oxygen to facilitate the biodegrada-
tion of aromatic hydrocarbons.

In set-up I, higher nitrate consumption was observed
under microaerobic conditions compared to nitrate-reduc-
ing conditions. This could be attributed to the presence of
oxygen, which enhances the growth rate of biomass and
increases the size of the indigenous microbial population.
A larger and faster-growing population is known to lead to
a higher rate of denitrification (Olsen et al. 1995). Similarly,
higher nitrate consumption was observed in set-up I com-
pared to set-up II during microaerobic conditions as set-up I
bottles received five oxygen addition while set-up II bottles
only received two, confirming that higher nitrate consump-
tion is attributed to more oxygen dosage.

Overall, the oxygen and nitrate measurements (Tables 2
and 3) showed that both electron acceptors were utilized
under microaerobic conditions. According to literature, dif-
ferent scenarios are possible where oxygen and nitrate can
be consumed simultaneously or sequentially. Simultaneous
consumption of both electron acceptors is termed as aerobic
denitrification where the denitrification process is conducted
by aerobic denitrifiers in the presence of oxygen (Yang et al.
2020). Simultaneous consumption of oxygen and nitrate can
also occur in the co-presence of aerobic microorganisms and
dentrifiers at microaerobic zones where aerobic microorgan-
isms consume oxygen by allowing denitrifiers to perform
anaerobic processes (Aburto et al. 2009). As an example,
in situ microbial communities at different benzene contami-
nated groundwater sites were investigated by Aburto et al.
(2009) for their potential in anaerobic as well as aerobic ben-
zene degradation. Their results showed that, both aerobic and
anaerobic microorganisms were present in the contaminated
groundwater. At low concentrations, oxygen seemed neces-
sary to initiate benzene biodegradation, and that anaerobic
microorganisms contributed to the completion of the degra-
dation. Some microorganisms can use oxygen to introduce
hydroxyl groups into the aromatic ring as in aerobic pathways,
followed by the cleavage step occurring via anaerobic path-
ways. This was also supported by Yerushalmi et al. (2001)
where simultaneous presence of aerobic and anaerobic inter-
mediates of benzene (catechol and benzoic acid, respectively)
was detected under microaerobic conditions.

In this study, it is unknown whether oxygen and nitrate
were consumed simultaneously or sequentially. Neverthe-
less, nitrate appeared not to be used for BTEXIelaN biodeg-
radation but for OM degradation. However, when microaero-
bic conditions were applied, microorganisms could quickly
adapt to these conditions and biodegrade the BTEXIelaN
compounds, without any lag phase (set-up II-phase 2). This
demonstrated the tolerance of microorganisms to low oxygen
concentrations and their ability to swiftly adapt from anaero-
bic to microaerobic conditions. The sediment samples used
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in this study were derived from an anaerobic environment
that had remained devoid of oxygen. Despite this anaerobic
origin, the BTEXIelaN mixture exhibited degradation in the
presence of oxygen suggesting the presence of facultative
anaerobes, given the concurrent consumption of both oxygen
and nitrate. This inference is further supported by our pre-
vious study, where we examined the microbial consortium
extracted from sediment collected from the same location as
the sediment used in this experiment. Through 16S rRNA
amplicon analysis, we identified microbial groups, such as
Pseudomonas and Acidovorax (Aydin et al. 2023) known
to include facultative anaerobes among their members. In
conclusion, understanding the pivotal role of facultative
anaerobes in transitioning between redox conditions could
be essential for optimizing remediation strategies, under-
scoring the necessity for further research in this area.

Implications for future remediation strategies

This study is the first, to our knowledge, to explore the
removal efficiency of an aromatic hydrocarbon mixture under
alternating nitrate-reducing and microaerobic conditions in a
vice-versa manner, comparing the outcomes not only between
these conditions but also with fully aerobic and fully anaero-
bic environments. Unlike previous research focused on single
compounds or simpler mixtures (such as BTEX), this study
addresses the biodegradation of a more complex contaminant
mixture (BTEXIelaN), which reflects real-world situations
where multiple contaminants are present simultaneously.
Notably, this is also the first microaerobic study conducted
with indene and indane. By using sediment and groundwa-
ter samples originated from a contaminated subsurface, our
experimental design includes indigenous microbial commu-
nities closely mimicking real-site conditions, adding further
relevance to the findings. By evaluating various transitional
redox conditions and their impact on the biodegradation
of different aromatic compounds, this study provides new
insights for the field and practical guidance for the application
of nitrate-oxygen strategies in site bioremediation.

