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ABSTRACT: Platform chemicals such as medium-chain carbox-
ylic acids (MCCAs) can be produced from organic waste streams
via chain elongation in anaerobic mixed-culture bioreactors. A
product recovery system is needed to collect MCCAs from the
bioreactor effluent. Membrane-based liquid−liquid extraction, the
most commonly used product recovery approach, requires
suspended solids removal from the bioreactor effluent to avoid
membrane fouling. An anaerobic dynamic membrane bioreactor
(AnDMBR) was developed to evaluate MCCA production from
brewery and prefermented food waste and to produce a permeate
with low suspended solids to facilitate downstream product
recovery. The AnDMBR employed an inexpensive stainless-steel
mesh as the support material for the development of a biofilm or
dynamic membrane, which was responsible for solids−liquid separation. The AnDMBR produced a permeate quality with an average
total suspended solids (TSS) concentration of 0.12 g L−1, while the average bioreactor TSS concentration was two orders of
magnitude higher (21.6 g L−1). A maximum solids removal efficiency of ≥99% was achieved and good permeate quality was
sustained for over 200 days without fouling control or cleaning the support material. In addition to solids−liquid separation, the
dynamic membrane was responsible for a substantial fraction of the biological activity of the AnDMBR. The relative activity of
Clostridiales, as determined by 16S rRNA sequencing, correlated with MCCA production and was higher in the dynamic membrane
(20.0 ± 4.9%) than in the suspended biomass (5.2 ± 2.7%) in the bioreactor. This observation was consistent with MCCA
production data as the permeate MCCA concentrations were significantly (p = 8.2 × 10−5) higher than that in the bioreactor,
suggesting that the dynamic membrane biofilm contributed to chain elongation.

KEYWORDS: chain elongation, brewery waste, membrane bioreactor, biofilm, microbial community

■ INTRODUCTION

The recovery of medium-chain carboxylic acids (MCCAs)
from organic waste streams via chain elongation has gained
attention as an alternative to traditional palm kernel oil or
coconut oil routes of MCCA production.1−5 MCCAs are
platform chemicals used in the production of lubricants,
fragrances, dyes, and fuels, and as livestock feed additives and
antimicrobial agents.1 Chain elongation is a microbial
metabolic pathway involving step-wise lengthening of the
carbon chain of short-chain carboxylic acids (SCCAs, C1-C5)
using electron rich compounds (e.g., ethanol) into longer chain
MCCAs (C6-C12), such as caproic acid (C6), enanthic acid
(C7), and caprylic acid (C8), via the reverse β oxidation
pathway.1 While SCCAs, which are readily produced during
anaerobic fermentation, are valuable, they are difficult to
extract because of their high hydrophilicity, while the
hydrophobic nature of MCCAs facilitates downstream

recovery.6 Furthermore, upon chemical conversion, the longer
chain MCCAs yield higher molecular weight, energy-dense
products7 compared to SCCAs making MCCAs more valuable
than SCCAs. MCCA production via chain elongation has been
demonstrated using a variety of anaerobic mixed microbial
communities as inocula, including biomass derived from
anaerobic digesters,7,8 chain elongation bioreactors,2,9 and
marine sediment,10 as well as pure cultures such as Clostridium
kluyveri,11 Eubacterium pyruvativorans,12 Eubacterium limo-
sum,13 and Megasphaera elsdenii.14
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A product recovery system needs to be operated down-
stream of the chain elongation bioreactor to yield MCCAs in a
commercially usable form. MCCAs can be recovered from the
chain elongation bioreactor with an in-line extraction unit, also
referred to as in-situ product recovery, or in batch mode from
the bioreactor effluent. In addition to removing the MCCAs
from the bioreactor and concentrating them, unconsumed
precursors such as SCCAs and other soluble products are
removed during this process. Removing MCCAs from the
bioreactor also helps to alleviate product toxicity caused by the
undissociated forms of MCCAs.1 Since chain elongation
bioreactors are operated at pH values close to the pKa of the
MCCAs, undissociated MCCAs are commonly present at
concentrations sufficiently high to be inhibitory for micro-
organisms (for example, 3.2−7.5 mM of undissociated caproic
acid at pH 5.5).3,15 Furthermore, since MCCA toxicity
increases with the carbon-chain length, continuous MCCA
removal provides a selective advantage for the formation of the
longest possible MCCAs.6 Lastly, the continuous removal of
MCCAs is beneficial because it reduces the amount of base
needed for bioreactor buffering.
Membrane-based liquid−liquid extraction (i.e., pertraction)

is the most commonly used product recovery approach in
chain elongation systems and has shown promising MCCA
extraction efficiencies greater than 90%.2−4,7,9,16 It is important
to remove suspended solids from the bioreactor effluent prior
to downstream extraction to avoid membrane fouling, which
otherwise increases mass transfer resistance and decreases
extraction efficiency.17 Most chain elongation studies use
multiple external filters before the extraction step to remove
suspended solids.2,4,7,9,16 The use of external filtration steps
results in biomass loss from the chain elongation bioreactor
and increases capital and operating costs. The use of a
membrane bioreactor for MCCA production and simultaneous
suspended solids removal would make it possible to directly
integrate MCCA production with downstream separation
processes. Anaerobic membrane bioreactors (AnMBRs) using
microfiltration or ultrafiltration membranes have been widely
applied in wastewater treatment processes. However, they have
several disadvantages, including low flux, high capital and
operating costs, rapid membrane fouling, and high energy and
chemical consumption for membrane cleaning.18,19 Anaerobic
dynamic membrane bioreactors (AnDMBRs) have the
potential to address some of these shortcomings. Operation
of an AnDMBR depends on the in-situ formation of a
biological cake layer, also referred to as a dynamic membrane,
on a support surface to provide effective filtration.20−22

