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HIGHLIGHTS

« Aerobic CH,4 oxidation coupled with
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are investigated.
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precipitation in the methane/oxygen-
based MBIfR.

« Functional bacteria existed in the
methane/oxygen-based MBfR.
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ABSTRACT

A continuously stirred methane (CH4) and oxygen (O,)-based membrane biofilm reactor (MBfR) was
investigated for removing chromium (Cr) from nitrate (NO3)-contaminated drinking water. Cr(VI) at
an initial concentration of 100 pg/L was rapidly reduced to Cr(Ill) with a removal rate of 89% and a
hydraulic retention time of 48 h under normal denitrifying conditions in a methane/oxygen-based
MBfR. A microbial community analysis indicated that Comamonadaceae, Cytophagaceae,
Hyphomicrobiaceae and  Alcaligenaceae  were effective  denitrifiers, Methylophilaceae  and
Methylococcaceae were functional methanotrophic bacteria, and Comamonadaceae was a kind of Cr(VI)
reducers in the reactor. Cr(VI) was reduced to Cr(IIl), which precipitated and adsorbed onto the biofilm
as Cr(OH)s, due to the alkaline produced during denitrification. When the CH, pressure increased from
0.02 to 0.03 MPa, the Cr(VI) reduction increased by 40.3%, and the NO3 reduction increased by 30.2%.
Although the effluent Cr(VI) concentration increased with increasing influent loading, the removal effi-
ciency of Cr(VI) reached the highest level of 99.8% under a high daily loading of 5.76 mg/d. Unlike a
H,-based MB(R, it is possible to remove Cr from water without post-processing, such as precipitation,
in a CH,4/0,-based MBfR.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Chromium is one of the most widely used metals in industries
such as wood preservation, leather tanning, metal finishing, and
pigments [1]. These processes result in the discharge of high con-
centration Cr(VI) into bodies of water and threaten the environ-
ment and human health. Chromium (Cr) exists mainly in
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trivalent [Cr(Ill)] and hexavalent [Cr(VI)] forms. While trivalent
chromium has low toxicity and can easily removed from water
via precipitation [2], Cr(VI) is a strong oxidant that is toxic, muta-
genic, teratogenic, and carcinogenic [3]. The use and release of Cr
are strictly regulated in many countries. For example, the U.S. Envi-
ronmental Protection Agency has set the maximum contaminant
level (MCL) for Cr in drinking water at 100 pg/L [4].

Nitrate is a common oxidized contaminant in drinking water
and groundwater [5]. Removing nitrate (NO3) and nitrite (NO3)
from water is becoming increasingly important due to adverse
health impacts on humans. For example, NO3 in drinking water
is suspected to be a possible cause of methaemoglobinaemia in
infants [6]. Biological denitrification has been widely carried out
for the treatment of such water sources (containing high nitrate)
to reduce NO3 to NO3z, nitric oxide (NO), nitrous oxide (N,O), and
finally to nitrogen gas (N,) [5].

Biodegradation of Cr(VI) under denitrification condition has
been proposed and studied in the past few years to create the syn-
ergistic degradation of two contaminants at the same time. The
influent Cr(VI) concentration higher than 1.0 mg Cr/L exerted a
clear inhibitory effect on sulfur-based autotrophic denitrification
[7]. However, influent Cr(VI) below 10 mg Cr/L exerted no signifi-
cantly inhibitory effect on Cr(VI) reduction by heterotrophic deni-
trifiers and Cr(VI) reducing bacteria, while an increase from 10 to
20 mg Cr/L led to Cr(VI) accumulation in the effluent [7]. Cr(VI)
at low levels stimulate microbial growth [8], but the high concen-
trations of Cr(VI) can inhibit microbial growth by altering enzyme
conformation and blocking essential functional groups, and affect
their denitrifying capacity [9].

Methane (CH,4) oxidation coupled with denitrification occurs
under both anoxic and aerobic conditions. The anoxic process is
accomplished by slow-growing microorganisms. By contrast, aero-
bic methane oxidation coupled with denitrification (AME-D)
appears to be feasible, because the aerobic methanotrophs can be
enriched from various environmental samples and are able to grow
rapidly [10]. In the AME-D process, aerobic methanotrophs are
capable of oxidizing CH,4 and releasing soluble organic compounds
for the coexisting denitrifiers as carbon sources [11]. Oxygen plays
a complex role in the microbial community, as one of its functions
is to inhibit denitrification [12], and it is also essential for CH4 oxi-
dation [13]. Therefore, dissolved oxygen (DO) is a key factor that
should be controlled properly.