Pump and treat approach is the conventional solution com-
monly applied to contaminated sites with aromatic compounds
with NAPL sources, preventing the spreading of contaminant
plumes (Sakr et al. 2023). However, such treatment tech-
niques have disadvantages such as transferring contaminants
from one medium to another, high cost and maintenance
requirements, and long duration of operation (Yerushalmi
et al. 1999). Biological treatment can be a more efficient and
economical strategy for aromatic hydrocarbon degradation in
anaerobic aquifers, but oxygen limitation is one of the major
problems affecting the performance of microorganism as
most of contaminated sites suffer from lack of high energy
yield electron acceptors (oxygen, nitrate) (Meckenstock et al.
2015). Although BTEX can be degraded under different redox

conditions, anaerobic degradation is usually slower than aero-
bic bioconversion (El-Naas et al. 2014; Varjani 2017), espe-
cially in complex mixtures where inter-compound inhibitions
can occur (Dou et al. 2008; Zhou et al. 2011; Aydin et al.
2023). The biodegradation requirements can differ for each
compound in a mixture. For instance, while some compounds
can be biodegraded under anaerobic conditions, others may
remain recalcitrant without the presence of oxygen. In such
cases, using both oxygen and nitrate can be beneficial. In our
case, the limitation of anaerobic BTEX degradation (as well
as other compounds) can be overcome by adding oxygen to
the system, promoting the initial degradation of aromatic com-
pounds (Firmino et al. 2018). Nevertheless, oxygen addition to
naturally anaerobic aquifers can be a costly and inefficient pro-
cess due to the low solubility of oxygen (Weelink et al. 2010),
and potential occurrence of clogging effects by formation of
particulate metal oxides. Therefore, efficient oxygen supply
strategies to bioremediate deep anaerobic surfaces are needed.

Intermittent addition of low oxygen can be applied by
Micro-Nano Bubbles (MNBs). MNBs are gaining much
attention in recent years and are used to enhance treatment
effects in groundwater remediation. Due to their large spe-
cific surface area, long retention time and high oxygen trans-
fer efficiency, MNBs filled with air or oxygen can improve
the availability of dissolved oxygen in groundwater (Haris
et al. 2020). As a result, these bubbles can stimulate the
aerobic conversion of aromatic compounds that are recalci-
trant under anaerobic conditions. Based on our findings, in
order to enhance the performance of MNBs, a pre-treatment
method with nitrate, with consideration of drinking water
legislation limits, can be applied where nitrate consumes
a significant portion of the most reactive OM. Therefore,
a-pretreatment with nitrate can be beneficial before oxygen
addition which can be supplied (via MNBs) intermittently
and be principally used for biodegradation of contaminants.

In conclusion, the results of this study have important
implications for in situ bioremediation of aromatic com-
pounds in naturally anaerobic aquifers. Providing low oxy-
gen concentrations allowed for biodegradation of all the
compounds within the BTEXIelaN mixture. Combining
oxygen and nitrate showed an effective strategy to reduce
the amount of oxygen dosed: a pre-treatment period under
nitrate-reducing conditions followed by intermittent oxygen
dosage creating microaerobic conditions (<0.5 mg O, L™
resulted in an efficient use of oxygen for the biodegradation
of the contaminants. For in situ applications, a careful dos-
age strategy for nitrate and oxygen is needed to create safe
conditions for protecting groundwater against high nitrate
and nitrite concentrations, while effectively remediating
complex mixtures such as BTEXIelaN harboring various
aromatic pollutants. While these findings provide a basis
for remediation strategies, further site-specific pilot tests are
necessary for addressing similar contamination in aquifers.

@ Springer



9 Page 14 of 15

Applied Microbiology and Biotechnology (2025) 109:9

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00253-024-13388-9.

Acknowledgements The authors would like to thank Bor Jansen for
performing the set-up IV experiments, Pieter Gremmen for his sup-
port on the IC analyses and Katja Grolle for helping with oxygen
calculations.

