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Abstract

This study aims to investigate the effect of internal recirculation and membrane packing density
on the performance (water quality, membrane performance, and microbial community) of a
biocarriers facilitated gravity-driven membrane (GDM) reactor under intermittent aeration
condition. The results revealed that the presence of internal recirculation in the GDM reactors
could effectively improve water quality (especially increasing nitrogen removal) and
membrane performance (especially reducing cake layer resistance) compared to those without
internal recirculation. In addition, compared to a high packing density membrane module (1150
m2/m?), a lower packing density membrane module (290 m?/m?) benefited to improve 15% of
nitrogen removal and 44% of permeate flux due to the effective aeration scouring effect and
less-limited eukaryotic activity, as well as reduce 20% of total treatment cost. In addition, the
presence and absence of internal recirculation could lead to dissimilar microbial community
compositions of the biofilms in the GAC layers and on the membrane surfaces. However, the
membrane packing density could play an insignificant effect on the microbial community

compositions of the biofilms in the GDM reactors with internal recirculation.

Keywords: Decentralized wastewater treatment; Gravity-driven membrane; Recirculation;

Membrane packing density; Nitrogen removal
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1. Introduction

Decentralized wastewater treatment systems have been considered as an adoptable option in
rural areas and developing countries due to their inexpensive installation, easy operation, and
low operating and maintaining cost. Traditional decentralized systems, such as constructed
wetland and septic tank, have been well applied in treating wastewater, however, nowadays
they are facing challenges due to their limit in meeting the increasingly strict discharge

standards (Nguyen et al. 2007).

Recently, gravity-driven membrane (GDM) reactors have been developed as an alternative
decentralized system in treating greywater/municipal wastewater (Ding et al. 2016, Ding et al.
2017, Jabornig and Podmirseg 2015, Kiinzle et al. 2015, Lee et al. 2019, Wang et al. 2017).
The GDM reactor is a membrane-based process driven by natural hydrostatic gravity force,
therefore, it can produce superior permeate water without requiring permeate suction pump and
membrane chemical cleaning protocols. This guarantees that the GDM can be operated with
significantly lower energy consumption and capital cost than conventional membrane
bioreactors. It has been well illustrated that the stabilized permeate flux achieved in the GDM
reactor was attributed to the heterogeneous biofilm layer formed on the membrane surface, in
which organic degradation, prokaryotes proliferation, and eukaryotes movement/predation
occurred and their contributions to the biofilm formation displayed a relatively steady pattern

(Peter-Varbanets et al. 2010, Tang et al. 2018).

However, GDM reactors had relatively lower permeate fluxes (<10 L/m?h) in treating
wastewater due to lower driving force and limited biodegradation of organics. To further
improve permeate flux, integrating GDM reactors with aeration, coagulation, and biocarriers
have been well documented (Ding et al. 2017, Jabornig and Podmirseg 2015, Kunzle et al.

2015, Lee et al. 2019). In a previous study (Lee et al. 2019), we developed a hybrid upflow
3
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packed-bed granular activated carbon (GAC) facilitated GDM reactor and operated it at an
intermittent aeration mode (aeration diffuser was located above the GAC bed). The results
showed that this combination could effectively improve membrane performance as well as the
organic (87.8-90.5%) and nitrogen removal (29.3-37.1%) compared to the GDM reactor
without intermittent aeration. It was also found that intermittent aeration could negatively
influence the nitrogen removal efficiency because (1) a high level (~3.5 mg/L) of residual
dissolved oxygen (DO) in the membrane zone during non-aeration period resulted in poor
denitrification of the biofilm attached on the membrane; and (2) the anoxic biofilm on the GAC
carriers had limited contribution to denitrification due to less available nitrite/nitrate. Thus, to
maximize nutrient removal in the GAC+GDM reactors, installation of internal recirculation in
the reactor could be considered, aiming to deliver nitrite/nitrate-contained effluent in the
intermittent aeration zone to the anoxic GAC zone and enhance denitrification of the biofilm
on the GAC carriers. Meanwhile, it has been reported that sponge modified plastic carriers
facilitated immobilizing more microorganisms due to their high porosity nature and improving

organic and nutrient removals in moving bed biofilm reactor systems (Deng et al. 2016).

