
Journal of Hazardous Materials 470 (2024) 134195

Available online 2 April 2024
0304-3894/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Bioreduction of chromate in a syngas-based membrane biofilm reactor 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Efficient Cr(VI) reduction is achieved in 
syngas-based MBfR. 

• Syngas fermentation produces volatile 
fatty acids in situ. 

• Volatile fatty acids drive Cr(VI) reduc-
tion primarily and hydrogen plays a 
minor contribution.  
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A B S T R A C T   

This study leveraged synthesis gas (syngas), a renewable resource attainable through the gasification of biowaste, 
to achieve efficient chromate removal from water. To enhance syngas transfer efficiency, a membrane biofilm 
reactor (MBfR) was employed. Long-term reactor operation showed a stable and high-level chromate removal 
efficiency > 95%, yielding harmless Cr(III) precipitates, as visualised by scanning electron microscopy and en-
ergy dispersive X-ray analysis. Corresponding to the short hydraulic retention time of 0.25 days, a high chromate 
removal rate of 80 µmol/L/d was attained. In addition to chromate reduction, in situ production of volatile fatty 
acids (VFAs) by gas fermentation was observed. Three sets of in situ batch tests and two groups of ex situ batch 
tests jointly unravelled the mechanisms, showing that biological chromate reduction was primarily driven by 
VFAs produced from in situ syngas fermentation, whereas hydrogen originally present in the syngas played a 
minor role. 16 S rRNA gene amplicon sequencing has confirmed the enrichment of syngas-fermenting bacteria 
(such as Sporomusa), who performed in situ gas fermentation leading to the synthesis of VFAs, and organics- 
utilising bacteria (such as Aquitalea), who utilised VFAs to drive chromate reduction. These findings, com-
bined with batch assays, elucidate the pathways orchestrating synergistic interactions between fermentative 
microbial cohorts and chromate-reducing microorganisms. The findings facilitate the development of cost- 
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effective strategies for groundwater and drinking water remediation and present an alternative application 
scenario for syngas.   

1. Introduction 

Chromium (Cr) pollution has been commonly detected in surface 
water and groundwater because of its wide use in various industries, 
such as petroleum refining, stainless steel and refractory material 
manufacturing, and chemical synthesis [6,69,7]. Chromate (Cr(VI)) is a 
toxic form of Cr. Upon penetrating cell membranes, Cr(VI) interacts with 
proteins, inhibiting the activity of specific enzymes [50]. It also has the 
potential to react with nucleic acids, disrupting the metabolism of 
normal cells, leading to cardiovascular shock, liver, and kidney necrosis 
[47,51]. Additionally, exposure to Cr(VI) can instigate the generation of 
free radicals and reactive oxygen species (ROS) [66]. ROS, in turn, 
directly induces DNA damage, gene mutations, and an increase in 
pro-inflammatory cytokines, thereby precipitating cancer and inflam-
mation. As such, a maximum level of 100 μg/L has been set for Cr in 
drinking water by the US Environmental Protection Agency. 

Biological reduction of chromate to trivalent Cr (Cr(III)) is a prom-
ising solution for chromate removal [20,40]. Compared to the physi-
cochemical remediation of chromate, biological methods have the 
advantages of sustainability and low cost, thus attracting significant 
interest [18,40]. Various organic (e.g., methanol, acetate, and lactate) 
[30,56,63] and inorganic (H2 and elemental sulfur) [14,61] electron 
donors have been used for microbial chromate reduction. In terms of the 
microorganisms responsible for chromate reduction, phylogenetically 
diverse bacteria, including Pseudomonas sp., Desulfovibrio sp., Staphylo-
coccus epidermidis, Arthrobacter sp., and Escherichia coli have been 
identified as capable of reducing Cr(VI) to Cr(III) [3,44,45,60,71]. The 
formed Cr (III) can easily precipitate at a neutral or high pH, facilitating 
Cr removal and recovery [29,42]. 

Although the use of organic substances as electron sources generally 
achieves stable and high Cr(VI) removal efficiency, the cost of organics 
cannot be ignored [68]. H2 and CH4, obtained by water splitting and 
anaerobic sludge digestion, respectively, have been proposed as 
cost-effective electron sources for Cr(VI) bioremediation [14,29,42]. In 
membrane biofilm reactors (MBfRs), H2 or CH4 is delivered through 
bubble-free hollow fibre membranes, enabling high gas utilisation 

efficiency. In addition to H2 and CH4, syngas, which is a gas mixture 
comprising H2, CO, and CO2, can be produced from the gasification of a 
diverse range of carbonaceous feedstocks and is thus a widely available 
and renewable electron and carbon source [65,67]. However, whether 
syngas can be used to remove Cr(VI) from contaminated waters remains 
unknown. 