Membrane biofilm reactors (MBfRs) are novel technology that
has been used to remove inorganic anions such as nitrate (NO3),
perchlorate (ClOz) [14], selenite (SeO3~) [14], chromate (Cr,03)
[2], and bromate (BrO3) [14], as well as organics such as trichlor-
oethylene (C;HCl3) [15] and chloroform (CHCI3) [15]. The biofilm
on a membrane is responsible for the biodegradation of water con-
taminants in innocuous products, such as N, CI~, Se®, Cr(OH)s, Br-,
ethane, and/or CHy. In particular, H,-based MBfRs have been found
to be promising for removing NO3 from ground and drinking
water. For instance, by employing a continuously stirred H,-
based MBIR, a nearly complete removal of NO3 from a 40 mg NO3-
N/L-influent can be achieved [16]. MBfRs have also been reported
to remove soluble heavy metal effectively. The rapid reduction of
1000 pg/L Cr(VI) to Cr(Ill) under denitrifying conditions was car-
ried out in the Hy-based MBfR [2]. In recent years, a CHy/O;-
based MBIfR has drawn attention [17]. Compared to H,, CH4 is com-
monly generated by wastewater treatment plants and landfills
[18], and thus can be acquired conveniently and economically.
Moreover, the greenhouse effects of CH; can be significantly
reduced by the stabilization of a CH4/O,-based MBfR. Thus far, no
reports or studies have investigated the application of a CH4/O,-
based MBfR to simultaneously treat NO3 and Cr.

This study employed a CH4/0,-based MB{R for aerobic CH4 oxi-
dation coupled with denitrification and Cr(VI) reduction. The

effects of the partial pressure of intramembrane CH4 and O, on
NO3 removal, Cr(VI) reduction, and total organic carbon and inter-
mediate products were systematically examined. The functional
bacteria and community were also examined using the Next Gen-
eration Sequencing technology. Optimal conditions for concomi-
tant Cr(VI) reduction and Cr(Ill) precipitation in the methane/
oxygen-based MBfR were also analyzed and determined.

2. Materials and methods
2.1. MBfR setup

Fig. 1 shows the MBfR schematics used in this study, which had
been modified from Xia et al. [19]. The system consisted of a trans-
parent plastic cylinder sealed with a plastic ring, silicone pipelines,
and peristaltic pumps (Lange BT100-2], China). The reactor was
30 cm in height and 12 cm in inner diameter. All of the membranes
used in the reactor were polyvinylidene fluoride (PVDF) hollow
fibers with an outer diameter of 0.18 cm, an inner diameter of
0.12 cm, and an average pore size of 0.01 um (Litree Company, Suz-
hou, China). The reactor contained two main bundles (100 fibers
each) that were 30 cm long. Both ends of the main bundles were
connected to the CH4 gas-delivering pipelines. There were also
25-cm supplementary bundles (65 fibers) pressurized with pure
0,. The total surface areas of the CH,; and O,-delivering mem-
branes were 3391.2 and 918.45 cm?, respectively.

2.2. Enrichment of aerobic methane-oxidizing and denitrifying
organisms

The initial activated sludge was collected from an anoxic tank in
the Quyang wastewater treatment plant (Yangpu, Shanghai). The
domestication media contained the following elements (mg/L):
CaCl,-2H,0, 1; MgCl, 10; FeSO47H,0 1; ZnSO4-7H,O 0.013;
H3BO3 0.038; CuCl,-2H,0 0.001; Na;Mo04-2H,0 0.004; MnCl,-4H,0
0.004; CoCl,-6H,0 0.025; NiCl,-6H,0 0.001; and Na,SeOs 0.003.
2 mM Phosphates were added into the feed water to stabilize the
pH at 7.2 £ 0.5 throughout the process. Cultivation of the organ-
isms was carried out in 250 ml physiologic salt water bottle with
excessive CH4 and O, (1:1 in mole ratio) as the sole electron donor
and carbon source, respectively, and 30 mg/L NO3 as the sole elec-
tron acceptor and nitrogen source. Physiologic salt water bottles
were put in the shaking table with 180 rpm and 30 °C. After 2 days
as NO3 in the bottle decreased below detect limit, a highly
enriched aerobic methane-oxidizing and denitrifying culture orig-
inating from activated sludge was used as the inoculum.

2.3. Synthetic media preparation and MBfR operation

The composition of synthetic wastewater was (mg/L): CaCl,-
2H,0, 1; MgCl, 10; FeSO47H,0 1; ZnSO4-7H,0 0.013; H3BO;
0.038; CuCl,-2H,0 0.001; Na,Mo04-2H,0 0.004; MnCl,-4H,0
0.004; CoCl,-6H,0 0.025; NiCl,-6H,0 0.001; and Na,SeOs 0.003.
2 mM Phosphates were added into the feed water to stabilize the
pH at 7.2 £ 0.5 throughout the process. The DO level in the influent
was 8.3 £ 0.2 mg/L.

