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Abstract: Two common iron oxide-bearing wastes—a drinking water treatment residual and a
passive mine water treatment sludge (MWTS)—were utilised with and without modification as
media in microcosm experiments to treat artificial benzene, toluene, ethylbenzene, and xylene
(BTEX)-contaminated wastewater. In all cases, the removal of BTEX was observed over the 160-day
experiments, with benzene being the most recalcitrant. The solubilisation of iron was observed,
which, alongside the syntropic relationship between the methanogens and firmicutes, allowed several
anaerobic processes to occur, including iron reduction in concert with the biodegradation of BTEX.
Nitrogen sparging prior to microcosm establishment, compared to aeration, was seen to lead to the
greater subsequent removal of BTEX, indicating that anaerobic conditions favoured removal. The
rates of BTEX removal indicated that these iron oxide-bearing wastes, an abundant waste stream,
may be an interesting candidate for cost-effective media for BTEX remediation in applications such
as permeable reactive barriers.

Keywords: bioremediation; benzene; iron-reducing bacteria; circular economy; drinking water
treatment residuals; mine water treatment sludge; industrial symbiosis

1. Introduction

Hydrous ferric oxide (HFO)-containing sludges are a common waste resulting from
water treatment processes treating ferruginous water or where ferric iron-based coagulants
have been used. The present study focuses on passive mine water treatment sludge (MWTS)
and potable water treatment sludge (WTS), also known as drinking water treatment resid-
uals. Estimates of national levels are typically in the range of thousands of tonnes per
annum depending on water content (e.g., [1–3]). Research is increasingly investigating
reuse/recycling opportunities for these sludges, particularly in remediation applications,
promoting a circular economy and avoiding landfilling [4]. Recent examples include a soil
amendment to boost carbon retention [5] and hormone removal from water [6]. This study
investigates a novel application for the remediation of benzene, toluene, ethylbenzene, and
xylene (BTEX).

Volatile organic pollutants like BTEX have attracted significant attention due to their
widespread presence and recalcitrant nature [7]. The primary sources of these monoaro-
matic hydrocarbons include the leakage of petroleum and its products, vehicle exhaust,
petrochemical industries and products, processing industries, and industrial raw mate-
rials [8,9]. These compounds are detrimental to humans as they are known mutagens,
carcinogens, and endocrine disruptors [10]. BTEX are easily transported to deep soil and
groundwater due to their high solubility [11], thus affecting the groundwater quality and
aquifer ecosystem. Therefore, it has become imperative to mitigate the risk associated with
BTEX contamination.
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Several physical (soil vapour extraction, air sparging), chemical (oxidation, flushing), and
biological (bioventing, phytoremediation) methods have been developed for mitigating the
BTEX contamination of subsurface and groundwater systems [12,13]. Amongst these, biore-
mediation is the preferred technique due to its green nature and cost-effectiveness [14–17].
A plethora of microorganisms are capable of mitigating the hazards of aromatic com-
pounds [18] by breaking down the aromatic hydrocarbon as a sole carbon source [19]. The
anaerobic biodegradation of BTEX is of particular interest as these contaminants often
occur in anoxic zones of the environment [19]. Many studies have reported the degradation
of benzene and toluene under iron-reducing conditions in microcosm studies amended
with organic ligands [20–22] and enriched with microorganisms of the Geobacteraceae fam-
ily [23,24]. The complete mineralisation of benzene to CO2 using a ferric iron-reducing
enrichment culture has been reported [25]. The degradation of xylene and ethylbenzene,
on the other hand, is more common under sulphate-reducing conditions [26–28] or deni-
trifying conditions [29–31]. Several studies in the recent past have exhibited the efficient
degradation of xylene and ethylbenzene under iron-reducing conditions in sediment-free
enrichment cultures [32,33]. Chelators and humic substrates that are found in soil in abun-
dance accelerate the rate of Fe(III) reduction and eliminate the need for direct contact
between microorganisms and Fe(III) oxides [22,34]. Benzene is more recalcitrant than
toluene under iron-reducing anoxic conditions, with the biodegradation of benzene occur-
ring only after the anaerobic biodegradation of toluene [35]. There is a lack of studies on the
use of hydrous ferric oxide-containing wastes for the remediation of BTEX-contaminated
water. However, several studies have reported the application of iron-bearing-activated
sludge for the treatment of wastewater contaminated with hydrocarbons [36–38].