This study aimed to develop a syngas-based MBfR for Cr(VI) biore-
mediation. To this end, an MBfR was set up with hollow fibre mem-
branes to supply syngas and enable biofilm attachment. Initially, 
synthetic influent containing nitrate and ammonium was fed into the 
reactor to facilitate biofilm development. Afterwards, the reactor was 
continuously supplied with Cr(VI) at a hydraulic retention time (HRT) of 
0.1–0.5 days to evaluate the long-term chromate removal performance. 
Multiple in situ and ex situ batch tests were performed to elucidate the 
mechanisms of chromate removal in the syngas-based MBfR. The key 
microbial populations involved in syngas-driven chromate reduction 
were investigated using 16 S rRNA gene amplicon sequencing. 

2. Material and methods 

2.1. Syngas-based MBfR setup 

A laboratory-scale MBfR (Fig. 1) with a total effective volume of 100 
mL was designed for continuous chromate removal. In the MBfR setup, 
three sets of hollow fibre membranes (model MHF-200TL, Mitsubishi, 
Ltd., Tokyo, Japan) were incorporated for gas delivery, as outlined in 
Table S1. Following previous studies [55,57,77], syngas comprising 
80% H2 and 20% CO2 was introduced into the MBfR through the upper 
end of the fibre bundle. No CO was supplied in this laboratory 
proof-of-concept study, owing to safety concerns. The opposite end of 
the bundle was sealed to ensure exclusive gas permeation towards the 
biofilm from the hollow fibre membrane. The bulk liquid inside the 
MBfR and overflow bottle was effectively mixed using a peristaltic pump 
(BT300–2 J, Longer Pump, Hebei, China) at a constant liquid flow rate of 
20 mL/min. Monitoring of the pH levels and sampling of both gases and 
liquids were conducted in an overflow bottle. The entire syngas-based 

Fig. 1. Schematic of syngas-based MBfR.  
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MBfR was operated in a temperature-controlled laboratory at 21 ± 1 ◦C. 
The potential reactions for gas fermentation and chromate removal are 
described in Eqs. 1 and 2. 

4H2 + 2CO2→CH3COOH+ 2H2O (1)  

8CrO2−
4 + 40H+ + 3CH3COOH→8Cr3+ + 6CO2 + 26H2O (2)  

2.2. Inoculum and mineral medium 

A mixture of 10 mL of activated sludge and 10 mL of anaerobic 
digestion sludge obtained from the Luggage Point wastewater treatment 
plant (Brisbane, Australia) was inoculated into the MBfR. The mineral 
salts used in the synthetic influent in Stages I and II are listed in Table S2. 
The difference between these two stages was the addition of either N or 
Cr(VI) compounds. 

2.3. Long-term operation 

The long-term operation was divided into two stages, each tailored to 
specific objectives: Stage I focused on biofilm development, while Stage 
II targeted chromate removal. In the early part of the first stage (day 
1–20), continuous feeding was initially avoided to prevent biomass 
washout and promote biofilm formation. To sustain microbial activity, 
regular dosing with 1 mL of 30 g/L sodium nitrate stock solution was 
performed. On day 21, synthetic wastewater containing 600 mg NO3

- -N/ 
L and 100 mg NH4

+-N/L was introduced into the MBfR. Nitrate has been 
used as a substrate for biofilm development in MBfR in a previous study 
[42]. The HRT was gradually reduced from 2 days to 1 during this stage. 

After successful biofilm development, the influent was switched to 
chromate-containing synthetic wastewater. In Stage II, a feed of 
20 µmol/L chromate was initiated from day 68, and the HRT was 
manually adjusted to 0.5 days without any adaptation. Throughout the 
long-term operation, the influent and effluent were regularly analysed 
for chromate, nitrate, nitrite, ammonium, and volatile fatty acid (VFA) 
concentrations, 1–3 times weekly. Additionally, biofilm samples were 
collected at the end of Stages I and II for microbial community analyses. 
Details of the chemical and microbial analyses can be found in Texts S1 
and S2 of the Supplemental Information. 