As shown in Table 1, the operation was divided into four stages.
In stage 1, 150 mL suspended biomass of the previous enriched
aerobic methane-oxidizing and denitrifying culture was injected
into the reactor using a sterilized syringe. The CH, supply pressure
was set at 0.02 MPa, however, O, was not provided. After DO in a
reactor decreased below 1.0 ppm [10], the CH4 pressure was
increased to 0.05MPa and the O, pressure was adjusted to
0.03 MPa to maintain the DO concentration around 0.4-1.0 mg/L
for biofilm accumulation. In stage 2, Cr(VI) (dichromate) was first
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Fig. 1. A schematic of the bench-scale reactor used in the study.

Table 1
Start-up and steady state of the MBfR.

Stages Influent NO3-N concentration (mg/L) Influent Cr(VI) concentration (pg/L) CH,4 pressure (MPa) 0, pressure (MPa) Duration (d)
1 10 0 0.02 0 15

2 10 100 0.05 0.03

3 20 1000 0.05 0.03

4 20 2000 0.05 0.03 19

added to the influent with 100 pg Cr/L and then gradually
increased to 1000 pg Cr/L. In stage 3, 1000 pg Cr/L of Cr and
20 mg N/L of NO3 were placed simultaneously into the reactor.
In stage 4, the concentration of Cr(VI) was increased to 2000 pig
Cr/L. All experiments (HRT =48 h) were conducted at ambient
temperature (25 + 1 °C) and controlled by air conditioning.

2.4. Sampling and analysis

Influent and effluent liquid samples (25 mL) were collected and
filtered through a 0.45-pum polyether sulfone syringe filter (Anpel
Company, Shanghai, China). Approximately 10 mL samples were
also collected without filtration and stored at 4 °C for the total
(Cr) measurement using inductively coupled plasma-optical emis-
sion spectrometry (ICP-OES) (Agilent 720ES, USA). The Cr(VI) con-
centration was analyzed by a diphenyl carbazide method (DPC
Method, GB7467-87). DPC method was as follow: A 0.4 ml sample
of DPC solution (0.2 g DPC dissolved in 50 ml acetone, and then
diluted to 100 ml) was added to 10 ml test-tube and the solutions
were mixed on a vortex mixer. This was followed by the addition of
0.1 ml H,SO4 (50ml H,SO4 (p=1.84 g/ml) dissolved in 50 ml
water) and 0.1 ml H3PO3 (50 ml H3PO3 (p =1.69 g/ml) dissolved
in 50 ml water) with further mixing. The magenta color was subse-
quently compared with standard Cr(VI) solutions at 540 nm after
20 min. All analyses were conducted in triplicate. The Cr(III) con-
centration was determined by subtracting Cr(VI) from the total
(Cr) concentration. Nitrate was determined by an ultraviolet spec-
trophotometer (HACH, USA) at a wavelength of 220/275 nm fol-
lowing the standard method that eliminated the potential
influence of Cr species on the nitrate measurement accuracy. The
pH and DO concentrations were measured using a HQ40d meter
(HACH, USA). Dissolved organic carbon (DOC) was measured using
a total organic carbon analyzer (Shimadzu TOC-5000A, Japan). The
intermediate products of CH,4 oxidation were detected with GC-FID
(Agilent GC6890N, USA). Hollow fibers were cut off as biofilm sam-
ples and the remaining fibers were sealed.

2.5. Flux analysis

The substrate flux of the biofilm on the membrane (J) was cal-
culated to indicate the removal performance of the bioreactors
under various conditions, as shown in Eq. (1) [6]:

Q-5
j==e2d, M

where | refers to the flux, g/m?/d; Q refers to the influent flow
rate, m>/d; S; and S. refer to the influent concentration and the
effluent concentration of the substrate (Cr and NO3), respectively,
g/m>3; and A refers to the effective surface area of the membrane,
m?.