The present study investigates the ability of the indigenous microbiota present in
hydrous ferric oxide (HFO)-containing sludges/wastes from drinking water treatment and
mine water treatment in the bioremediation of BTEX-containing simulated wastewater. The
physicochemical characteristics of the substrate, the chemistry of the contacting water, and
the evolution of the microbial community were used to evaluate the effectiveness of the
media and microbial community to degrade BTEX.

2. Methods
2.1. HFO Sludges and Their Characterisation

WTS (water treatment sludge), MWTS (mine water treatment sludge), and MWTS
mixed with autoclaved wastewater treatment sludge (WWS) in a mass ratio of 9:1 (MX)
were used for this study. WWS was autoclaved at 121 ◦C and 15 psi for 30 min prior to
use. WWS was added to enhance the nutritive value of MWTS. MWTS was collected at
a mine water treatment system located at the site of the former Lindsay colliery in Capel
Hendre, Carmarthenshire, South Wales, UK, while WTS was collected from Hirwaun water
treatment works in South Wales, UK. WWS was collected from the digestor unit of the
wastewater treatment plant at the Cardiff wastewater treatment works. The sludges were
homogenised and dewatered and subsamples were preserved at −80 ◦C for microbial
community analysis. Subsamples were subjected to various physicochemical analyses, as
described in [39].

2.2. Artificial BTEX Wastewater and Sludge Sorption Studies

Artificial BTEX (benzene, toluene, ethylbenzene, xylene) wastewater was prepared
according to Shariati et al. [40], with slight modifications. In brief, the wastewater con-
tained benzene (45 mg/L), toluene (45 mg/L), ethylbenzene (45 mg/L), xylene (45 mg/L),
NH4Cl (46 mg/L), KH2PO4 (10 mg/L), NaHCO3 (200 mg/L), CaCl2.2H2O (0.01 mg/L),
MgSO4.7H2O (0.05 mg/L), and FeCl3.6H2O (0.07 mg/L).

Batch sorption studies were carried out to determine the adsorption behaviour capacity
of the sludge for the same initial BTEX concentrations used in the microcosm studies. In
brief, 100 g wet sludge (MWTS, WTS, and WWS) was sterilised twice by autoclaving
(121 ◦C at 15 psi for 30 min) and then dried at 40 ◦C for 48 h [41]. Initially, open-lid
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experiments were conducted, but the loss of BTEX by volatilisation was high and, therefore,
sealed experiments were developed. For these, 0.25 g sterilised dry sludge was added
to 20 mL GC-MS (gas chromatography–mass spectrometry) sealed glass vials with PTFE
gas-tight aluminium silicone crimp lids. BTEX wastewater (21 mL) was added, and the
vials were incubated in the dark on a shaker (150 rpm) for 25 days. A gas-tight syringe
was used to withdraw samples for GC-MS analysis to determine the BTEX concentrations.
The experiments were carried out in duplicate with appropriate controls. The adsorption
capacity of MX was calculated by taking 10% of the adsorption capacity of WWS and
combining it with 90% of the adsorption capacity of MWTS.

2.3. Batch/Microcosm Study

Headspace vials with PTFE gas-tight aluminium silicone crimp lids were used as batch
reactors. In brief, 15.0 g wet MTWS/WTS/MX along with 10.4 mL BTEX wastewater were
added to these vials. The biodegradation of BTEX was studied under initially aerobic or
anoxic conditions. For initial aerobic conditions, wastewater was aerated for 30 min before
the addition of BTEX. The vials were sealed with no headspace immediately after decanting
BTEX wastewater. These vials were labelled as Aerobic MWTS (AMWTS)/Aerobic WTS
(AWTS)/Aerobic MX (AMX). For anoxic conditions, all the components including the
microcosms and wastewater were placed in a nitrogen glove box. The wastewater was
de-oxygenated by bubbling nitrogen through the solution for 30 min before the addition of
BTEX. Following this, the BTEX wastewater was immediately decanted into vials containing
MWTS/WTS/MX in a nitrogen chamber and labelled as Anoxic MWTS (NMWTS)/Anoxic
WTS (NWTS)/Anoxic MX (NMX). The vials were incubated on a shaker (150 rpm) for
160 days. Sacrificial sampling was employed for batch studies, where 20 replicates were
prepared for each sludge sample, and samples were sacrificed in duplicates at each sam-
pling point (every 20 days). These samples were subjected to GC-MS analysis to determine
the BTEX concentration (as described in Section 2.4) and other parameters like pH, DO, EC,
total iron, and Fe(II) concentration (as described in Section 2.5).