Materials such as stainless-steel meshes as well as woven and
nonwoven fabrics, with pore sizes typically ranging from 5 to
200 μm, serve as the support for the development of dynamic
membranes. Dynamic membranes have a lower porosity than
the support material, providing improved filtration.20,21 Low
cost, high flux, ease of fouling control, and low energy
requirements make AnDMBR a promising technology.20,21

However, the AnDMBR is still in its infancy and additional
advances are needed to improve the permeate quality and to
fully understand the physicochemical and microbiological
factors affecting dynamic membrane formation and properties.
The versatility of AnDMBR systems has been demonstrated

for the production of biogas, lactic acid, and SCCAs from
diverse waste streams, including domestic wastewater, food
waste, cheese whey wastewater, and landfill leachate,23−27 but
not yet for the production of MCCAs. Previous studies have

demonstrated that AnDMBRs can produce an effluent
(permeate) with total suspended solids (TSS) level less than
10 mg L−1.28,29 With such efficient solids−liquid separation,
AnDMBRs provide the potential to produce an effluent that
can be sent directly to a membrane-based extraction system for
MCCA recovery, thus avoiding external filtration steps. The
integration of AnDMBRs with downstream extraction systems
is expected to reduce cost, environmental impacts, and physical
footprints of chain elongation bioreactor systems. Further-
more, AnDMBRs offer the potential for improved biomass
retention, which is important to achieve high conversion rates
for MCCA production and resilience toward upsets.30−32

Improved biomass retention in chain elongation systems so far
has been studied in granular sludge-based processes and
through cell immobilization on carrier materials in up-flow
anaerobic filters.9,30−34 The potential of AnDMBRs for MCCA
production with simultaneous suspended solids removal and
improved biomass retention has not been explored previously.
A bench-scale AnDMBR equipped with flat sheet stainless-

steel meshes was developed to promote dynamic membrane
formation for solids−liquid separation to facilitate downstream
MCCA extraction and biomass retention. The AnDMBR was
fed with a mixture of ethanol-rich waste beer and SCCA-rich
permeate from a bioreactor treating food waste. The objectives
of this study were to develop and evaluate the applicability of
AnDMBR technology for MCCA production and effective
solids−liquid separation. We evaluated the factors affecting its
performance and characterized the contribution of the
dynamic membrane biofilm in MCCA production.

■ MATERIALS AND METHODS
Bioreactor Influent and Inoculum. The bioreactor

influent was composed of ethanol-rich waste beer and a
SCCA-rich permeate collected from an acidogenic bioreactor
treating food waste.35 Waste beer is a waste stream produced
in breweries as a result of failure to meet quality standards,
development of off flavors, improper fermentation or storage,
and includes beer past its expiration date.36 The influent ratio
of permeate to waste beer was determined by using the
stoichiometric equations for chain elongation (4:1 for
ethanol:acetate, 2.4:1 for ethanol:propionate, 1.2:1 ethanol:bu-
tyrate, and 1.2:1 ethanol:valerate).1

The bioreactor was inoculated with rumen content collected
from a fistulated cow at the Michigan State University dairy
farm (East Lansing, MI, USA). The bioreactor was
reinoculated with a mixture of rumen content and biomass
from a separate chain elongation bioreactor15 (referred to as
adapted chain elongation inoculum) on Day 175. The
characteristics of the waste beer, permeate, and different
inocula are provided in Table S1.

Bioreactor System and Operating Condition. The
AnDMBR consisted of a 7-L bioreactor (Chemglass Life
Sciences, Vineland, NJ, USA) with a working volume of 4.8 L.
The bioreactor was equipped with three submerged
rectangular membrane modules with each module containing
two flat sheet stainless-steel meshes (TWP, Berkeley, CA,
USA) with an area of 0.0163 m2. The AnDMBR system
included peristaltic pumps for feeding and permeation, which
were remotely controlled using LabVIEW (National Instru-
ments, Austin, TX, USA) data acquisition software. The
bioreactor was continuously stirred with an overhead impeller
(Scilogex, Rocky Hill, CT, USA) and was continually fed from
a well-mixed and refrigerated influent reservoir. A 5-L Tedlar
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gas bag was connected to the bioreactor headspace for gas
collection. The transmembrane pressure (TMP) of each
membrane module was continuously recorded starting from
Day 282 using pressure sensors (Ashcroft, Stratford, CT, USA)
and LabVIEW. A schematic representation of the AnDMBR
system is shown in Figure 1.
The bioreactor was operated at 37 °C and a pH of 5.5 ± 0.1

was maintained by the addition of 3 M NaOH controlled with
LabVIEW. The hydraulic retention time (HRT) was
maintained at 4.2 ± 0.8 days and the organic loading rate
varied from 2.7 to 18.0 g soluble chemical oxygen demand
(sCOD) L−1 d−1 over the course of the experiment (Table S2).
The solids retention time (SRT) was calculated by dividing the
suspended biomass in the bioreactor measured as volatile

suspended solids (VSS) by the amount of biomass lost through
the permeate per time unit. Note that this SRT calculation did
not consider attached biomass.
The AnDMBR operating time was divided into four phases

(Table 1). In Phase 1 (Days 1−284), stainless-steel meshes
with a pore size of 25 μm were used as the support material
with no fouling control until Day 274. The filtration mode was
semicontinuous until Day 49 (Phase 1A, Days 1−49) with
frequent backwashing after which it was switched to
continuous filtration without backwashing (Phase 1B, Days
50−233). Bioreactor content wasting (0.4 ± 0.3 L, one to two
times per week) began on Day 138 to decrease mixed liquor
suspended solids (MLSS) concentration. The TSS concen-
tration in the influent increased starting on Day 234 (Phase

Figure 1. Schematic representation of the AnDMBR integrated with the liquid−liquid extraction system labeled with flows in and out of each unit
process. 1, 2, 3, and 4 represent system boundaries for the mass balance calculation presented in SI eq S6. Ultrafiltration unit was implemented on
Day 245 as an additional barrier during instances of sloughing of the dynamic membrane layer.