2.6. Microbial community analysis

Forty-eight days after the MBfR reached a steady state as indi-
cated by stable influent or effluent concentrations of Cr and NO3,
the biofilm samples were taken from the bioreactor using a scissor
kit for DNA extraction. NGS library preparations and Illumina
MiSeq sequencing were conducted at GENEWIZ, Inc. (Beijing,
China). DNA samples were quantified using a Qubit 2.0 Fluorome-
ter (Invitrogen, Carlsbad, CA, USA) and DNA quality was checked in
a 0.8% agarose gel. About 5-50 ng of the DNA sample was used to
generate amplicons using a MetaVx™ Library Preparation kit (GEN-
EWIZ, Inc., South Plainfield, NJ, USA). A panel of proprietary pri-
mers was designed to anneal to the relatively conserved regions
bordering the V3, V4, and V5 hypervariable regions. The V3 and
V4 regions were amplified using forward primers containing the
sequence “CCTACGGRRBGCASCAGKVRVGAAT” and reverse primers
containing the sequence “GGACTACNVGGGTWTCTAATCC”. The V4
and V5 regions were also amplified using forward and reverse pri-
mers containing the sequence “GTGYCAGCMGCCGCGGTAA” and
“CTTGTGCGGKCCCCCGYCAATTC”, respectively. In addition to the
16S rRNA genes target-specific sequence, the primers also con-
tained adaptor sequences that allowed for uniform amplification
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of the library with high complexity ready for downstream NGS
using [llumina Miseq.

DNA libraries were validated using an Agilent 2100 Bioanalyzer
(Agilent Technologies, Palo Alto, CA, USA). DNA libraries were mul-
tiplexed and loaded on an Illumina MiSeq instrument according to
the manufacturer’s instructions (Illumina, San Diego, CA, USA).
Sequencing was performed using a 2 x 250 or 2 x 300 paired-
end (PE) configuration. An image analysis and base calling were
conducted using MiSeq Control Software (MCS) on the MiSeq
instrument. The sequences were processed and analyzed by GENE-
WIZ. An taxonomy analysis was carried out on the QIIME platform
[20].

2.7. Characterization of biofilm

Fiber membrane samples were taken after 30 days of Cr(VI)
addition to characterize the biofilm growth on the outer mem-
brane surface. The preparation of membrane samples for electron
microscopy (SEM) image scanning and an energy dispersive X-
ray (EDX) followed the procedure as modified from Sutton et al.
[21]. A piece of 5-cm hollow-fiber membrane was immersed in
2.5% (V/|V) glutaraldehyde solution for 4 h and then rinsed with
16-mM phosphate buffer at pH 7.1. The sample was dehydrated
using increasing concentrations of ethanol (once in 10%, 30%,
50%, 70%, and 90%; twice in 100%) for 15 min each. Finally, the
samples were frozen at —20 and —70 °C for 12 h each time. The
SEM-EDX analyses were then completed using an Ultra High reso-
lution hot field-emission scanning electron microscope (Merlin
Compact, Zeiss) according to the manufacturer’s instructions
(OXFORD_X-MAX, England) at an electron-accelerating voltage of
20.0 kV for elemental composition of the insoluble precipitates in
Cr-reducing biofilms.

To analyze Cr(VI) on the fiber membrane samples, about one
gram of dried samples was accurately weighed and digested with
10 mL of 50% HNOs solution and left overnight. The final extracts
were filtered into 25-mL flasks and then diluted to a 1% HNOs solu-
tion. Finally, Cr(VI) were determined by an ultraviolet spectropho-
tometer at a 540-nm wavelength.

To characterize the Cr element in the biofilm samples by X-ray
diffraction (XRD), the collected samples were first washed with
phosphate-buffered saline (PBS, pH=7.1) for 30 min and then
freeze dried by lyophilizer for 48 h, and ground to powder. The
analysis of the sample was carried out with a Rigaku Diffractome-
ter (Bruker D8 advance XRD, Germany) using CuKo radiation
between 10 and 90° (26).

Before and after the addition of NO3 and Cr(VI), the biofilm
were lyophilized and analyzed for the functional groups using a
Fourier-transform infrared (FTIR) spectrometer Nicolet 5700 at
room temperature. The spectra were recorded in the wavenumber
range of 4000-400 cm™~! at a resolution of 5 cm~! with 16 scans.

2.8. Optimal conditions for concomitant Cr(VI) reduction and Cr(Ill)
precipitation

After operating the MBfR for about 48 days, the reactor was
operated under different NO3 loadings, CH4/O, pressures, and Cr
loadings (Table 2). Prior to switching to the next stage, the reactor
was operated for 2 days under the “default” condition with 20 mg
N/L of NO3, 0.05 MPa of CH4 and O, pressure and 2000 pig /L of Cr.
For each short-term stage, conditions were run for three days
before effluent samples were collected. With a hydraulic retention
time (HRT) of 24 h in the MBfR, 3 days (i.e. 3 HRTs) was sufficient
for the system to reach a pseudo-steady state [2], which was
defined as pollution concentrations reaching a stable state as
well as the biofilm accumulation and biomass not changing