2.4. GC-MS Analysis

A PerkinElmer Clarus 500 GC-MS equipped with an HS Turbo Matrix 40 was used for
headspace analysis to determine the concentration of BTEX. All glassware was washed with
ethanol prior to analysis. A gas-tight glass syringe was used to withdraw 0.01 mL sample
and injected into a glass container with a PTFE gas-tight silicone crimp lid (GC-MS vials).
BTEX solution (Sigma) containing benzene, toluene, ethylbenzene, p-xylene, m-xylene,
and o-xylene at 1 mg/mL (in dimethyl sulfoxide) was used as the GC-MS standard. The
headspace system was maintained at a temperature of 90 ± 1 ◦C, with the needle and
transfer line set at 120 ± 1 ◦C. The sample was heated and agitated for 10 min at 80 ± 1 ◦C,
collected with a needle, and transferred to the column. Helium was used as the carrier gas
for the analysis, with a flow rate of 2 mL/min, a 50:1 split ratio, and an inlet temperature of
180 ◦C. The analysis employed a Chrom-624 column (30 m × 0.25 mm × 1.4 µm), with the
oven initially set at 45 ◦C for 4 min, then increased to 145 ◦C at a rate of 17 ◦C/min, and
held for 2 min. BTEX compounds were detected using a mass spectrometry (MS) detector
in scan mode (40–150 m/z). A standard curve was generated using calibration standards of
250, 500, and 1000 ppb BTEX to determine the compound concentrations from the peak
areas; the coefficient of determination was 0.999.

2.5. Physicochemical Analysis

A Mettler Toledo Seven Excellence™ multi-parameter system was used to measure
pH, electrical conductivity (EC), dissolved oxygen (DO), and redox potential (ORP). Ele-
mental analyses on acidified samples (stored at 4 ◦C) were performed using an Inductively
Coupled Plasma Optical Emission Spectrometer (ICP-OES; Perkin Elmer Optima 2100DV).
Ferrous ion (Fe(II)) was determined using the HACH DR900 colourimeter and the phenan-
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throline method. A HANNA temperature data logger was used to record the ambient lab
temperature during the study.

2.6. Microbial Community Analysis

DNA was extracted from pre- and post-experimental aerobic and anoxic HFO sludges
using the Fast DNA® SPIN Kit for Soil (MP Biomedicals, Solon, OH, USA) as per the
instruction manual, with slight modifications according to Webster et al. [42]. A Qubit
dsDNA assay kit (Invitrogen, Carlsbad, CA, USA) was used to quantify the extracted
DNA. Next-generation sequencing (NGS) and community analysis of the sludges for
both pre- and post-experiments was carried out on the Illumina MiSeq™ sequencer
(Illumina, San Diego, CA, USA), following the protocol described in [43]. 16S rRNA
gene V4 region amplification primers with suitable Illumina adaptors were used (515F:
5′–AATGATACGGCGACCACCGAGATCTACAC NNNNNNNNTATGGTAATTGTGT-
GCCAGCMGCCGCGGTAA, 806R: 5′–CAAGCAGAAGACGGCATACGAGAT NNNNNN-
NNAGTCAGTCAGCCGGACTACHVGGGTWTCTAAT). Sequence data were simultane-
ously demultiplexed and quality-filtered using default parameters of QIIME v.1.8 [44].
UCLUST was used to generate OTUs (operational taxonomic units) with a 97% sequence
similarity threshold. BLAST and SILVA 128 were used to generate taxonomy [45].