Table 1. Summary of AnDMBR Experimental Phases, Operating Conditions, and Performancea

Phase 1 Phase 2

Phase 3

Phase 4

Phases Phase 1A Phase 1B Phase 1C Phase 2A Phase 2B Phase 4A Phase 4B

filtration mode semicontinuous continuous continuous continuous continuous
mesh pore size
(μm)

25 25 25 5

flux
(L m−2 h−1)

N.A. 0.5 ± 0.07 0.6 ± 0.05 0.7 ± 0.05 0.6 ± 0.08 0.7 ± 0.05 0.6 ± 0.07 0.4 ± 0.15

influent change unintentional
TSS increase

centrifuged centrifuged+
noncentrifuged

influent TSS
(g L−1)

1.60 ± 0.51 3.08 ± 2.20 9.73 ± 2.72 10.23 ± 0.91 1.73 ± 0.86 1.50 ± 0.40 1.33 ± 0.39 3.29 ± 0.87

reactor TSS
(g L−1)

6.22 ± 3.39 18.17 ± 7.23 35.87 ± 3.86 29.67 ± 5.14 26.78 ± 8.70 12.17 ± 2.45 11.68 ± 1.85 19.13 ± 4.65

permeate TSS
(g L−1)

0.81 ± 0.52 0.11 ± 0.06 0.22 ± 0.15 0.41 ± 0.45 0.20 ± 0.15 0.85 ± 0.38 0.47 ± 0.14 0.17 ± 0.08

permeate
turbidity
(NTU)

554.2 ± 401.3 42.3 ± 62.9 80.8 ± 95.5 275.5 ± 681.1 36.2 ± 13.9 1693.9 ±
981.5

953.3 ± 978.2 73.1 ± 146.0

TSS removal
(%)

55.8 ± 23.9 93.9 ± 5.7 97.8 ± 1.3 96.1 ± 4.3 85.0 ± 13.1 42.5 ± 31.7 61.8 ± 12.4 94.2 ± 2.7

days 1−49 50−233 234−284 285−312 313−334 365−393 394−435
1−284 285−334 335−364 365−435

aN.A., not available; TSS, total suspended solids.
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1C, Days 234−284) because of an increase in the TSS
concentration of the SCCA-rich permeate. The meshes were
replaced with a new set of 25 μm meshes on Day 285, which
was the start of Phase 2 (Days 285−334). Starting on Day 313
(Phase 2B, Days 313−334), the SCCA-rich permeate was
centrifuged (10,000 ×g for 10 min) and the supernatant was
used to prepare the AnDMBR influent. To evaluate the effect
of lower influent TSS with unfouled meshes, a new set of 25
μm meshes was used in Phase 3 (Days 335−364). In Phase 4
(Days 365−435), 5 μm meshes were incorporated in the
membrane modules to compare performance between different
mesh pore sizes. In the later part of Phase 4 (Phase 4B, Days
394−435), the noncentrifuged SCCA-rich permeate was mixed
with the supernatant of the centrifuged SCCA-rich permeate at
a ratio (v:v) of 30:70 (Days 394−421) and 15:85 (Days 422−
435) to increase the TSS concentration in the influent.
Pertraction System. The pertraction system was similar to

the one developed by Kucek et al.2 It consisted of two hollow-
fiber, hydrophobic membrane contactors (Liqui-Cel EXF
2.5*8, X40) from 3 M (Charlotte, NC, USA). Starting on
Day 245, the bioreactor permeate was passed through an
ultrafiltration membrane (GE healthcare, PA, USA, 0.03 μm
pore size, 0.53 m2 membrane area), collected in an
intermediate vessel, and recirculated through the shell side of
the forward membrane contactor at a flow rate of 140 L d−1

(Figure 1). A hydrophobic solvent consisting of mineral oil
(Sigma Aldrich, St. Louis, MO, USA) and 30 g L−1

trioctylphosphine oxide (TOPO) was recirculated continu-
ously through the lumen of the forward and backward
membrane modules to selectively extract MCCAs. An alkaline
stripping solution made up of sodium tetraborate and boric
acid was used to back extract MCCAs from the hydrophobic
solvent. The in-line extraction system was integrated with the
bioreactor and operated from Days 245−270, Days 314−334,
and Days 380−435 with some interruptions because of
technical difficulties. During Days 380−435, the bioreactor
permeate was recirculated continuously at a flow rate of 3.6 ±
1.0 mL min−1 between the bioreactor and intermediate vessel
while the permeate left the system at a flow rate of 0.8 ± 0.1
mL min−1 (Figure 1). Prior to integration with the AnDMBR
system, pertraction system trials were run to evaluate the
extraction performance with and without TOPO in mineral oil
(S2.1, Figure S1, Table S3) and with a synthetic mixture of
ethanol, SCCAs, and MCCAs to simulate operation with the
real AnDMBR permeate (S2.2, Figure S2). Detailed
information on the pertraction system and the trials is
provided in the SI Section S1.
Chemical Analyses. TSS, VSS, sCOD, and carboxylic acid,

lactate, and ethanol concentrations were determined to
evaluate the AnDMBR performance. The bioreactor permeate
was sampled every 3 days and the bioreactor content and
influent were sampled weekly. Inocula samples were collected
at each inoculation event. The intermediate vessel permeate
and alkaline stripping solution were sampled on the same day
of permeate sampling. TSS and VSS were determined
according to Standard Methods.37 sCOD analyses were
performed using Lovibond medium-range (0−1500 mg L−1)
COD digestion vials (Tintometer, Germany). Turbidity was
measured with a turbidimeter (Hach 2100 N, Loveland, CO,
USA). Gas volume was measured daily with a gas-tight glass
syringe. Gas composition was determined using a Gow-Mac
Series gas chromatograph (Bethlehem, PA, USA) equipped
with a thermal conductivity detector. Carboxylic acid (C2 to