2.4. In situ batch tests 

The long-term performance of Cr(VI) removal from the syngas-based 
MBfR was confirmed, followed by two sets of in situ batch assays (A and 
B) to further elucidate the roles of syngas and VFAs in Cr(VI) removal 
(Table S3). Continuous feeding was terminated before each batch assay. 
In batch test A, various chromate concentrations (5–30 µmol/L) were 
applied to the MBfR to measure the Cr(VI) reduction rate in the presence 
of syngas and VFAs. In the negative control group (batch B), the syngas 
supply was discontinued, and fresh medium was introduced to remove 
residual VFAs from the MBfR. Cr(VI) (10 µmol/L) was added to observe 
whether its removal could persist in the absence of syngas and VFAs. 
Another control group with acetate but without syngas was performed to 
validate the role of VFAs in Cr(VI) reduction (batch C). In this test, the 
initial acetate concentration was about 70 mg/L. The Cr(VI) was dosed 
into the reactor to reach an initial concentration of about 6 µmol/L. 
After 7 h, the Cr(VI) was re-dosed again to repeat the experiment. Liquid 
samples were collected at regular intervals during each batch test to 
monitor changes in the Cr(VI) and VFA concentrations over time. 

2.5. Ex situ batch tests 

To understand the specific contributions of H2 and CO2 to the Cr (VI) 
removal process, two sets of ex situ experiments were conducted 
(Table S3). Microorganisms adhering to the membrane were scrupu-
lously removed and homogeneously mixed. Subsequently, the six serum 

bottles were flushed with nitrogen gas for 10 min to create an anaerobic 
environment. The obtained biomass was evenly divided into six serum 
bottles. In batch test D, 50 mL H2 was injected, whereas in batch test E, a 
mixture of 50 mL H2 and 10 mL CO2 was introduced. Subsequently, the 
liquid was mixed using magnetic stirrers at 300 rpm for 5 min to ensure 
equilibrium of H2 and CO2 between the gas and liquid phases. Subse-
quently, a stock solution of Cr(VI) was introduced into the serum bottles, 
achieving an initial Cr(VI) concentration of approximately 20 µmol/L. 
Over the 25 h ex situ batch tests, liquid and gas samples were regularly 
collected to determine the Cr(VI) reduction and gas consumption rates. 
To compare the differences observed in various batch tests, statistical 
analysis was performed using a one-way analysis of variance within the 
framework of GraphPad Prism software. Statistical significance was set 
at p < 0.05. 

2.6. Observation of the Cr (III) precipitates 

The Cr(III) precipitates were examined using scanning electron mi-
croscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) using a 
JEOL JSM-7100 F instrument (Tokyo, Japan). To enhance the visibility 
of the Cr precipitates on the biofilm, the sample extracted from the MBfR 
was thoroughly washed with ethanol to eliminate any adhering slime. 
Subsequently, the specimen was air-dried at ambient temperature, fol-
lowed by the application of a platinum coating to facilitate optimal 
visualisation of electron aggregation. 

3. Results and Discussion 

3.1. Biofilm development, DNRA, and VFA production in syngas-based 
MBfR 

In Stage I, nitrate was completely removed without nitrite accumu-
lation as the HRT was gradually decreased from 2 days to 1 (Fig. 2a), 
resulting in a peak total nitrogen removal rate of approximately 
600 mg N/L/d (Fig. 2b). In contrast, the influent ammonium was not 
efficiently consumed, and the ammonium concentration in the effluent 
was unexpectedly higher than that in the influent. This observation 
suggests the occurrence of dissimilatory nitrate reduction to ammonium 
(DNRA) in the syngas-based MBfR. DNRA is typically observed in en-
vironments rich in electron donors but limited in nitrate [74], which has 
also been reported in previous MBfRs fuelled by methane [35,49]. To 
investigate the factors influencing the DNRA process, the partial pres-
sure of the syngas was reduced from 1.5 to 1.3 atm on day 54. Following 
this adjustment, the ammonium concentration in the effluent decreased 
to < 100 mg N/L after day 57. This indicates that syngas provision 
regulates the balance between DNRA and denitrification. Over time, a 
biofilm layer gradually formed on the hollow fibre surface during Stage 
I, whereas no suspended biomass was observed in the bulk liquid. 