significantly. In stage A1-A4 (Table 2), the influent concentration
of NO3-N varied from 10 to 60 mg N/L, while the CH4/O, pressures
and Cr(VI) concentration were fixed at 0.05 MPa and 2000 pg Cr/L,
respectively. In stages B1-B4, the system operated at different
influent concentrations of Cr(VI) from 300 to 2000 pg Cr/L under
the fixed NO3 concentration and CH4/O, pressure of 20 mg N/L
and 0.05 MPa, respectively. In stages C1-C4, CH,4/O, pressure was
varied from 0.02 to 0.06 MPa, while the NO3 and Cr(VI) concentra-
tions were fixed at 20 mg N/L and 2000 pg Cr/L, respectively. When
each stage reached a pseudo-steady state, three effluent samples
were collected on the fourth, fifth, and sixth days after the three
consecutive days of operation for analyzing different parameters.
The final results were shown as the average value and standard
deviation of triplicate measurements.

2.9. Statistical analysis

All data were presented from the mean of three measure-
ments * standard error. The standard error and significance level
were calculated using SPSS version 20.0 software. One-way analy-
sis of variance (ANOVA) with a Tukey post hoc test was performed
to calculate the statistical significance between the mean values.
Differences were considered significant if p < 0.05.

3. Results and discussion
3.1. Start up and non-steady-state test

Fig. 2 shows the concentrations and removal efficiencies of Cr
(VI), Cr(IlI), total (Cr) and NO3-"N at the four stages of the 48-
day MBIfR operation. In stage 1, the 10 mg/L NO3 was added into
the MBIR as the sole electron acceptor with 0.02 MPa CH,4 present
only for 17 days. During the initial three-day batch-mode opera-
tion, the NO3 removal efficiency was greater than 92%. The bio-
films were observed to be immobilized on the fiber surfaces
(supplementary data Fig. S1). As the continuous feeding mode with
an HRT of 48 h began, the NO3 removal slightly decreased and
finally stabilized at 76.9 + 5.2% from day 10 to day 17.

In stage 2, over the next five days, 100 pg/L Cr(VI) along with
0.05 MPa O, were introduced into the MBfR. Cr(VI) was rapidly
removed by 90.1% within one day while the NO3 removal
remained at 76.0 + 3.9%.

During the next two stages, the NO3 concentration was doubled
to 20 mg N/L, and the Cr(VI) concentration was adjusted to 1000
and 2000 pg Cr/L in stages 3 and 4, respectively. Despite the greatly
increased Cr(VI) loading, its reduction rate was still high (98.9% for
stage 3 and 98.7% for stage 4) without a significance difference
(p =1.000). The Cr(VI) was reduced to Cr(Ill), and then Cr(Ill) pre-
cipitates were deposited on the biofilm, which was verified by
SEM/EDX. At stages 3 and 4, the NO3 removal efficiency was also
>95%. This demonstrated that Cr(VI) at the applied level did not
inhibit NO3-reducing microorganisms in the MBfR system. The
effluent Cr(VI) level remained low and stable (~25 pug/L) even
when the influent Cr(VI) was increased by 10-fold (2000 pg/L),
indicating that the Cr(VI)-removal capacity of the biofilm increased
throughout the test period.

Fig. 3 shows the changes of DO, pH, and VFAs in the bioreactor
during the four stages as separated by the dotted lines. The DO var-
ied from 0.1 to 1.0 mg/L, while the pH also fluctuated between 6
and 7.5 with a slight trend of decline after stage 3. The effluent
pH, in the range of 6.5 to 7.5, was slightly lower than the influent
pH (7.5). Fig. 3a shows the compositional changes of the VFAs in
the four stages. The total amount of VFAs declined over time from
5 ppm to less than 3 ppm. Acetate was the main product (>30% in
all stages) among the accumulated VFAs, which may explain
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Table 2
Short-time reactor experiments.
Stages Influent NO3-N concentration (mg/  Influent Cr(VI) concentration (mg/  CH,4 and O, pressure (Mpa) Duration Influent Influent DO (ppm)
L) L) (day) pH
Al 10 2 0.05 8 6.40 0.57
A2 20 8 6.85 0.53
A3 40 8 6.44 0.30
A4 60 8 6.60 0.31
B1 20 2 0.02 8 6.57 0.91
B2 0.03 8 6.44 0.95
B3 0.05 8 6.49 0.42
B4 0.06 8 6.76 0.38
c1 20 0.3 0.05 8 6.57 0.91
c2 0.05 8 6.44 0.95
c3 1 8 6.49 0.42
Cc4 2 8 6.76 0.38
Stage 1 Stage 2 Stage 3 Stage 4
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Fig. 2. (a) The total (Cr), Cr(VI) removal rate (RR); (b) concentrations of influent Cr
(VI) (ppb), effluent Cr(VI) (ppb), and effluent Cr(IIl) (ppb); and (c) concentrations of
influent NO3-N (ppm), effluent NO3-N (ppm), and NO3-N removal ratio in the
MB(fR.