C8, including isoforms of C4 and C5) and ethanol
concentrations were determined using an Agilent Technologies
7890B gas chromatograph (Santa Clara, CA) equipped with a
Stabilwax-DA column (Restex) and a flame ionization
detector. The lactate concentration was measured using an
ion chromatograph (ICS-1600, Dionex, Sunnyvale, CA, USA)
equipped with a Dionex DX 100 conductivity detector. The
gas chromatography conditions are given in the SI. Carboxylic
acid values are reported as total carboxylate (sum of
dissociated carboxylate and undissociated carboxylic acid).

Microbial Analyses. Inocula samples were collected
immediately before each inoculation event and influent,
bioreactor, and biofilm samples were obtained at various
points throughout the experimental period (Table S4) for
microbial analyses. Biofilm samples were taken by removing
the membrane modules from the bioreactor and scraping the
biofilm from the mesh surfaces using a sterile spatula. The
samples were centrifuged (10,000 × g for 10 min at 4 °C) and
the biomass pellet was flash frozen and stored at −80 °C. The
cetyltrimethylammonium bromide method was used for DNA
extraction as described by Porebski et al.38 with an additional
1.5 min bead-beating step (Mini-Beadbeater-96, BioSpec
Products, Bartlesville, OK, USA). RNA extraction was carried
out using TRIzol reagent (Invitrogen, CA, USA) following the
manufacturer’s instructions with some modifications to include
an RNA precipitation step using sodium acetate and ethanol.
Extracted DNA and RNA concentrations were determined
using a Qubit 2.0 Fluorometer (Invitrogen, Life Technologies,
CA, USA). RNA extracts were treated with ezDNase (Thermo
Scientific, MA, USA) followed by cDNA synthesis using
SuperScript IV VILO cDNA synthesis kit (Invitrogen,
Carlsbad, CA).
cDNA and DNA samples were submitted for 16S rRNA and

16S rRNA gene sequencing, respectively, to the Microbial
Systems Molecular Biology Laboratory (University of Michi-
gan, Ann Arbor, MI, USA). The V4 region of the 16S rRNA
gene was amplified using the primers F515 and R806,39 which
were modified for dual-index sequencing as described by
Kozich et al.40 Sequencing was performed on the Illumina
MiSeq platform (San Diego, CA, USA) using the MiSeq
Reagent Kit V2 500 cycles. The sequences were processed with
DADA2 v1.1641 in R (version 3.6.1) according to the online
pipeline tutorial (SI Section S4). The raw sequences were
deposited at the NCBI Sequence Read Archive under
BioProject ID PRJNA705381.

Statistical Analyses. Statistical analyses of bioreactor
performance and microbial community data were performed
in R (v.3.6.1) using the vegan (v.2.5.6),42 phyloseq
(v.1.30.0),43 dplyr (v.1.0.5),44 DESeq2 (v.1.26.0),45 and ggplot
(v.3.3.0)46 packages. Statistically significant differences be-
tween conditions for bioreactor performance data were
identified with the Kruskal−Wallis test with Benjamini−
Hochberg correction. Pearson correlation coefficients were
calculated to determine the correlation between the relative
abundance/activity of different microbial ASVs and MCCA
production. Nonmetric multidimensional scaling (NMDS)
plots were generated using Bray−Curtis distances as
implemented in the vegan package to compare the microbial
community composition among inocula, influent, bioreactor,
and biofilm samples using both DNA and RNA datasets.
Analysis of similarities (ANOSIM) was used to determine
whether the observed clusters in the NMDS were significantly
different. DESeq245 using the Wald significance test was used
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to test differential abundance of ASVs read counts between the
suspended biomass and corresponding biofilm samples and
DNA and RNA microbial data.

■ RESULTS AND DISCUSSION

Dynamic Membrane Produced a High-Quality Per-
meate despite High TSS in the Bioreactor. Initially, when
the AnDMBR was operated in semi-continuous filtration mode
(Phase 1A), the permeate TSS concentration was high (0.81 ±
0.52 g L−1, Figure 2) suggesting insufficient development of
the dynamic membrane. Visual inspection on Day 41
confirmed nonuniform distribution of the cake layer on the
support meshes (Figure S3). After switching to continuous
filtration mode (Phase 1B), the permeate TSS decreased
drastically from 0.82 g L−1 on Day 48 to 0.17 g L−1 on Day 51
(Figure 2) with a similar decrease observed in permeate VSS
(Figure S4). The TSS removal also improved from 56.3% on
Day 48 to 74.3% on Day 51 (Figure S5). Visual inspection on
Day 89 showed a uniform distribution of the cake layer on the
support meshes (Figure S3). These observations indicate that
the formation of a uniform dynamic membrane resulted in
effective filtration. The permeate TSS concentration remained
below 0.12 g L−1 and averaged 0.08 ± 0.04 g L−1 from Day 50
to 114 with the lowest TSS concentration of 0.04 g L−1

achieved on Day 69. Similarly, the permeate turbidity remained
low with values as low as 7.61 NTU during Phase 1B (Figure
S6).
The average MLSS concentration in the bioreactor was