Furthermore, VFA production was also observed in the syngas-based 
MBfR. Acetate was the predominant fatty acid detected in the system, 
accompanied by low levels of propionate and butyrate (Fig. 2c–d). 
Specifically, the acetate concentration fluctuated between 100 mg/L 
and 300 mg/L during the initial 50 days, peaking at 1250 mg/L on day 
57 likely due to the enrichment or adaptation of fermenting bacteria. 
Reducing gas supply after day 54 adversely affected fermenting bacteria, 
leading to the decrease of acetate to 484 mg/L at the end of Stage I. This 
finding provides preliminary evidence of VFA production in syngas- 
based MBfRs. The bioconversion of syngas to VFAs, also known as 
syngas fermentation, is a well-established process [34,75]. However, 
previous studies have typically employed highly enriched cultures or 
isolated strains for syngas fermentation [16,17,24,53,72]. Additionally, 
attaining VFAs accumulation typically requires inhibition of the meth-
anogenic pathway, which is achieved through the addition of specific 
inhibitors (e.g., 2-bromoethanesulfonate and/or the implementation of 
harsh conditions (e.g., acidic or alkaline conditions) [36,80]. In the 
present study, the methane percentage in the off-gas was only 1–3%, 
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indicating effective suppression of methanogens. However, the present 
study utilised a mixture of activated and anaerobic digestion sludge, 
without adding any inhibitors, and operated at a maintained neutral pH. 
With the exclusion of potential influencing factors such as inhibitors and 
pH, the suppression of methanogens in this system was likely attributed 
to other reasons. First, nitrate provision may inhibit the methanogenic 
pathway, as observed in previous studies [1,5]. However, despite its 
high concentration in the feed (~600 mg N/L) in Stage I, the in situ ni-
trate concentration in the bioreactor was always < 1 mg N/L. Moreover, 
methane production remained limited after nitrate was removed from 
the feed in Stage II (see Section 3.2). Thus, nitrate provision was unlikely 
to be the primary cause of the suppressed methanogenic activity. 
Another potential reason is substrate diffusion in counter-diffusion 
biofilms [37,38,58]. In the syngas-based MBfR, H2 and CO2 penetrated 
the biofilm substratum to the surface, whereas nitrate diffused in the 
opposite direction. Thus, denitrification-generating alkalinity occurs in 
the outer layer of the biofilms, whereas syngas fermentation-generating 

protons occur in the inner layer. Therefore, the pH of the biofilm should 
be lower than that of the bulk liquid, resulting in the suppression of 
methanogens. A similar pH gradient was reported in the 
counter-diffusion biofilms of an MBfR fuelled with oxygen [59], which 
showed that the in-biofilm pH was 4–6 while that in the bulk liquid was 
> 7. Unfortunately, with the current reactor design intended for a 
proof-of-concept study, obtaining intact biofilm samples to measure the 
pH gradient in biofilms was challenging. Although this study showed the 
feasibility of converting syngas to VFAs without using specific strategies 
to suppress methanogenic pathways, the actual mechanisms require 
further investigation. 

3.2. Chromate reduction in syngas-based MBfR 

Following the enrichment of nitrate-reducing biofilm, the continuous 
feeding of chromate with a concentration in the range of 18.7–21.5 µM 
was initiated on day 68. Nitrate and ammonium were no longer supplied 

Fig. 2. Nitrogen removal and VFA production in Stage I of the syngas-based MBfR: (a) nitrogen profiles in the influent and effluent; (b) total nitrogen (TN) removal 
rate; (c) VFA profiles in effluent; and (d) VFA production rate. 