the decrease of pH. The products of methane and oxygen by
methanotrophs is speculated to be methanol [22] and methanol-
utilizing denitrifiers are believed to coexist with methanotrophs,
consuming the produced organic substances by methanotrophs
as alternative electron donors [23]. Acetate and proteins [23] have
also been suggested as intermediate products.

for acetate or protein was smaller compared to the volume
required for methanol, indicating the less accumulation of metha-
nol [10]. Our Dissolved Organic Carbon (DOC) tests (supplementary
data Fig. S2) shows that the effluent DOC concentration is higher
than the DOC of VFAs, which may be attributed to the generation
of soluble microbial products (SMP) during the growth of microor-
ganisms [24]. In addition, methanotrophs have been shown to
release nucleic acids and carbohydrates as lysis products or soluble
metabolites under certain environmental conditions [10]. Most
likely a mixture of organics produced by the methanotrophs are
utilized by the denitrifiers [10].

0, is the most important factor in aerobic methane oxidation
coupled to denitrification [10]. This process can be carried out
by a microbial consortium consisting of aerobic methanotrophs
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oxidizing methane and facultatively anaerobic denitrifiers using
organic compounds released by the methanotrophs as the electron
donor. The first oxidation of methane to methanol is catalyzed by
methane monooxygenase (MMO). However, the presence of DO
can suppress the enzyme system needed for denitrification. So it
should be noted that the DO always remains below 1.0 mg/L
[22]. So in this process, DO is controlled below 1.0 mg/L. And the
accumulation of organics indicates that DO below 1.0 mg/L is
appropriate for methanotrophs. Simultaneously, the effect of den-
itrification shows that it is fit for denitrifiers.

3.2. Microbial community analysis

Fig. 4 showed that the microbial community between the initial
inoculated sludge and enriched biomass in the methane/oxygen-
based MBfR operation had obvious shifts. The phylogenetic classi-
fication in Fig. 4a showed that all of the sequences were grouped in
bacterial phyla. In the reactor, Proteobacteria (66%) and Bacteroide-
tes (24%) were the most dominant phyla, which collectively com-
prised ~90% of the total sequences. Many types of denitrifiers are
included in the phyla of Proteobacteria and Bacteroidetes [25].

Fig. 4b showed that the addition of Cr(VI) enhanced the growth
of the Cr(VI) reducers. For example, the family Comamonadaceae
was enriched from 4.36% in the anoxic sludge to 6.78% of the whole
community in the bioreactor. Meanwhile, methane as the carbon
source noticeably shifted the community at a family level, and con-
sequently, methanotrophic bacteria dominated the CH,4/O,-based
MBIfR. In the biofilm, the majority of sequences belonged to the
family Methylococcaceae (18.7% of the whole community in the
reactor compared with 0.03% in the anoxic sludge), with sequences
clustering into the genus Methylococcus in MBfR biofilms (supple-
mentary data Fig. S3). Methylococcus is a kind of methanotroph that

Planctomycetes
1%

Acidobacteria
2%

can convert methane and oxygen into methanol [26]. The family
Methylophilaceae was another methanotrophic bacteria [27] that
was enriched in the biofilm. Chitinophagaceae, a group of hetero-
trophic bacteria capable of hydrolyzing some organic matter [28],
were three times enriched (14.7% in MBfR) compared to the level
in anoxic sludge, which was due to the accumulated organics. In
comparison to the enriched Cr(VI) reducer and methanotrophs,
the dominant denitrificans at family level shifted from Rhodocy-
claceae [29] and Xanthomonadaceae [30] (11.6% in anoxic sludge)
to Cytophagaceae [31], Hyphomicrobiaceae [32], Comamonadaceae
[29] and Alcaligenaceae [33] (18.9% in the reactor). In particular,
Comamonadaceae could reduce nitrate and Cr(VI) simultaneously
and could be responsible for the enhanced removal of nitrate and
Cr(VI).