10.19 ± 2.71 g L−1 from Day 50 to 114, which was almost two
orders of magnitude higher (Figure 2) than the permeate TSS.
Given the influent TSS concentration averaged 2.71 ± 2.01 g
TSS L−1, a high TSS removal efficiency averaging 91.5 ± 8.5%
was achieved despite the high TSS concentration in the
bioreactor. The ratio of SRT to HRT was 21.0 ± 5.2,
indicating that the AnDMBR successfully decoupled SRT and
HRT and effectively retained biomass.
Since AnDMBRs have not been previously studied for

MCCA production from high TSS waste streams, we
compared the performance of our AnDMBR to AnDMBRs
operated in different contexts. For example, some studies have
shown that AnDMBRs can produce permeate with a TSS

concentration below 10 mg L−1 (or turbidity <20 NTU) when
treating low solids feedstocks and for MLSS concentrations of
5−8.1 g L−1.28,29,47 However, when high TSS waste streams
such as food waste were treated in AnDMBRs with high MLSS
concentrations of 20−45 g L−1, the permeate TSS levels were
much higher (∼0.8 to 2.8 g TSS L−1).23,24 Taken together,
these results suggest that careful control of operating
conditions is required to produce permeate with low TSS for
an extended period (e.g., Phase 1B), which is necessary for the
optimal operation of the downstream extraction unit.

MLSS Concentration and Influent TSS Concentration
Affected Dynamic Membrane Formation. The AnDMBR
was operated continuously without removing the dynamic
membrane or cleaning the support meshes until Day 274 thus
avoiding any chemical or energy use for fouling mitigation.
Over this time period, the dynamic membrane likely increased
in thickness and compactness. While a mature and stable
dynamic membrane is essential to consistently achieve high-
quality permeate, it is also important to control the dynamic
membrane thickness to limit filtration resistance. Guan et al.48

showed that a compact dynamic membrane can push the
biomass into the pores of the support mesh because of
compression, leading to breakdown and dissociation of
particles into the permeate. Consistent with this, the permeate
TSS concentration in our study started increasing slowly and
stayed above 0.12 g L−1 after Day 114. At the same time, the
bioreactor MLSS kept increasing with the MLSS concentration
reaching a maximum of 40.00 ± 0.35 g TSS L−1 on Day 258
(Figure 2). An unintentional rise in influent TSS concentration
(Phase 1C) further increased the MLSS concentration despite
frequent biomass wasting (Figure 2, Table 1).
The meshes were replaced with a new set of 25 μm pore size

meshes in Phase 2, but the TMP values continued to increase
to 40−50 kPa (Figure S7) indicating membrane clogging and
the permeate TSS concentration remained high (0.35 ± 0.38 g
L−1). Changing the meshes again in Phase 3 to evaluate the
effect of feeding a low TSS influent still resulted in poor
permeate quality (0.85 ± 0.38 g TSS L−1 and 1693.90 ±
981.49 NTU) (Table 1, Figures 2 and S6). Centrifugation of
the influent during Phase 2B likely had a negative effect on
bioreactor performance, as centrifugation presumably removed

Figure 2. Comparison of TSS levels in the permeate, bioreactor (secondary y-axis), and influent (secondary y-axis) over time. Vertical red dashed
line indicates the switch to the continuous filtration mode on Day 50 and the vertical black dashed lines demark different experimental phases
(Table 1).

ACS ES&T Engineering pubs.acs.org/estengg Article

https://doi.org/10.1021/acsestengg.1c00273
ACS EST Engg. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/acsestengg.1c00273/suppl_file/ee1c00273_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestengg.1c00273/suppl_file/ee1c00273_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestengg.1c00273/suppl_file/ee1c00273_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestengg.1c00273/suppl_file/ee1c00273_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestengg.1c00273/suppl_file/ee1c00273_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestengg.1c00273/suppl_file/ee1c00273_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestengg.1c00273/suppl_file/ee1c00273_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestengg.1c00273/suppl_file/ee1c00273_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsestengg.1c00273?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.1c00273?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.1c00273?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.1c00273?fig=fig2&ref=pdf
pubs.acs.org/estengg?ref=pdf
https://doi.org/10.1021/acsestengg.1c00273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


large suspended particles and left mostly particles smaller than
the pore size of the support mesh, which had a negative impact
on dynamic membrane formation. Additional studies would be
necessary to confirm this hypothesis and further determine the
impact of influent particle size distribution on dynamic
membrane formation.
The decrease in the mesh pore size from 25 to 5 μm at the

start of Phase 4 in our study resulted in improved permeate
quality (0.47 ± 0.14 g L−1) compared to Phase 3. However,
the permeate TSS concentration remained higher than in
Phases 1 and 2, indicating insufficient development of the
dynamic membrane. The mesh pore size impacts permeate
quality before the formation of the dynamic membrane and
after support mesh cleaning, otherwise permeate quality is
primarily determined by the dynamic membrane. A thick and
stable dynamic membrane was not formed until Phase 4B. The
transition to higher TSS influent in Phase 4B resulted in an
increase in the TSS removal efficiency, and a decrease in the
permeate TSS concentration and turbidity (Table 1). It should
be noted that the influent TSS concentration during Phase 4B
was still lower than that during Phases 1C and 2A when the
permeate quality began to deteriorate (Table 1).
Overall, we were able to achieve stable performance until

Phase 1B, in terms of low permeate TSS after which the
change in influent solids characteristics decreased the permeate
quality. Both high (>9 g L−1) and low (<1.3 g L−1) influent
TSS concentrations proved detrimental to the AnDMBR
performance. Similarly, a high MLSS concentration can lead to
membrane clogging while a low MLSS concentration likely
results in slow dynamic membrane formation. Therefore, there
is a need to control MLSS within a certain range to optimize
AnDMBR performance. Other characteristics of the bioreactor
content such as sludge morphology and hydrophobicity have
been shown to affect fouling in conventional membrane
bioreactors49 and further study is needed to evaluate these
characteristics in dynamic membrane bioreactors. Lastly,
previous studies have shown that the pore size of the support
material can affect the rate of dynamic membrane formation,
permeate quality, and flux.20,25,50,51 However, the role of mesh
pore size was less evident in the current study and needs
further investigation.