Fig. 3. Chromate removal and VFA production in Stage II of the syngas-based MBfR: (a) chromate profiles in the influent and effluent; (b) chromate removal ef-
ficiency; (c) VFA profiles in the effluent; and (d) VFA production rate. 
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during Stage II. Remarkably, without any acclimation at an HRT of 0.5 
days, immediate and nearly complete chromate removal was observed 
(Fig. 3a). Therefore, the HRT was halved to 0.25 days after day 89. 
Despite the minor fluctuations, the average chromate removal efficiency 
remained > 95% (Fig. 3b). On day 102, the HRT was reduced to 0.1 
days, resulting in an increase in effluent Cr(VI) concentration to 
7–9 µmol/L and a decrease in chromate removal efficiency to 50–80%. 
Despite the reduced efficiency, the chromate removal rate increased 
from 80 µmol/L/d at a HRT of 0.25 days to 120 µmol/L/d at a HRT of 
0.1 days. To improve the effluent quality, the HRT was increased back to 
0.25 days on day 116, leading to a significant decrease in effluent 
chromate concentration, thereby achieving nearly complete chromate 
removal again. The syngas-based MBfR was operated under steady-state 
conditions for approximately 3 months, maintaining stable and high- 
level chromate removal. Throughout the operational period, soluble 
Cr(III) in the effluent could be detected, but at a markedly lower con-
centration (< 5.0 µmol/L) than that of the Cr(VI) in the influent 
(20.0 µmol/L) (Fig. S1). This suggests that most of the reduced Cr 
existed in the form of precipitates. Notably, the soluble Cr(III) in the 
effluent was inconsistent for different MBfRs. Although the absence of 
soluble Cr(III) in the effluent has been observed in most methane-driven 
MBfRs [29], hydrogen-driven MBfRs generally yield an effluent con-
taining soluble Cr(III) [14]. 

Concurrently, the VFA production was monitored during Stage II. 
Considering the lower concentration of chromate compared to the ni-
trate supply in Stage II, the partial pressure of the syngas was further 
reduced to 1.1 atm at the beginning of Stage II. As a result of this 
adjustment and the shortened HRT, the VFA concentration in the 
effluent rapidly declined from > 500 mg/L to < 100 mg/L within 10 
days (Fig. 3c–d). From day 89, the acetate concentration fluctuated at 
approximately 20–50 mg/L, whereas propionate and butyrate were 

scarcely detected. During the period with an HRT of 0.1 days (days 
102–113), the effluent acetate concentration decreased to a lower level 
of 10–20 mg/L. Of note, the low effluent acetate concentration was 
mainly due to the short HRT applied in this period, while the corre-
sponding acetate production rate was comparable to the previous stage 
at HRT of 0.25 days. Moreover, the percentage of methane in the off-gas 
was consistently < 3% at this stage, suggesting that the methanogenic 
pathway was still effectively suppressed. Particularly, the residual VFAs 
in the effluent were subject to the production from gas fermentation and 
the consumption in chromate removal. Thus, while showing the pro-
duction of VFAs and the removal of chromate, the long-term results were 
unable to reveal whether these two processes were coupled. To address 
this question, in situ and ex situ batch tests were further conducted as 
elaborated in Section 3.4. 

3.3. Tracing the speciation of Cr 

SEM and EDS were applied after the long-term operation to re- 
confirm the production of Cr(III) from Cr(VI). Fig. 4 illustrates the 
morphology (Fig. 4a&c) and EDS spectrum (Fig. 4b&d) of Cr precipitates 
in biofilms collected from the membrane of the syngas-based MBfR. Cr 
(VI) is soluble in the influent, and no deposition of Cr should be observed 
in the inoculated sludge. On day 198, after operating the syngas-based 
MBfR for Cr(VI) removal for around 130 days, the EDS spectrum 
found clear Cr signals (e.g., peaks located at around 587.5 eV), indi-
cating the reduction of Cr(VI) to Cr(III) within the MBfR, which resulted 
in its precipitation and subsequent deposition on the biofilms attached 
to the hollow fibre membrane. This analysis confirmed that Cr(III) 
compounds were the major products of the reduction of Cr(VI) in the 
syngas-based MBfR. 

Fig. 4. SEM image (a&c) and EDS results (b&d) of the Cr precipitate in the biofilm.  
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3.4. In situ and ex situ batch tests shed light on the mechanisms 

Five sets of in situ and ex situ batch tests were performed to elucidate 
the mechanisms underlying chromate removal in the syngas-based MBfR 
(Fig. 5). Batch test A served as the positive control in the presence of 
both syngas and VFAs. The reactor was periodically dosed with chro-
mate for five consecutive cycles (Fig. 5a). The initial Cr(VI) concentra-
tion of each cycle ranged from 5 to 30 µmol/L, all of which exhibited 
consistent reduction within a timeframe of 4 to 8 h and followed a 
comparable trajectory. Previous studies on MBfRs fuelled by methane or 
short-chain alkanes have shown persistence in reducing oxidised pol-
lutants such as nitrate and selenate, even in the absence of these gaseous 
electron donors [11,28]. This phenomenon was attributed to the po-
tential utilisation of intracellular storage compounds, such as poly--
β-hydroxybutyrate, to drive the reduction of oxidised pollutants [11,28]. 
To determine whether the microorganisms enriched in the 
syngas-driven MBfR have a similar capability to leverage intracellular 
compounds for chromate reduction, batch test B was performed without 
syngas and VFAs. Under such conditions, the biofilm-driven chromate 