Authors’ contributions DCA: Conceptualization, Formal analysis,
Methodology, Visualization, Validation, Writing—Original Draft.
AAV: Conceptualization, Validation, Writing — Review & Editing.
TG: Conceptualization, Supervision, Writing — Review & Editing,
Funding acquisition, Project administration. HR: Conceptualization,
Supervision, Writing — Review & Editing, Funding acquisition, Project
administration.

Funding This research was supported by the Municipality of Utrecht
(the Netherlands) and is part of the project ‘BestParc Utrecht’ with the
identification mark 4281188/170821/1002-gl.

Data availability The raw data that support the findings of this study
are available on request from the corresponding author.

Declarations
Ethical approval Not applicable.
Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and repro-
duction in any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material.
You do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons licence and
your intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://crea-
tivecommons.org/licenses/by-nc-nd/4.0/.

References

Aburto A, Fahy A, Coulon F, Lethbridge G, Timmis KN, Ball AS,
McGenity TJ (2009) Mixed aerobic and anaerobic microbial com-
munities in benzene-contaminated groundwater. J Appl Microbiol
106:317-328. https://doi.org/10.1111/j.1365-2672.2008.04005.x

Aydin DC, Zamudio Pineres J, Al-Manji F, Rijnaarts H, Grotenhuis
T (2021) Direct analysis of aromatic pollutants using a HPLC-
FLD/DAD method for monitoring biodegradation processes. Anal
Methods 13:1635-1642. https://doi.org/10.1039/D1AY00083G

Aydin DC, Faber SC, Attiani V, Eskes J, Aldas-Vargas A, Grotenhuis
T, Rijnaarts H (2023) Indene, indane and naphthalene in a mix-
ture with BTEX affect aerobic compound biodegradation kinetics
and indigenous microbial community development. Chemosphere
139761. https://doi.org/10.1016/j.chemosphere.2023.139761

@ Springer

Birak PS, Miller CT (2009) Dense non-aqueous phase liquids at former
manufactured gas plants: Challenges to modeling and remediation.
J Contam Hydrol 105:81-98. https://doi.org/10.1016/j.jconhyd.
2008.12.001

Chakraborty R, Coates JD (2004) Anaerobic degradation of mono-
aromatic hydrocarbons. Appl Microbiol Biotechnol 64:437-446.
https://doi.org/10.1007/s00253-003-1526-x

Chayabutra C, Ju L-K (2000) Degradation of n -Hexadecane and Its
Metabolites by Pseudomonas aeruginosa under Microaerobic
and Anaerobic Denitrifying Conditions. Appl Environ Microbiol
66:493-498. https://doi.org/10.1128/ AEM.66.2.493-498.2000

Da Silva MLB, Ruiz-Aguilar GML, Alvarez PJJ (2005) Enhanced
anaerobic biodegradation of BTEX-ethanol mixtures in aqui-
fer columns amended with sulfate, chelated ferric iron or
nitrate. Biodegradation 16:105-114. https://doi.org/10.1007/
$10532-004-4897-5

Das N, Chandran P (2011) Microbial Degradation of Petroleum Hydro-
carbon Contaminants: An Overview. Biotechnol Res Int 2011:1-
13. https://doi.org/10.4061/2011/941810

de Wilt A, He Y, Sutton N, Langenhoff A, Rijnaarts H (2018) Sorp-
tion and biodegradation of six pharmaceutically active compounds
under four different redox conditions. Chemosphere 193:811-819.
https://doi.org/10.1016/j.chemosphere.2017.11.084

Deeb RA, Hu HY, Hanson JR, Scow KM, Alvarez-Cohen L (2001)
Substrate interactions in BTEX and MTBE mixtures by an
MTBE-degrading isolate. Environ Sci Technol 35:312-317.
https://doi.org/10.1021/es001249j

Dou J, Liu X, Hu Z (2008) Substrate interactions during anaerobic bio-
degradation of BTEX by the mixed cultures under nitrate reduc-
ing conditions. J Hazard Mater 158:264-272. https://doi.org/10.
1016/j.jhazmat.2008.01.075

Duetz WA, de Jong C, Williams PA, van Andel JG (1994) Competi-
tion in chemostat culture between Pseudomonas strains that use
different pathways for the degradation of toluene. Appl Environ
Microbiol 60:2858-2863. https://doi.org/10.1128/aem.60.8.2858-
2863.1994