3. Result and Discussions
3.1. Sorption of BTEX by Sludges

The detailed physicochemical properties of the sludges used for this study were pre-
sented by Srivastava et al. [39] and are briefly described here. MWTS had a dry density of
2.87 g/cm3, lower than ferrihydrite (3.96 g/cm3), likely due to clay mineral fines [46], and
similar to other ochres in the South Wales coalfield [47]. WTS and MX had dry densities of
1.17 and 1.03 g/cm3, respectively. Fe was the most abundant element in MWTS (41.4% DW),
followed by Ca (2.37% DW), while WTS had lower Fe (263.13 mg/g) and Ca (0.64 mg/g).
XRD data showed goethite and a background peak at 35◦ 2θ, indicating amorphous ferrihy-
drite. A small undulation at 62.5◦ 2θ was also observed, attributed to 2-line ferrihydrite [48].
The adsorption capacity of sludges used as media for the mineralisation of BTEX was de-
termined in sealed experiments. Figure 1 shows the concentration of BTEX (mg/L) over
30 days, illustrating the decrease in BTEX levels from an initial concentration of 45 mg/L
for each compound as the contact time with different adsorbent sludges increased. The
concentration of BTEX in the control (without any substrate) remained almost constant
till the end of the experiment, with minimal loss, which could be attributed to volatilisa-
tion during sample handling (Figure 1a). In general, MWTS and MX exhibited similar
adsorption capacities for BTEX. MWTS exhibited ~0.41 mg/g, ~0.67 mg/g, ~0.28 mg/g,
and ~1.76 mg/g adsorption capacities for benzene, toluene, ethylbenzene, and xylene,
respectively. The adsorption capacity of MX for BTEX was determined to be 0.479 mg/g for
benzene, 0.692 mg/g for toluene, 0.448 mg/g for ethylbenzene, and 1.838 mg/g for xylene,
based on adsorption calculated from the mass-weighted contributions (1:9) of adsorption to
WWS and MWTS. The adsorption process likely involved multiple mechanisms, including
surface adsorption, pore-filling, and chemical bonding with the active sites on the sludge
surface. The mass transfer process, driven by concentration gradients, likely governed
the diffusion of BTEX molecules from the bulk solution to the sludge surface, followed
by intraparticle diffusion within the porous structure [49–51]. The rate of sorption was
relatively slow, indicating that mass transfer limitations, such as film diffusion and pore
diffusion, played a significant role. The maximum adsorption was observed for xylene,
where approximately 50% was adsorbed. WWS showed the highest adsorption capacity,
achieving 1.10 mg/g for benzene, 0.89 mg/g for toluene, 1.96 mg/g for ethylbenzene, and
2.54 mg/g for xylene. The sorption data indicated a relatively low affinity for all but xylene
to the sludges, and, even then, sorption occurred slowly over days rather than rapidly over
minutes to hours.
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Figure 1. Concentration versus time of sorption experiments: (a) control, (b) mine water treatment
sludge (MWTS), (c) water treatment sludge (WTS), and (d) wastewater treatment sludge (WWS)
for BTEX.

3.2. Biodegradation of BTEX

Figure 2 shows that in all cases, the microcosm experiments led to large decreases
in BTEX concentrations. Given the limited sorption indicated by the batch adsorption
tests (Figure 1), biodegradation was likely to be the mechanism through which BTEX
was degraded. Microcosms with MWTS, WTS, and MX as media fed with aerobically
prepared BTEX wastewater were analysed for the degradation of BTEX. A sharp decline
in ethylbenzene and xylene was observed from day 20 onwards in AMWTS compared to
benzene and toluene (Figure 2a). Although AWTS exhibited a decrease in BTEX from day
20 onwards, ethylbenzene and xylene decreased at a higher rate and remained at ~2.5 mg/L
from day 60 onwards (Figure 2b). Benzene, toluene, and ethylbenzene exhibited a drastic
decline from day 20 onwards when AMX was used as media, while toluene exhibited a
sharp decrease from day 40 onwards (Figure 2c). AMX was the most effective in degrading
TEX, with only 0.11 mg/L, 2.98 mg/L, and 0.04 mg/L left remaining by the end of the
experiment, respectively. AMX degraded 99.8% toluene by the end of the experiment,
while AMWTS and AWTS degraded ~60% toluene. Both AWTS and AMX exhibited a ~93%
degradation of ethylbenzene. Under aerobic conditions, biodegradation primarily occured
through enzymatic oxidation, where monooxygenase or dioxygenase enzymes introduced
oxygen into the aromatic ring, leading to ring cleavage and further breakdown into non-
toxic metabolites [52]. The biodegradation observed when using aerobically prepared
BTEX-contaminated wastewater could be attributed to these phenomena. Benzene was the
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most recalcitrant amongst BTEX, followed by toluene, ethylbenzene, and xylene. This is in
keeping with various previous studies that reported benzene to be the least amenable to
degradation, while the R-group present in toluene, ethylbenzene, and xylene accelerated
biodegradation [17,53]. Only 21%, 64%, and 56% benzene degraded when AMWTS, AWTS,
and AMX were used as media, respectively. AWTS was better at degrading benzene
compared to AMWTS and AMX (Figure 2). The initial lag observed in degradation could
be attributed to the time required by the indigenous microbial community to acclimatise.
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Figure 2. BTEX degradation evident with the decrease in BTEX concentration when treated with
(a) AMWTS, (b) AWTS, (c) AMX, (d) NMWTS, (e) NWTS, and (f) NMX with respect to changes in total
iron concentration. (AMWTS/AWTS/AMX—aerobically prepared BTEX exposed to MWTS, WTS,
and MX, respectively; NMWTS/NWTS/NMX—anaerobically prepared BTEX exposed to MWTS,
WTS, and MX, respectively).
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The media used for this study were rich in iron oxides [39] and, therefore, iron
reduction can reasonably be hypothesised to be a mechanism for BTEX degradation or
mineralisation, which requires predominantly anaerobic or anoxic conditions [54,55]. BTEX
compounds are often found in anoxic zones of the environment [18]. For the second set
of experiments, the BTEX in the wastewater prepared anoxically was found to have been
more effectively degraded (Figure 2d–f). NMWTS and NMX exhibited a similar trend in
the decline of BTEX concentration, while NWTS exhibited a distinct and greater lag period
before the onset of BTEX degradation. The anaerobic degradation of benzene is known to be
the most difficult, while toluene has been shown to be the most biodegradable [18]. Benzene
was still the most recalcitrant, with 6.12 mg/L, 10.05 mg/L, and 6.51 mg/L residual benzene
found in NMWTS, NWTS, and NMX, respectively. Both NMWTS and NMX exhibited
~86%, ~96%, 97%, and ~100% efficiency in the degradation of BTEX, respectively. This was
much higher than the efficiency exhibited when the sludges were in contact with aerobically
prepared BTEX wastewater. Indicative degradation rates of BTEX were determined by
linear regression. The data (Table 1) exhibited by the media used for this study were
comparable to those reported in [56] and [57] (and the references therein).