reduction rate amounted to 6 µmol/L/d (Fig. 5b). This value was an 
order of magnitude lower than the reduction rate observed in batch test 
A, and constituted 3.7% of the rate observed in the long-term experi-
ment. In another control group batch C where acetate was present but 
syngas was absent, the correlation between acetate and Cr(VI) con-
sumption was evident, with a Cr(VI) reduction rate similar to that 
observed in Batch test A (Fig. S2). Collectively, these results substantiate 
the pivotal roles of syngas and VFAs in chromate removal. 

In addition to the VFAs produced from syngas fermentation, the H2 
present in syngas can also function as a direct electron donor, driving 
chromate reduction [14,48]. To investigate the principal contributor 
orchestrating chromate bioreduction within the syngas-based MBfR, 
biofilms were harvested and subjected to ex situ batch tests. The first 
group was provided with H2 only (batch test D), whereas the second 
group was provided with both H2 and CO2 (batch test E). As expected, H2 
was consumed in batch tests D and E at different rates (Fig. 5c and d). In 
particular, the simultaneous consumption of H2 and CO2 was observed 
in batch test E at a molar consumption ratio of 2.4:1, which is slightly 
higher than the theoretical syngas conversion ratio to acetate (2:1). 

Fig. 5. In situ and ex situ batch tests results. (a) Chromate reduction in the in situ batch test A in the presence of syngas and VFAs; (b) chromate reduction in the in situ 
batch test B in the absence of syngas and VFAs; (c) profiles of H2 in the ex situ batch test C with 50 mL H2 added; (d) profiles of H2 and CO2 in the ex situ batch test D 
with 50 mL H2 and 10 mL CO2 added; (e) profiles of chromate in the ex situ batch tests C and D; and (f) chromate reduction rate in the ex situ batch tests C and D. The 
measured H2 and CO2 profiles were fitted using the linear equation with the dash lines corresponding to parameter values at a 95% confidence interval. Data points 
represent the mean values of biological triplicates and error bars indicate the standard deviation of the triplicates. 
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Furthermore, the chromate concentration decreased in both ex situ batch 
tests (Fig. 5e). However, the chromate reduction rate in batch test E was 
more than twice that in batch test D (p < 0.001) (Fig. 5f). Collectively, 
these findings led to the conclusion that the chromate reduction 
observed in the syngas-based MBfR was primarily steered by VFAs 
stemming from syngas fermentation. However, the contribution of 
direct H2 utilization in syngas represented a relatively minor role in this 
process. 

3.5. Variations in microbial communities 

The microbial populations responsible for nitrate reduction, chro-
mate reduction, and syngas fermentation were investigated using 16 S 
rRNA gene amplicon sequencing at the end of Stages I and II. At the 
phylum level, the biofilm community was mainly dominated by Pro-
teobacteria, Firmicutes, and Bacteroidota, totally accounting for > 60% 
of the community (Fig. 6a). At the class level, the biofilm community 
consisted of various taxa, including Gammaproteobacteria, Meth-
anobacteria, Negativicutes, Bacteroidia, Methanosarcinia, Anaeroli-
neae, and Clostridia, totally accounting for > 90% of the community 
(Fig. 6b). Gammaproteobacteria contains broad denitrifying pop-
ulations, which was also observed in many previous studies focusing on 
chromate reduction [26,62,79]. Bacteroidia has been detected as 
dominant in previous fermentation systems [54,83], which is proposed 
to be capable of performing gas fermentation. In addition, both Clos-
tridia and Negativicutes members are known to be capable of reverse 
beta-oxidation, which may also trigger chain elongation in the system 
[8]. 