El-Naas MH, Acio JA, El Telib AE (2014) Aerobic biodegradation of
BTEX: Progresses and Prospects. J Environ Chem Eng 2:1104—
1122. https://doi.org/10.1016/j.jece.2014.04.009

European Environment Agency (2016) EEA. In: The Netherlands.
https://www.eea.europa.eu/publications/92-9167-032-4/page0
13.html. Accessed 8 Mar 2023

Firmino PIM, Farias RS, Barros AN, Landim PGC, Holanda GBM,
Rodriguez E, Lopes AC, dos Santos AB (2018) Applicability
of Microaerobic Technology to Enhance BTEX Removal from
Contaminated Waters. Appl Biochem Biotechnol 184:1187-1199.
https://doi.org/10.1007/s12010-017-2618-x

Foght J (2008) Anaerobic biodegradation of aromatic hydrocarbons:
Pathways and prospects. J Mol Microbiol Biotechnol 15:93-120.
https://doi.org/10.1159/000121324

Gusmao VR, Martins TH, Chinalia FA, Sakamoto IK, HenriqueThie-
mann O, Varesche MBA (2006) BTEX and ethanol removal in
horizontal-flow anaerobic immobilized biomass reactor, under
denitrifying condition. Process Biochem 41:1391-1400. https://
doi.org/10.1016/j.procbio.2006.02.001

Haris S, Qiu X, Klammler H, Mohamed MMA (2020) The use of
micro-nano bubbles in groundwater remediation: A comprehen-
sive review. Groundw Sustain Dev 11:100463. https://doi.org/10.
1016/j.gsd.2020.100463

Hatipoglu-Bagci Z, Motz LH (2019) Methods for investigation of natu-
ral attenuation and modeling of petroleum hydrocarbon contamina-
tion in coastal aquifers. Jeoloji Muhendisligi Dergisi 43:131-154

Hauptfeld E, Pelkmans J, Huisman TT, Anocic A, Snoek BL, von Mei-
jenfeldt FAB, Gerritse J, van Leeuwen J, Leurink G, van Lit A,
van Uffelen R, Koster MC, Dutilh BE (2022) A metagenomic
portrait of the microbial community responsible for two decades


https://doi.org/10.1007/s00253-024-13388-9
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1111/j.1365-2672.2008.04005.x
https://doi.org/10.1039/D1AY00083G
https://doi.org/10.1016/j.chemosphere.2023.139761
https://doi.org/10.1016/j.jconhyd.2008.12.001
https://doi.org/10.1016/j.jconhyd.2008.12.001
https://doi.org/10.1007/s00253-003-1526-x
https://doi.org/10.1128/AEM.66.2.493-498.2000
https://doi.org/10.1007/s10532-004-4897-5
https://doi.org/10.1007/s10532-004-4897-5
https://doi.org/10.4061/2011/941810
https://doi.org/10.1016/j.chemosphere.2017.11.084
https://doi.org/10.1021/es001249j
https://doi.org/10.1016/j.jhazmat.2008.01.075
https://doi.org/10.1016/j.jhazmat.2008.01.075
https://doi.org/10.1128/aem.60.8.2858-2863.1994
https://doi.org/10.1128/aem.60.8.2858-2863.1994
https://doi.org/10.1016/j.jece.2014.04.009
https://www.eea.europa.eu/publications/92-9167-032-4/page013.html
https://www.eea.europa.eu/publications/92-9167-032-4/page013.html
https://doi.org/10.1007/s12010-017-2618-x
https://doi.org/10.1159/000121324
https://doi.org/10.1016/j.procbio.2006.02.001
https://doi.org/10.1016/j.procbio.2006.02.001
https://doi.org/10.1016/j.gsd.2020.100463
https://doi.org/10.1016/j.gsd.2020.100463

Applied Microbiology and Biotechnology (2025) 109:9

Page 15 of 15 9

of bioremediation of poly-contaminated groundwater. Water Res
221. https://doi.org/10.1016/j.watres.2022.118767

Hutchins SR (1991) Optimizing btex biodegradation under denitrifying
conditions. Environ Toxicol Chem 10:1437-1448. https://doi.org/
10.1002/etc.5620101109