Table 1. Decay rates of BTEX based on linear regression during microcosm studies on biodegradation
of BTEX by iron (oxy)hydroxide media.

Media
Degradation Rate (µM/day)

Benzene Toluene Ethylbenzene Xylene

NMWTS 0.9 0.6 0.8 0.7

NWTS 2.7 1.9 1.7 1.3

NMX 0.2 0.2 0.2 1.4

AMWTS 0.09 1.4 0.7 0.7

AWTS 1.8 1.6 1.9 1.9

AMX 0.9 1.2 0.2 1.3

The indigenous microbes present within the iron (oxy)hydroxide-rich waste were
mostly anaerobic and, therefore, under anoxic conditions, BTEX was the sole carbon
source [58] and Fe(III) was the electron acceptor [38]. Additional nutrients have been
shown to further enhance the biodegradation of BTEX by acting as electron shuttles [59].
Wastewater treatment sludge, rich in nutrients and humic substances, was added to MWTS
(MX). Interestingly, however, in this case, both NMWTS and NMX were equally effective in
the degradation of BTEX.

3.3. Parameters During BTEX Degradation

The pH during BTEX degradation remained between 6.0 and 8.0, except for AWTS,
which exhibited a pH of 4.8 (Figure 3). Aerobically prepared BTEX-bearing wastewater
exhibited a pH of 7.0, while that of anoxically prepared BTEX wastewater was 4.70. AMWTS
and AWTS exhibited a decrease in pH with time, while AMX exhibited an increase. For
degradation studies using anoxic BTEX wastewater, the pH increased over time, with
NMX (7.79) exhibiting the highest increase. Except for AMX, which exhibited a negative
correlation between BTEX degradation and pH, AMWTS and AWTS microcosms exhibited
a positive correlation. On the other hand, a significant negative correlation was obtained
between BTEX degradation and pH for NMWTS, NWTS, and NMX microcosms. Although
most studies report efficient BTEX biodegradation between pH 6.0 and 8.0 [14,60,61], a few
studies have also exhibited efficient BTEX degradation between pH 3.5 and 7.0, i.e., under
acidic conditions [62–64]. The electrical conductivity (EC) of the aerobically prepared BTEX
wastewater was 115.7 µS/cm, while anoxically prepared BTEX wastewater exhibited EC of
98.8 µS/cm. All the samples exhibited an increase in EC with the onset of BTEX degradation,
where AMX and NMX exhibited the highest EC of 2566 µS/cm and 2615 µS/cm on day
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20, respectively (Figure 3). An increase in electrical conductivity has been reported during
dissimilatory iron reduction [65,66] and was indicative of biodegradation in this study.
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with (a) AMWTS, (b) AWTS, (c) AMX, (d) NMWTS, (e) NWTS, and (f) NMX. (AMWTS/AWTS/AMX—
aerobically prepared BTEX exposed to MWTS, WTS, and MX, respectively; NMWTS/NWTS/NMX—
anaerobically prepared BTEX exposed to MWTS, WTS, and MX, respectively).