At the genus level, these populations were categorised based on their 
potential functions (Fig. 6c). First, a diverse range of heterotrophs that 
can utilise organics, such as Pseudomonas [9], Thauera [12,73,81], 
Acidovorax [33], Rhodanobacter [21], Comamonas [35], and Proteini-
philum [32,78], were detected in both stages. In terms of chromate 
reduction, Deinococci (a class) and Meiothermus (a genus within the class 
Deinococci), previously assumed to be associated with chromate 

reduction in methane-based MBfRs [29,43,82], were rarely present (<
0.1%) in the current system. Instead, there was a significant increase in 
the relative abundance of Aquitalea from 1.5% in Stage I to 60.5% in 
Stage II. Aquitalea is a genus that encompasses diverse species with the 
capability to utilise organic carbon, such as acetate [31]. Although 
enrichment of Aquitalea after replacing nitrate with chromate has been 
observed, its specific potential for chromate reduction remains unex-
plored. Sporomusa emerged as the dominant syngas fermenter, with a 
relative abundance ranging from 1.7% to 2.3% [2,46]. Additionally, 
Clostridium, another common genus capable of converting syngas to 
VFAs, exhibited a modest increase in relative abundance, from < 0.1% 
to 0.3%. Finally, the relative abundance of methanogen Methano-
brevibacter decreased from 26.8% to 1.4%, further supporting the 
observation of a suppressed methanotrophic pathway. 

However, it should be noted that the correlation between microbial 
relative abundance and activity can be weak [32,38]. Therefore, directly 
linking the activity of functional microorganisms (gas fermenters and 
chromate reducers) to their relative abundances based on amplicon 
sequencing results is difficult. Amplicon sequencing can only offer a 
broad perspective of microbial community structure and cannot 
pinpoint the specific functional microorganisms involved in gas 
fermentation and chromate reduction. It is also incapable of accurately 
identifying which functional enzymes mediate gas fermentation and 
chromate reduction. To gain a deeper understanding of the functional 
microbial community and the interactions among different groups (gas 
fermenters and chromate reducers), more sophisticated molecular ap-
proaches like metagenomics and metatranscriptomics should be utilised 
in future research. 

3.6. Proposed pathways of syngas-driven chromate bio-reduction 

This study introduced a novel avenue for chromate reduction by 
harnessing electron donors derived from syngas. While previous studies 
predominantly focused on single electron donor (Table 1), hybrid elec-
tron donors involving VFAs generated from gas fermentation and H2 

Fig. 6. Relative abundances of microbial communities at the end of Stage I and Stage II at the phylum (a), class (b), and genus level (c). Only the phylum, class, and 
genus that account for ≥ 1% of at least one sample are shown. 
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originally present in the syngas were used for chromate reduction. Due 
to different electron sources, the pathway of chromate reduction in the 
present system was distinct from previous studies. Drawing on long-term 
performance, batch experiments, and analysis of the microbial com-
munity structure, this study articulates a mechanistic framework 
delineating syngas-driven chromate reduction (Fig. 7). This intricate 
pathway orchestrates synergistic interactions between fermentative 
microbial cohorts and a consortium of chromate-reducing microorgan-
isms. The in situ fermentation of syngas results in VFA synthesis. Sub-
sequently, these VFAs have emerged as critical electron donors during 
microbial chromate reduction. This concept is analogous to the path-
ways proposed for CH4-driven nitrate reduction, where CH4 is first fer-
mented to VFAs [11,41]. However, the conversion of syngas into VFAs is 
more straightforward via the well-known Wood–Ljungdahl pathway 
than the currently unconfirmed pathway for CH4 fermentation. 

The postulated pathway appears to be intricately affected by the 
microbial stratification of MBfR biofilms. Syngas penetrates the biofilm 
from its base, whereas oxidised contaminants (such as nitrate and 
chromate) diffuse from the biofilm surface. This partitioning entails the 
likelihood of syngas fermentation occurring primarily within the inner 
layer of the biofilm, whereas the biological reduction of chromate occurs 
predominantly in its outer layers. In the inner biofilm, in which chro-
mate is absent, fermenting bacteria exhibit a distinct preference for H2 
and CO2 as substrates, yielding VFAs as metabolic products. Along with 

the gradual consumption of H2 and CO2, the synthesised VFAs permeate 
towards the outer layers, thus participating in the microbially driven 
reduction of chromate. For an exhaustive understanding of the precise 
pathway, future studies will require microscale analysis of the biofilm 
matrix. 