Hutchins SR, Moolenaar SW, Rhodes DE (1992) Column studies on
BTEX biodegradation under microaerophilic and denitrifying
conditions. J Hazard Mater 32:195-214. https://doi.org/10.1016/
0304-3894(92)85092-F

Krayzelova L, Bartacek J, Diaz I, Jeison D, Volcke EIP, Jenicek P
(2015) Microaeration for hydrogen sulfide removal during anaero-
bic treatment: a review. Rev Environ Sci Biotechnol 14:703-725.
https://doi.org/10.1007/s11157-015-9386-2

Martinez-Lavanchy PM, Miiller C, Nijenhuis I, Kappelmeyer U, Buff-
ing M, McPherson K, Heipieper HJ (2010) High stability and
fast recovery of expression of the TOL plasmid-carried toluene
catabolism genes of pseudomonas putida mt-2 under conditions
of oxygen limitation and oscillation. Appl Environ Microbiol
76:6715-6723. https://doi.org/10.1128/AEM.01039-10

Meckenstock RU, Elsner M, Griebler C, Lueders T, Stumpp C, Aamand
J, Agathos SN, Albrechtsen HJ, Bastiaens L, Bjerg PL, Boon N,
Dejonghe W, Huang WE, Schmidt SI, Smolders E, Sgrensen SR,
Springael D, Van Breukelen BM (2015) Biodegradation: Updating
the Concepts of Control for Microbial Cleanup in Contaminated
Aquifers. Environ Sci Technol 49:7073-7081. https://doi.org/10.
1021/acs.est.5b00715

Murphy BL, Sparacio T, Shields WJ (2005) Manufactured gas plants-
processes, historical development, and key issues in insurance
coverage disputes. Environ Forensics 6:161-173

Olsen RH, Mikesell MD, Kukor JJ, Byrne AM (1995) Physiological
Attributes of Microbial BTEX Degradation in Oxygen-limited
Environments. Environ Health Perspect 103:49-51. https://doi.
org/10.1289/ehp.95103s449

Philips S, Laanbroek HJ, Verstraecte W (2002) Origin, causes and
effects of increased nitrite concentrations in aquatic environ-
ments. Rev Environ Sci Biotechnol 1:115-141. https://doi.org/
10.1023/A:1020892826575

Sakr M, El Agamawi H, Klammler H, Mohamed MM (2023) A review
on the use of permeable reactive barriers as an effective technique
for groundwater remediation. Groundw Sustain Dev 21:100914.
https://doi.org/10.1016/j.gsd.2023.100914

Siqueira JPS, Pereira AM, Dutra AMM, Firmino PIM, dos Santos AB
(2018) Process bioengineering applied to BTEX degradation in
microaerobic treatment systems. J Environ Manage 223:426-432.
https://doi.org/10.1016/j.jenvman.2018.06.066

Sperfeld M, Rauschenbach C, Diekert G, Studenik S (2018) Micro-
bial community of a gasworks aquifer and identification of

nitrate-reducing Azoarcus and Georgfuchsia as key players in
BTEX degradation. Water Res 132:146-157. https://doi.org/10.
1016/j.watres.2017.12.040

Su J-J, Kafkewitz D (1994) Utilization of toluene and xylenes by a
nitrate-reducing strain of Pseudomonas maltophilia under low
oxygen and anoxic conditions. FEMS Microbiol Ecol 15:249-258

Varjani SJ (2017) Microbial degradation of petroleum hydrocarbons.
Bioresour Technol 223:277-286

Weelink SAB, van Eekert MHA, Stams AJM (2010) Degradation of
BTEX by anaerobic bacteria: Physiology and application. Rev
Environ Sci Biotechnol 9:359-385. https://doi.org/10.1007/
s11157-010-9219-2

Wilson LP, Bouwer EJ (1997) Biodegradation of aromatic compounds
under mixed oxygen/denitrifying conditions: A review. J Ind
Microbiol Biotechnol 18:116—-130. https://doi.org/10.1038/sj.
jim.2900288

Yang K, Ji M, Liang B, Zhao Y, Zhai S, Ma Z, Yang Z (2020) Bioel-
ectrochemical degradation of monoaromatic compounds: Current
advances and challenges. ] Hazard Mater 398:122892. https://doi.
org/10.1016/j.jhazmat.2020.122892