The experiment was conducted under ambient temperature conditions with no tem-
perature control; however, the changes in the ambient temperature were recorded during
the course of the study using a HANNA temperature logger. The temperature during the
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experiment varied between 1 ◦C and 24.5 ◦C, with the initial 20 days exhibiting temper-
atures lower than 9.5 ◦C. The temperature from day 20 onwards exhibited an increase,
with the highest observed at the end of the experiment. Most studies report the efficient
biodegradation of BTEX between 25 ◦C and 33 ◦C [60,61,67,68]; however, in this study,
BTEX biodegradation was observed at lower temperatures between 9.5 ◦C and 24.5 ◦C. No
clear correlation was observed between temperature and BTEX degradation, but it is likely
that rates are affected by temperature (e.g., [60,61]). This is an important aspect that future
studies should examine.

Fe(III) present in MWTS, WTS, and MX is a potential electron acceptor during BTEX
biodegradation. Total dissolved iron and Fe(II) were quantified during the course of the
biodegradation of BTEX by HFO-bearing wastes (Figure 4 and alternative axes). Although
iron release was observed in all the microcosms, the behaviour was noticeably different.
Irrespective of the type of BTEX wastewater being remediated, the total iron released
by MWTS and MX was much lower than WTS, despite MWTS exhibiting a higher Fe
content (36.5%). MWTS and WTS exhibited a significant negative correlation between
BTEX degradation and Fe(II) release, while MX did not exhibit any correlation between
the two. The iron release was observed with the onset of degradation. AWTS microcosms
exhibited a gradual increase to 486 mg/L on day 120, after which, it declined to 283 mg/L
by day 160. AMWTS and AMX microcosms exhibited the highest total iron concentrations
of 9 mg/L (day 120) and 58 mg/L (day 80), respectively. Compared to MWTS and MX
microcosms, both AWTS and NWTS microcosms exhibited the highest release of Fe(II)
before the maximum release of total dissolved iron was obtained. The Fe(II) release was
coeval with the total iron release and indicative of the mobilisation of Fe by iron-reducing
conditions within the microcosm, microbially driven either directly or indirectly by the
generation of other reductants, e.g., HS-. Under iron-reducing conditions, Fe(III) acts as the
terminal electron acceptor and can result in the oxidation of BTEX (e.g., [32,69]). However,
under experimental conditions, during anaerobic growth, some Fe(III) may also be used
for making cellular components, with less Fe(III) being used for BTEX degradation [69].

3.4. Microbial Community Changes
3.4.1. Changes in Microbial Community Composition of MWTS

Next-generation sequencing was conducted on the substrates before and after the
experiment to assess the role of microbes in BTEX degradation. Metataxonomic analysis
revealed significant changes in community structure at both phylum and genus levels
(Figure 5). The microbial diversity in pre-test wastes varied distinctly from post-test wastes,
with phylum-level diversity dropping from 16 to 7 after treatment. Proteobacteria remained
the dominant phylum, decreasing from 58.35% in pre-test to 51.51% and 39.67% in post-test
samples. Conversely, Firmicutes and Bacteroidetes showed increases in abundance, with
Firmicutes rising from 0.42% to 30.32% in AMWTS and 17.98% in NMWTS and Bacteroidetes
rising from 5.65% to 21.80% in AMWTS and 30.32% in NMWTS. Other genera, including
Planctomycetes, Actinobacteria, and Spirochaetes, declined to less than 1% post-treatment.
Primary genera in pre-test MWTS included Gallionella (5.8%), Rhodoferax (3.8%), and others,
with most decreasing in relative abundance after treatment, except Rhodoferax and Devosia.
New genera such as Escherichia and Prevotella were detected in post-test MWTS, and
Methanobacterium emerged post-treatment. The microbial communities in AMWTS and
NMWTS were distinct, with specific genera appearing exclusively in one or the other.
Several Pseudomonas species are known for their ability to degrade BTEX [69,70].