3.3. The fate of Cr

Effluent samples from MBfR were assayed by ICP each for the
total Cr concentration with and without filtration. However, the
results were not significantly different. The possible reason was
that most of Cr(VI) was reduced to Cr(Ill), and then precipitated
in the form of hydroxides and adsorbed on the biofilm [34]. To
examine this hypothesis, biofilm samples were collected and ana-
lyzed using ICP, SEM-EDX, XRD, and FTIR.

The DPC results showed that Cr(VI) was below the detectable
limit, which indicated that little Cr(VI) existed in the biofilms.
Fig. 5a and b showed the surface morphology of the hollow fiber
and the biofilm growing attached to the fiber surface from the
Cr-reducing MBfR. The fiber PVDF membrane had a microporous
structure, and the biofilm had a thickness of about 33 pm with
rod- and coccus-shaped bacteria observed. The EDS analysis in
Fig. 5d showed a noticeable Cr peak compared with the pristine

others the reactor
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(b) Chitinophagaceae
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Methanotrophs
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Fig. 4. Relative abundance of bacterial community composition in two samples (the reactor and anoxic sludge): (a) the relative abundance of total bacteria grouped by

phylum, (b) the relative abundance of the total bacteria grouped by family
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Fig. 5. (a) Scanning electron micrograph of section fiber; (b) surface biofilm from MBfR; (c) an EDX of the initial biofilm; (d) an EDS obtained from the insoluble precipitate
formed in Cr(V)-reducing biofilm and the random area from reactor; (e) an XRD analysis of biofilm; (f) an FTIR analysis of the biofilm before and after the addition of NO3

and Cr.

PVDF membrane in Fig. 5c, which demonstrated that Cr was
adsorbed onto the biofilm. The XRD patterns for biofilms in
Fig. 5e. indicated that chromic hydroxide [Cr(OH);-H,0] existed
on the biofilm at 26 of 18.08° and 26.7°, which was indicative of
the deposition of Cr(IlI) precipitate on the biofilm. This was proba-
bly because that the effluent pH was in the range of 6.5-7.5. In this
range, The reduced effluent Cr(IIl) concentration in our system was
~200 pg/L, which was close to the conditional solubility of Cr(III)
for pH 6.5-7.5 (i.e., 50-200 pg/L) [2]. Thus, most of Cr(Ill) became
precipitate in the forms of chromic hydroxide [Cr(OH)s-H;0].

The FTIR results in Fig. 5f further indicate the adsorption of Cr
(II) on the biofilm. The FTIR spectra of the biofilm before (initial
and NOs-reduction biofilm) and after Cr adsorption are compared
in Fig. 5f. The FTIR of nitrate reduction biofilm is similar to the ini-
tial biofilm, while the addition of Cr shifts the adsorption peaks a
lot. The shifts in the adsorption peaks showed the possible involve-
ment of the hydroxyl, nitro, carboxyl, and sulfonate groups of the
biofilm fraction in Cr binding [35]. The biofilm samples displayed
a broad, stretching, intense peak at around 3302 cm™!, which
was characteristic of the stretching of —OH [36]. The adsorption

band of the two samples at 2924 cm~! was characteristic for the
stretching vibration of —CH [36]. The adsorption peak at
1658 cm™' and 1452 cm™! indicated the stretching vibration of
C=C and asymmetric stretching vibration of C—0—C, which were
involved in the sorption process due to the palpable deviation
[35,36]. A new adsorption band at around 3153 cm™! appeared
after the deposition of Cr on the biofilm. Apparently, two new
peaks were formed at 805 cm™~! and 535 cm™!, which were also
called the “fingerprint” zone, and were characteristic of phosphate
or sulfur functional groups [37].

3.4. Optimization of concomitant Cr(VI) reduction and Cr(Ill)
precipitation

3.4.1. The influence of NO3-N on Cr(VI) reduction and Cr(III)
precipitation

Previous research has found that NO3-N is a priority electron
acceptor in Hy-based MBfRs [6]. Thus, although a high NO3 loading
may inhibit the reduction of Cr(VI), in a methane/oxygen-based
MBIR, the competitive relation has changed.
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As shown in Fig. 6a, the effluent Cr(VI) and NO3 concentrations
modestly increased when the influent NO3 concentration
increased from 10 mg N/L to 40 mg N/L. When the inflow NO3-N
was 60 mg/L, the concentration of Cr(VI) in the effluent rose to
348.5+61.0 ug Cr/L with a decrease in the removal rate for Cr
(VI), which was consistent with previous research that hetero-
trophic denitrification and Cr(VI) reduction took place simultane-
ously [38]. However, NO;, the intermediate products of NO3
reduction, may inhibit Cr(VI) reduction [39,40]. At the same time,
Cr(VI) would also inhibit NO3 reduction. Similarly, in H,-based
MBfRs, the increasing concentration of NO3 was reported to inhibit
the removal of Cr(VI) due to the consumption of H, and electrons
[2]. In our case, high NO3 resulted in the consumption of CHy
and production of CO, that promoted Cr(IIl) precipitation [10]:

3CH4 + 30, + ENO; +EH+ = §I\Jz + ﬁH;O + 3C0,.