Reinoculation and Extraction Unit Integration with
AnDMBR Improved MCCA Production. The MCCA
volumetric production rate increased quickly during the first
2 weeks of operation and reached 4.2 mmole L−1 d−1 on Day
14. However, MCCA production started decreasing thereafter
and stayed low until Day 175 (Figures 3 and S8). On average,
the MCCA volumetric production rate was 1.15 ± 0.73 mmole
L−1 d−1 from Days 15−175. During this time, only 7% of total
sCOD fed was converted to MCCAs. The bioreactor was
reinoculated on Day 175 after which MCCA production
recovered. A maximum volumetric production rate of 9.24
mmole L−1 d−1 was achieved on Day 259 with an average
MCCA volumetric production rate of 5.9 ± 1.4 mmole L−1d−1

from Days 175−379. A maximum yield of 0.28 g CODMCCAs g
CODin

−1 was achieved on Day 184. The remaining influent
sCOD was converted into acetate via excessive ethanol
oxidation to acetate.15 A smaller portion of the remaining
sCOD fed was also used for gas production, biomass
production, and the production of other unmeasured
compounds.
The extraction unit was integrated with the AnDMBR and

operated in recirculation mode (Figure 1) starting on Day 280.
The extraction efficiency averaged 52.0 ± 23.2% for the
remainder of the operating period (Days 380−435). The
MCCA volumetric production rate increased from average
values of 5.9 ± 1.4 mmole L−1d−1 (Days 175−379) to 13.6 ±
5.5 mmole L−1d−1 (Days 380−435, Figure 3) with a maximum
volumetric production rate of 22.8 mmole L−1 d−1. Caproate
was the dominant MCCA produced (based on mmole of
carbon produced), constituting 76.6 ± 8.5% of the total
MCCAs, while enanthate and caprylate accounted for 18.9 ±
6.5 and 4.5 ± 2.7%, respectively. The continuous recirculation
of AnDMBR permeate between the AnDMBR and the
intermediate vessel (Figure 1) allowed more time for the
unconsumed MCCA precursors like ethanol and acetate still
present in the permeate to react in the bioreactor.
Furthermore, the continuous removal of MCCAs from the
bioreactor likely also decreased MCCA toxicity and con-
tributed to the increased MCCA volumetric production rate as
reported in previous studies.2,3,9 Other chain elongation
studies that used complex ethanol waste streams such as

Figure 3. Volumetric production rate of caproate, enanthate, and caprylate (secondary y-axis) in the bioreactor over time. Vertical black and red
dashed lines represent reinoculation with a mixture of rumen and adapted chain elongation inocula on Day 175 and anaerobic dynamic bioreactor
(AnDMBR) integration with the extraction unit with recirculation mode on Day 380, respectively. Figure S8 is identical to Figure 3, but includes
the different experimental phases (Table 1).
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wine lees (3.9 g COD L−1 d−1)2 or yeast-fermentation beer
(7.5 g COD L−1 d−1)3 and employed an in-line extraction unit
for continuous MCCA removal have achieved similar or higher
MCCA volumetric production rates compared to our study
(4.0 ± 1.2 g COD L−1 d−1). Furthermore, Roghair et al.52

obtained a much higher average caproate volumetric
production rate of 47.3 mmole L−1 d−1 with fermented food
waste and crude ethanol without an in-line extraction process
by maintaining a neutral pH compared to our study (9.1 ± 3.4
mmole L−1 d−1).
The AnDMBR produced a low TSS permeate during Phase

1B (Figure 2). This permeate could have been sent to the
downstream extraction unit directly. However, when we were
ready to connect the extraction unit to the AnDMBR, the
permeate quality had deteriorated (Phase 1C). Several changes
were made as discussed above to attempt to re-establish stable
performance, but the permeate quality remained poor.
Therefore, an ultrafiltration unit was installed between the
AnDMBR and the extraction unit on Day 245 (Figure 1) to
allow us to evaluate the impact of downstream extraction on
MCCA production in the AnDMBR while providing
protection to the in-line membrane contactors.
Clostridiales and Pseudoramibacter Populations were

Potential MCCA Producers. The microbial community in
the suspended biomass was diverse at the start of bioreactor
operation and became dominated by a few microbial groups as
bioreactor operation progressed (Figures S9 and S10). The
presence of a diverse microbial community during AnDMBR
startup possibly resulted in a short startup phase and high
MCCA volumetric production rate, which reached 4.2 mmole