3.4.2. Changes in Microbial Community Composition of WTS

The only archaeal phylum in pre-test WTS was Euryarchaeota (0.19%), which was not
found in AWTS or NWTS post-test (Figure 5b). The most abundant bacterial phyla in
pre-test WTS included Proteobacteria (36.76%), Verrucomicrobia (17.19%), and Acidobacte-
ria (13.35%). Post-test, Verrucomicrobia (40.32%) dominated in AWTS, while Proteobacteria
(30.13%) remained predominant in NWTS. AWTS saw a significant decrease in Acidobacteria
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and Proteobacteria, with increases in Bacteroidetes, Firmicutes, and Actinobacteria. NWTS exhib-
ited slight decreases in Acidobacteria and Verrucomicrobia but increases in Actinobacteria, Bac-
teroidetes, and Planctomycetes, along with significant increases in Firmicutes and Chloroflexi.
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In pre-test WTS, the main genera included Geothrix (12.9%) and unclassified genera
from family R4-41B (12.35%). Treatment with BTEX wastewater harmed Gallionella and
Rhodoferax, while Polynucleobacter was negatively impacted by both treatments. BTEX
wastewater significantly reduced Geothrix abundance but had a lesser effect on unclassified
bacteria from family auto67_4W. Both AWTS and NWTS showed an increase in bacteria
from family R4-41B, rising from 12.35% to ~33.70%. Certain genera responded differently
to treatment; for example, Flavobacterium decreased in NWTS but increased in AWTS,
while ACK-M1 increased in AWTS and decreased in NWTS. AWTS also showed the
presence of Escherichia (3.68%) and Veillonella (1.17%), while NWTS enriched Geobacter
(6.8%), Desulfosporosinus (2.43%), and WCHB1-05 (1.11%).

3.4.3. Changes in Microbial Community Composition of MX

The predominant phylum in pre-test MX was Proteobacteria (64.23%), which signifi-
cantly decreased in AMX (6.62%) and NMX (1.69%), along with Actinobacteria and Chloroflexi.
Firmicutes rose from 14.79% in pre-test MX to become the main phylum in AMX (59.28%)
and NMX (38.05%). Bacteroidetes also increased, reaching 27.81% in AMX and 30.07% in
NMX, compared to 8.91% in pre-test MX. NMX and AMX displayed distinct community
structures; Atribacteria, absent in pre-test MX and AMX, appeared at 20.18% in NMX, while
Spirochaetes rose from ~0.1% in pre-test MX and AMX to 1.69% in NMX. Euryarchaeota, not
identified in pre-test MX, had abundances of 1.71% in AMX and 1.45% in NMX.

Key genera from Proteobacteria in pre-test MX included Brevundimonas (16.69%) and
Mycoplana (10.25%). Firmicutes were represented by Paenibacillus (4.62%) and others, none
of which were found in AMX or NMX. Post-exposure to BTEX, the community structure
changed drastically at the genus level. The predominant genera in AMX and NMX were
unclassified Bacteroidales, present at 26.43% and 27.57%, respectively, having proliferated
from 0.43% in pre-test MX. Other notable genera included Clostridium, Treponema, and
Proteiniclasticum. The phylum OP9 (Atribacteria) was identified only in NMX, featuring
unclassified TIBD11 (15.58%) and SHA-1 (3.86%). Additionally, AMX contained the archaeal
genus Methanomethylovorans at 2.35%. Notably, both AMX and NMX exhibited core species
such as Sedimentibacter and Methanobacterium, which are involved in BTEX degradation [55],
aligning with observed degradation trends.
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3.4.4. Comparative Analysis of Differences in the Microbial Community Structure of HFO
Sludges Exposed to BTEX Wastewater

Amongst the various phyla, Proteobacteria, Firmicutes, and Bacteroidetes flourished
to become the predominant phyla in all three sludges used in this study under both
aerobic and anoxic conditions. Several studies have shown these phyla to be dominant
during the biodegradation of BTEX [19,71–73]. Proteobacteria have been shown to degrade
monoaromatic hydrocarbons such as benzene to CO2 and H2O [74], while Firmicutes
and Bacteroidetes have been shown to degrade aromatic hydrocarbons [75,76]. Chloroflexi
decreased in abundance in all the sludges except for NWTS, where it was enriched. This
phylum has been shown to degrade aromatic hydrocarbons such as toluene and has been
known to occur in numerous natural environments [70].