3.7. Efficient chromate removal in syngas-based MBfR 

Although previous studies have demonstrated the feasibility of using 
methane [29,39,42,82], short-chain alkanes [13], and hydrogen gas 
[14,15] as alternatives to traditional organic carbon (e.g., ethanol) to 
remove chromate in water systems (Table 1), the feasibility of 
employing syngas as a substrate for microbial-driven chromate removal 
is reported here for the first time. A maximum chromate removal rate of 
approximately 120 µmol/L/d was obtained, which is comparable to that 
achieved in MBfRs fuelled by other gaseous substrates (Table 1). It 
should be noted that obtaining a high chromate removal rate was not the 
aim of the present study; thus, the gas supply was controlled at a very 
low level. Considering the high VFA production rate achieved in the 
initial stage of this study, it is tempting to speculate that with optimi-
sation (e.g., increasing the gas supply), the present technology has the 
potential to achieve a high chromate removal rate. Notably, chromate is 
a common contaminant in groundwater [70], which constitutes a pri-
mary drinking water source for ~33% and ~70% of the population in 
the United States and China [25,52], respectively. Compared to con-
ventional organic carbon sources, such as ethanol, syngas, which is a 
renewable product generated from waste gasification, is a more 
economical resource for contaminant removal [76]. 

Indeed, syngas utilisation holds substantial promise for addressing 
pressing environmental challenges [10,64]. However, some notable 
constraints persist. First, syngas can be directly harnessed as a fuel 
source in gas engines, albeit with limitations due to its relatively low 
volumetric energy density [19]. Alternatively, the transformation of 
syngas into value-added chemicals has been explored as an attractive 
avenue [4,23]. However, the intrinsic value of primary products, such as 
acetate and ethanol, remains constrained, and their extraction from 
broth necessitates energy-intensive methodologies. Recently, extensive 
attention has been paid to upgrading short-chain fatty acids into more 
valuable, extractable, medium-chain products (e.g., butyrate and cap-
roate) [22,27]. However, to the best of our knowledge, significant 
fundamental and engineering knowledge gaps limit their practical ap-
plications. In this study, a novel avenue for syngas utilisation was 

Table 1 
Comparison between hydrogen-, methane-, ethane-, and syngas-based MBfRs for 
chromate removal.  

Type of 
MBfR 

Influent 
Cr (VI) 
(µmol/L) 

Effluent 
Cr (VI) 
(µmol/L) 

Removal 
rate of Cr 
(VI) 
(µmol/L/d) 

Removal 
efficiency of 
Cr (VI) 

References 

CH4- 
based 
MBfR 

~20 < 1.0 ~6 > 90% [42] 
~58 < 0.5 ~690 > 95% [29] 
~77 < 0.5 ~918 > 99% [82] 
~38 < 0.5 ~19 > 98% [39] 

H2-based 
MBfR 

~20 ~8.0 ~720 ~60% [14] 
~5 < 0.5 ~900 > 95% [15] 

C2H6- 
based 
MBfR 

~15 < 1.0 ~6 > 95% [13] 

Syngas- 
based 
MBfR 

20 < 0.5 120 > 95% This study  

Fig. 7. Proposed pathways of syngas-based chromate removal.  
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introduced. This novel approach leverages the primary products of 
syngas fermentation, that is, acetate, for in situ contaminant remedia-
tion. This advantage is particularly evident when considering the chal-
lenges associated with separating and extracting various VFAs 
originating from syngas. 

4. Conclusions 

In summary, this study introduced an innovative approach for the 
effective removal of chromate from water using a syngas-based MBfR 
integrated with in situ fermentation. The primary findings of this study 
are as follows.  

• Demonstrated long-term chromate removal: the syngas-based MBfR 
exhibited promising chromate removal capabilities with a high 
removal rate of approximately 120 µmol/L/d and a high removal 
efficiency exceeding 95%.  

• Mechanisms underpinning chromate removal in the syngas-based 
MBfR: in situ syngas fermentation by gas fermenters (e.g., Spor-
omusa and Clostridium) led to the generation of VFAs, which served as 
the primary drivers for microbial chromate removal by organics- 
utilising bacteria (e.g., Aquitalea). The direct use of H2 in the syn-
gas for chromate reduction was relatively minor. 

This study proposes an economically viable approach for effectively 
eliminating chromate from water systems using syngas as feedstock. 
This method establishes a new avenue for harnessing syngas, a renew-
able resource derived from biomass or sludge, and presents opportu-
nities for sustainable resource utilisation. 
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