L−1 d−1 on Day 14. The dominant ASVs in the suspended
biomass, determined by 16S rRNA gene sequencing, belonged
to unclassified Bacteria, Bulleidia, unclassified Clostridiales,
unclassified Lachnospiraceae, Lactobacillus, Megasphaera, Meth-
anobrevibacter, Prevotella, and Succiniclasticum (Figure S11).
Based on the 16S rRNA sequencing data, the dominant ASVs
belonged to unclassified Bacteria, unclassified Clostridiales,
unclassified Lachnospiraceae, Lactobacillus, Megasphaera, Meth-
anobrevibacter, Olsenella, Prevotella, and Pseudoramibacter
(Figure 4).
The relative activities of Clostridiales_unclassified (correla-

tion coefficient = 0.54, p = 0.02) and Pseudoramibacter
(correlation coefficient = 0.45, p = 0.04) were significantly
correlated with the volumetric production rate of MCCAs. The
relative abundance and activity of Clostridiales_unclassified on
Day 12 were 13.7 and 15.1%, respectively, which corresponded
with the high MCCA production observed during the first 2
weeks of operation. Their relative abundance and activity
decreased to 0.5 ± 0.5 and 0.3 ± 0.3%, respectively, on Day 27
which aligned with the decrease in MCCA production. The
partial 16S rRNA gene sequence of ASV 132 was identical to
Clostridium kluyveri, a model chain elongating bacterium. ASV
132 exhibited a relative activity of 5.9% on Day 12, but it was
either not detected at other sampling time points or detected
at much lower relative abundance and activity (<1%).
Similarly, the relative activity of Pseudoramibacter was high at
the beginning of bioreactor operation (8.4% on Day 27) when
the MCCA production was high after which its relative activity
decreased to 1.3% on Day 41.

Figure 4. Relative activity of the dominant microbial groups active at relative activity greater than 1% in at least 50% of the samples classified to the
genus or family level in the biofilm and suspended biomass samples.

Figure 5. NMDS ordination analysis at amplicon sequence variant (ASV) level based on the Bray−Curtis dissimilarity index using 16S rRNA
sequencing data in the rumen and chain elongation (CE_175) inocula and influent, suspended biomass, and biofilm samples. Numbers correspond
to sampling time points.

ACS ES&T Engineering pubs.acs.org/estengg Article

https://doi.org/10.1021/acsestengg.1c00273
ACS EST Engg. XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/suppl/10.1021/acsestengg.1c00273/suppl_file/ee1c00273_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestengg.1c00273/suppl_file/ee1c00273_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsestengg.1c00273?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.1c00273?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.1c00273?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.1c00273?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.1c00273?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.1c00273?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.1c00273?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.1c00273?fig=fig5&ref=pdf
pubs.acs.org/estengg?ref=pdf
https://doi.org/10.1021/acsestengg.1c00273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The bioreactor was reinoculated on Day 175 to recover the
chain elongation activity and the MCCA production indeed
improved immediately after reinoculation. A shift in microbial
community structure was observed after reinoculation (Figures
5, S9, S10, and S12). Starting from Day 181, the active
microbial community was dominated by Methanobrevibacter,
Pseudoramibacter, Lactobacillus, and Clostridiales_unclassified.
The relative abundance and activity of both Clostridiales_un-
classified and Pseudoramibacter increased after reinoculation.
Clostridiales and Pseudoramibacter were either not detected

or detected at low relative abundance and activity in a few
influent samples collected over the course of bioreactor
operation. Clostridiales_unclassified ASV 7, the dominant
ASV in the suspended biomass samples, was present and
active in the adapted chain elongation inoculum but had a very
low relative activity of 0.005% in the rumen inoculum. The
NCBI BLAST53 analysis of the partial 16S rRNA gene
sequence suggests that ASV 7 was most closely related to a
previously described chain elongating bacterium, Eubacterium
pyruvativorans;12 however, the sequence identity was only 91%.
Similarly, Pseudoramibacter was not detected in the rumen
inocula but was observed at a relative abundance and activity
of 0.7 and 0.7%, respectively, in the adapted chain elongation
inoculum. Pseudoramibacter has been reported in MCCA
production from lactate in other mixed-culture studies.8,54

While the reducing equivalents in the AnDMBR influent
primarily consisted of ethanol (190.9 ± 69.9 mM), a low
amount of lactate (20.2 ± 0.6 mM) derived from the waste
beer was also present, which might have promoted lactate
chain elongation in addition to ethanol chain elongation.
Similarly, Clostridiales and Pseudoramibacter were found to be
dominant during MCCA production using waste beer and
prefermented food waste confirming their potential role in
chain elongation.15 Other ethanol-based chain elongation
studies have also reported the dominance of members of the
Clostridium genus when using substrates such as yeast-
fermentation beer from the corn ethanol industry55 and food
waste with H2 and ethanol.56

A distinct microbial community developed over time in the
bioreactor, independent of the rumen inocula, as shown by the
beta-diversity analyses (Figures 5 and S12). The suspended
biomass microbial community was more similar to the adapted

chain elongation inoculum than to either of the rumen inocula
microbial communities. Several chain elongation studies have
used acclimated biomass to inoculate their chain elongation
bioreactors.2,4,16,31,33,34,55 Using an inoculum from a well-
functioning and similar system ensures faster startup and
shorter acclimation period leading to stable bioreactor
performance.57 Similarly, seeding with an adapted chain
elongation inoculum contributed to establishing a stable and
active chain elongation community in our study.

Dynamic Membrane Biofilm Activity Contributed to
MCCA Production. MCCA concentrations were determined
in both bioreactor and permeate samples starting from Day
259. The permeate MCCA concentrations, particularly
caproate and enanthate, were consistently higher than those
in the bioreactor (p = 1.14 × 10−9) from Days 259 to 333
(Figure 6), which suggests that the dynamic membrane was
contributing to MCCA production. The difference in MCCA
concentrations in the permeate and bioreactor samples aligned
with the stability of dynamic membrane formation. For
example, the MCCA concentrations in the bioreactor and
permeate were similar from Days 334 to 399 (p = 0.91), which
corresponds to a period of poor solids−liquid separation when
the dynamic membrane was not properly formed (qualitatively
confirmed by visual observations, permeate TSS concentration,
and TSS removal %). The MCCA concentrations were again
higher in the permeate than in the corresponding bioreactor
samples starting from Day 400 (Figure 6), when a well-formed
dynamic membrane was observed (Figure S3), although these
differences were not statistically significant (p = 0.11).
We compared the microbial community structure in the

biofilm and suspended biomass samples (Figures 4 and S11). A
few populations, Methanobrevibacter (56.9%) and Pseudorami-
bacter (15.8%), dominated in the active biofilm microbial
community on Day 41. The Day 41 biofilm sample was most
dissimilar compared to other samples (Figure 5). The active
biofilm microbial community had changed by Day 89 (Figures
4 and 5) when continuous filtration had led to a well-formed
dynamic membrane (Phase 1B) possibly affecting the biofilm
microbial community. The active biofilm microbial community
had again changed by Day 222 as a result of the reinoculation
event on Day 175 (Figures 4 and 5). The suspended biomass
communities showed similar shifts although there were