The wastes used in this study were rich in iron oxides/hydroxides, and, therefore, it is
not surprising that several iron metabolising bacteria were identified in pre-MWTS, pre-
WTS, and pre-MX. The iron-reducing genera Geobacter was only detected in pre-MX (6.8%),
which, post-treatment, was halved in AMX and >1% in NMX. Geobacter was enriched
only in NWTS and NMWTS. This genus is known to oxidise monoaromatic hydrocarbons
while reducing Fe(III), which acts as an electron acceptor [24,77,78]. Similarly, Geothrix, an
iron-reducing bacteria, was identified in all three pre-test sludges but was only present
at >1% in AWTS (4.08%) and NWTS (3.72%) compared to 12.9% in pre-WTS. Although
there is a dearth of reports on BTEX degradation by Geothrix, they have been isolated
from hydrocarbon-contaminated aquifers [24,79]. Gallionella, an iron-oxidising bacteria,
was detected in pre-MWTS (5.82%), pre-WTS (9.33%), and pre-MX (<1%) but was absent
in post-test sludges, suggesting that the BTEX environment is detrimental to this genus,
which agrees with the literature, as it has not been found so far to degrade aromatic
compounds but is commonly found in ground- and wastewater [80]. Clostridium and
associated genera like unclassified Clostridiales, which were not identified in any of the
pre-test sludges, proliferated in all the sludges post-test. They have been known to reduce
iron oxides while fermenting organic carbon [81] and have been isolated from mining
lake ochres where iron-reducing conditions prevail [82,83]. In natural environments like
aquifers, Clostridium along with other bacterial species such as Geobacter forming a microbial
consortium degrade BTEX [84]. Escherichia, not identified in any of the pre-test sludges, was
present at a significant abundance in AWTS (20.49%), NMWTS (14.06), and AWTS (3.68%).
This genus was found in mine water treatment sludge as an indigenous genus [83] and is
a genus effective in BTEX degradation [85,86]. Bacteria from the order Sphingobacteriales
identified in AWTS (13.26%) and NWTS (3.50%) were found in the microbial community
and were present in activated sludge that was capable of degrading BTEX [76]. Prevotella
was enriched in AMWTS (8.14%) and NMWTS (13.08%) and bacteria from the order
Bacteroidales were enriched in NWTS (4.92%), AMX (26.43%), and NMX (27.57%). These
Bacteroidetes are commonly found in aquatic sediment systems [87] and have been shown
to degrade aromatic hydrocarbons to the simplest compounds [88,89], even under iron-
reducing conditions [90,91]. Similarly, the unclassified bacteria from the phylum Firmicutes
and enriched in AMX (10.14%) and NMX (8.69%) were identified as the primary benzene
degraders, with Fe(III) as the terminal electron acceptor [19]. Methylibium, an aerobic
bacteria isolated from sites primarily contaminated with methyl tert-butyl ether (MTBE) or
other aromatic hydrocarbons, are known degraders of BTEX [92,93]. Desulfosporosinus is a
known toluene degrader and was only identified in NWTS (2.43%). All these organisms in
concert under iron-reducing conditions bring about the degradation of BTEX. Both aerobic
and anaerobic degradation of BTEX by microbes have been reported [59,77]. The distinct
microbial community compositions of the HFO sludge used to treat aerobically prepared
and anaerobically prepared BTEX wastewater are indicative of the distinct results obtained
for BTEX degradation.
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4. Importance/Implications/Significance of This Study

This study’s use of iron oxide-bearing wastes has significant global implications
for promoting sustainable waste management and environmental remediation, aligning
with the principles of the circular economy by repurposing abundant waste materials. Its
findings could reduce the economic costs associated with traditional remediation techniques
and offer a cost-effective solution for treating contaminated groundwater and industrial
wastewater, especially in regions with limited access to advanced treatment technologies.

5. Conclusions

The work presented in this paper demonstrates that the microbial community present
within common iron oxide-rich sludges from the treatment of mine water (with or with-
out amendment with wastewater treatment sludge) and drinking water treatment sludge
(drinking water treatment residual) was effective in the biodegradation of BTEX. The na-
tive microbial community structure upon exposure to BTEX was completely modified,
with microbes capable of (i) degrading hydrocarbons while reducing Fe(III) (Clostridium,
Geobacter, unclassified bacteria from Firmicutes) and/or (ii) completely degrading hydro-
carbons without reducing Fe(III) (Escherichia, Methylibium), being enriched within the iron
oxide-rich waste. Given that these are abundant waste sludges with currently limited reuse
potential, this work demonstrates that they may be useful media for the anaerobic biodegra-
dation of BTEX-bearing wastewaters or groundwater and, given their abundance, may
find useful application in permeable reactive barriers or as amendments to nature-based
treatment systems.
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