5 5 5 5 @)

3.4.2. Organic electron donor source for Cr(VI) reduction

In previous studies of Hy-based MBfRs, H, partial pressure was
recognized as a key parameter [2,6]. Similarly, in the CH4/O,-based
MBfR, the CH, partial pressure is also important for the Cr(VI) con-
version. As shown in Fig. 6b, the NO3 reduction was significantly
enhanced as the CH, pressure increased. However, the effluent Cr
(1IT) concentration was stable (134 pg Cr/L) at different CH, partial
pressures. Increasing CH,4 pressure also caused a steady decrease in
effluent Cr(VI), and the total(Cr), which reached 1989.0 + 2.9 pg Cr/
L and 1887.3 + 48.3 ng Cr/L at 0.06 MPa, respectively. The increase
of CH,4 partial pressure may have increased the biofilm activity and
promoted the generation of organic substrate (e.g., VFAs) as an
electron donor for NO3 and Cr(VI) reduction. However, further
increasing the applied CH, pressure from 0.05 MPa to 0.06 MPa
did not appreciably increase the Cr and NO3 reduction, which sug-
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gested that the partial pressure of CH,4 higher than 0.05 MPa may
not be a limiting factor in the present system.

3.4.3. Optimal Cr(VI) loading

The effluent concentration of NO3 was not significantly affected
as the influent Cr(VI) increased (Fig. 6¢). The effluent Cr(VI) con-
centration also remained at a low level, even with an increase of
influent Cr(VI) concentration from 300 to 2000 pg Cr/L. The
removal fluxes and removal efficiencies of Cr(VI) were 4.91 and
33.9 mg/m?/d, and 99.8% and 96.3%, respectively, indicating that
the CH4/0,-based MBfR has a high resiliency for Cr(VI) loading.
This resiliency could be attributed to high adaptability of the Cr
(VI) reducers in the biofilm [2].

As the Cr(VI) loading increased, so did the effluent Cr(IIl) con-
centration. This was because at a high-influent Cr(VI) (1000 and
2000 pg Cr/L), the CO, alkalinity generation from Eq. (2) could be
inhibited due to competition with NO3 on the available CH,4. There-
fore, the alkalinity may not be sufficient for Cr(Ill) to precipitate.
Clearly, NO3, CH,4 partial pressure, and Cr(VI) concentration should
be set properly in order to remove Cr more efficiently. The condi-
tion of 0.05 MPa, 2000 pg Cr/L, and 40 mg N/L may be suitable
for the optimal Cr(VI) reduction and Cr(III) precipitation.

In the CH4/0,-based MBIfR, Methylophilaceae and Methylococ-
caceae utilize methane and oxygen to produce methanol and VFAs,
which are supplied as electron donor for coexisting denitrifiers and
Cr(VI) reducers. Denitrifying bacteria reduce nitrate to nitrogen,
while Cr(VI) is reduced to Cr(Ill) and then precipitated at proper
alkalinity and adsorbed onto the biofilm.

4. Conclusion

This study demonstrated the synergies of a CH4/O,-based MBfR
for the removal of NO3 and Cr(VI) via reduction and precipitation.
Acetate was a main product of CH,4 oxidation. According to the
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Fig.6. The average concentrations of effluent NO3 and Cr(VI)/Cr(IIl) at steady states of the short-term stages for (a) varied nitrate loadings; (b) varied CH,4 partial pressures;

and (c) varied Cr(VI) loadings.
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results of the next generation sequence, denitrifiers (e.g., Coma-
monadaceae, Cytophagaceae, Hyphomicrobiaceae, Alcaligenaceae),
methanotrophs (e.g., Methylophilaceae and Methylococcaceae) and
chromium reducing organisms (e.g., Comamonadaceae) were
detected in the microbial community. It was demonstrated
through ICP, SEM-EDX, XRD and FTIR analyses that most of the
reduced Cr remained in the form of precipitates and adsorbed onto
the biofilm. Short-term experiments confirmed that influent NO3,
CH,4 partial pressure, and Cr(VI) significantly affected the rate and
extent of Cr(VI) and NO3 reduction. These parameters should be
set properly to achieve efficient Cr(VI) reduction and Cr(III)
precipitation.
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