Figure 6. Comparison of caproate, enanthate, and caprylate concentrations in permeate and bioreactor samples over time. MCCA concentrations
in the bioreactor were measured starting from Day 259. Vertical dashed lines represent different experimental phases (Table 1).
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differences in relative abundances of some microbial
populations between biofilm and suspended biomass com-
munities (Figures 4 and S11).
Lactobacillus was active in the biofilm throughout the

operating period with varying relative abundance (0.6−11.2%)
and activity (0.4−45.0%). Its relative activity was particularly
high starting from Day 383 (22.7−53.4%), possibly as a result
of changing the mesh pore size from 25 to 5 μm on Day 365.
Lactobacillus produces extracellular polymeric substances
(EPSs) as a metabolic product of carbohydrate degradation.58

As EPSs play an important role in microbial biofilm formation
by promoting cell aggregation and adhesion in the dynamic
membrane,47,59,60 the enrichment of Lactobacillus may have
contributed to the development of the dynamic membrane.
The data in Figure 4 as well as the beta-diversity results in

Figure 5 showed that the active biofilm and suspended biomass
communities were quite different on Day 41 but became more
similar to each other with time (ANOSIM R = 0.11, p = 0.06).
Nonetheless, the relative activity of Clostridiales_unclassified,
which was positively correlated to MCCA production, still
differed greatly between the suspended biomass and biofilm
samples, particularly during the period when permeate MCCA
concentrations were significantly higher than the correspond-
ing bioreactor concentrations. From Days 222−320, Clos-
tridiales_unclassified was found at a higher relative activity in
the biofilm samples (20.0 ± 4.9%) than in the suspended
biomass samples (5.2 ± 2.7%), thus corroborating the MCCA
data. These observations indicate that dynamic membrane
biofilm formation not only improved the permeate quality but
also played a significant role in MCCA production. Clostridium
spp. were also found to be dominant in biofilms in a hollow-
fiber membrane biofilm reactor used for MCCA production
from H2 and CO2; however, no comparison between the
biofilm and suspended microbial communities was presented
in that study.61 Biofilms (either in dynamic membrane
bioreactors or in other systems) support niche differentiation
because of substrate gradients and may promote establishment
of diverse MCCA populations. Biofilm growth may also
provide protection from stress including MCCA toxicity, thus
creating a favorable environment for chain elongating
populations. Taken together, our microbial and MCCA data
suggest that AnDMBRs have the potential to improve chain
elongation by enriching for MCCA producing populations.
Further investigation is needed to confirm the underlying
mechanism responsible for higher MCCA production because
of dynamic membrane formation.

■ CONCLUSIONS AND ENGINEERING
IMPLICATIONS

A laboratory-scale AnDMBR system was designed and
operated to demonstrate MCCA production from a mixture
of ethanol- and SCCA-rich waste streams and to produce a
permeate with low suspended solids to enable direct
integration of the AnDMBR with the MCCA extraction
system. Directly integrating an AnDMBR with the extraction
unit would decrease the environmental and physical footprint
and cost compared to other chain elongation systems by
eliminating the use of multiple external filters. Dynamic
membrane formation led to high biomass retention, resulting
in low permeate TSS concentration (0.12 ± 0.06 g TSS L−1)
despite feeding high solids containing waste stream. The
AnDMBR maintained stable performance for 224 days without
fouling mitigation or cleaning, resulting in possibly lower

energy use and chemical consumption for fouling control
compared to conventional membrane bioreactors. However, as
the dynamic membrane became denser, the support meshes
eventually clogged. Therefore, adopting some form of minimal
cleaning such as backwashing, biogas recirculation, or
intermittent operation to control the dynamic membrane
thickness would be beneficial to ensure stable performance for
an extended time. Our results show that high (>9 g L−1)
influent TSS concentration, which consequently affected
MLSS concentration, negatively influenced dynamic mem-
brane formation.
The AnDMBR dynamic membrane was enriched with highly

active MCCA producing microbial populations such as
Clostridiales. These observations were consistent with higher
concentrations of MCCAs in the permeate compared to the
bioreactor samples and suggest that chain elongation activity
was promoted in the dynamic membrane biofilm. The results
open up the possibility to further promote biofilm formation in
bioreactor systems to enhance MCCA production. Biofilm
morphology and structure, including EPS composition, need to
be characterized to understand microbial interactions and their
role in MCCA production. EPSs contribute to the formation of
the dynamic membrane as shown by previous studies,60,62,63

thereby affecting the performance of the system. Future
characterization of the dynamic membrane layer, including an
analysis of the EPS composition, would be helpful in
developing control strategies to promote dynamic membrane
formation and devise fouling mitigation strategies. Lastly, the
laboratory-scale AnDMBR was operated at a low flux (0.4−0.7
L m−2 h−1), which would need to be increased for economical
scale-up of the AnDMBR technology and improved efficiency
of the downstream extraction unit.
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