Yerushalmi L, Manuel MF, Guiot SR (1999) Biodegradation of gaso-
line and BTEX in a microaerophilic biobarrier *. Biodegradation
10:341-352. https://doi.org/10.1023/a:1008327815105

Yerushalmi L, Lascourreges J-F, Rhofir C, Guiot SR (2001) Detec-
tion of intermediate metabolites of benzene biodegradation under
microaerophilic conditions. Biodegradation 12:379-391. https://
doi.org/10.1023/a:1015038901626

Yerushalmi L, Lascourreges JF, Guiot SR (2002) Kinetics of benzene bio-
transformation under microaerophillic and oxygen-limited conditions.
Biotechnol Bioeng 79:347-355. https://doi.org/10.1002/bit.10320

Zhou YY, Chen DZ, Zhu RY, Chen JM (2011) Substrate interactions
during the biodegradation of BTEX and THF mixtures by Pseu-
domonas oleovorans DT4. Bioresour Technol 102:6644—6649.
https://doi.org/10.1016/j.biortech.2011.03.076

Zhu B, Friedrich S, Wang Z, Tancsics A, Lueders T (2020) Availability
of Nitrite and Nitrate as Electron Acceptors Modulates Anaero-
bic Toluene-Degrading Communities in Aquifer Sediments. Front
Microbiol 11. https://doi.org/10.3389/fmicb.2020.01867

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.watres.2022.118767
https://doi.org/10.1002/etc.5620101109
https://doi.org/10.1002/etc.5620101109
https://doi.org/10.1016/0304-3894(92)85092-F
https://doi.org/10.1016/0304-3894(92)85092-F
https://doi.org/10.1007/s11157-015-9386-2
https://doi.org/10.1128/AEM.01039-10
https://doi.org/10.1021/acs.est.5b00715
https://doi.org/10.1021/acs.est.5b00715
https://doi.org/10.1289/ehp.95103s449
https://doi.org/10.1289/ehp.95103s449
https://doi.org/10.1023/A:1020892826575
https://doi.org/10.1023/A:1020892826575
https://doi.org/10.1016/j.gsd.2023.100914
https://doi.org/10.1016/j.jenvman.2018.06.066
https://doi.org/10.1016/j.watres.2017.12.040
https://doi.org/10.1016/j.watres.2017.12.040
https://doi.org/10.1007/s11157-010-9219-2
https://doi.org/10.1007/s11157-010-9219-2
https://doi.org/10.1038/sj.jim.2900288
https://doi.org/10.1038/sj.jim.2900288
https://doi.org/10.1016/j.jhazmat.2020.122892
https://doi.org/10.1016/j.jhazmat.2020.122892
https://doi.org/10.1023/a:1008327815105
https://doi.org/10.1023/a:1015038901626
https://doi.org/10.1023/a:1015038901626
https://doi.org/10.1002/bit.10320
https://doi.org/10.1016/j.biortech.2011.03.076
https://doi.org/10.3389/fmicb.2020.01867

	Microaerobic biodegradation of aromatic hydrocarbon mixtures: strategies for efficient nitrate and oxygen dosage
	Abstract 
	Key points
	Introduction
	Materials and methods
	Sediment and groundwater sampling
	Batch reactor preparation
	BTEXIeIaN mixture preparation
	Analytical methods
	Adjustment of the oxygen concentrations
	Experimental design

	Results
	Assessment of BTEXIeIaN mixture biodegradation under transitional redox conditions
	Set-up I: From microaerobic conditions to nitrate-reducing conditions
	Set-up II: From nitrate-reducing conditions to microaerobic conditions
	Set-up III and IV: BTEXIeIaN degradation under fully aerobic and fully anaerobic conditions

	Investigation on the microbial use of electron acceptors
	Specificity in oxygen consumption
	Nitrate consumption under microaerobic and nitrate-reducing conditions
	Monitoring nitrite production


	Discussion
	Complete biodegradation of all compounds in the BTEXIeIaN mixture under microaerobic conditions
	Microbial adaptation to transitional redox conditions
	Microbial use of electron acceptors
	Efficiency in oxygen utilization and its role in nitrate consumption

	Implications for future remediation strategies

	Acknowledgements 
	References