In addition, compared to MBRs, the GAC+GDM reactors had lower permeate fluxes. Therefore,
a GAC+GDM reactor requires more membrane area with a higher membrane packing density
than a conventional submerged MBR under the same water productivity and footprint scenarios.
It has been reported that the high packing density of membrane module in MBRs suffered more
serious fouling due to ineffective air scouring (Braak et al. 2011). The non-aeration GDM
systems with high packing density hollow fibre membrane modules also had lower permeate
fluxes in pre-treating seawater, possibly because of limited predation and movement behaviors
of eukaryotes between the insufficient space of hollow fibres (Wu et al. 2017). Furthermore,

the membrane packing density (i.e., membrane area) determined hydraulic retention time (HRT)
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of the GDM reactors, which was also associated with water quality (Wu et al. 2019). Thus, it
is necessarily important to optimize the membrane module density in the GAC+GDM reactors

in order to maximize wastewater treatment capability with reduced footprint.

In this study, internal recirculation and moving biocarriers were introduced to the biocarriers
facilitated GDM system in treating municipal wastewater to enhance the reactor performance
(nutrient removal and permeate flux). In addition, the effect of membrane packing density on

water quality, membrane performance, microbial community, and cost were examined.

2. Materials and methods

2.1. Setup and operating conditions of biocarriers facilitated GDM reactors

Two laboratory-scale biocarriers facilitated GDM reactors (working volume of 8.6 L) with
internal recirculation were operated in parallel. As shown in Figure 1, the GAC biocarriers
(1.25 kg; Filtrasorb 300, US) were placed on the bottom of the reactor, and the Kaldnes K3
plastic biocarriers (120 pcs; China) that were modified by inserting a sponge cube (10 mm x
10 mm, Aquaporous Gel, Japan) into a plastic biocarrier’s void space were floated on the top
of the reactor (Deng et al. 2016). Two identical hollow fiber membrane modules (PVDF; 150
kDa) were installed at ~30 cm below the water level (i.e., a hydrostatic pressure of ~30 mbar).
An air diffuser was located between the GAC layer and the membrane modules. Intermittent
aeration (30 min aeration at 0.5 L/min followed by 60 min non-aeration) was delivered into the
GDM reactor by using a timer-controlled aeration pump (Lee et al. 2019). The feed wastewater
was introduced from the feed tank to the bottom of the reactor by a peristaltic pump and its
flow rate was manually adjusted according to the permeate flow rate in order to minimize the
overflow. The mixed liquor at the top of the reactor was recirculated back to the bottom of the

reactor using a peristaltic pump with a constant flow rate (0.52 L/h).
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In one reactor (hereinafter R1-HP), two membrane modules with the high membrane packing
density (1150 m?/m?; membrane area of 268 cm? per module) were installed, while in the other
reactor (hereinafter R2-LP), two membrane modules with the low packing density (290 m?/m?;
membrane area of 69 cm? per module) were employed (Table 1). The feed wastewater was
collected from the primary clarifier in the Ulu Pandan Wastewater Reclamation Plant in
Singapore. There was no sludge discharge and membrane cleaning during the whole period of

operation. The room temperature was kept at 20°C.
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Figure 1. A schematic diagram of the biocarriers facilitated GDM reactor.

Table 1. Operating conditions of the biocarriers facilitated GDM reactors.

R1-HP R2-LP

pH 7.3+0.4 7.240.2

DO (mg/L) 3.4+0.7 3.8+0.9
Effective total membrane area (cm?) 536 138
Membrane pzack;ng density 1150 290

(m</m°)

Averaged HRT? (h) ~59 ~154
Averaged recirculation ratio® ~3.5 ~9.2

@ HRT was determined daily and averaged HRT was calculated by averaging the daily HRT.
b The recirculation ratio was defined as the ratio of recirculation flow rate (0.52 L/h) to the feed
flow rate. Averaged recirculation ratio was calculated by averaging the daily recirculation ratio.

2.2. Water quality analysis
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The feed, reactor, and permeate samples were periodically collected and then filtered with 0.45
um syringe membranes (Millipore, USA) and filtrate was kept at 4°C before analysis. The
dissolved organic carbon (DOC) and total nitrogen (TN) were determined using a TOC/TN
analyzer (TOC-VCSH/TNM-1, Shimadzu, Japan). Soluble organic fractions in the water
samples were determined by an LC-OCD analyzer (LC-OCD Model 8, DOC-LABOR,
Germany), a size-exclusion chromatography coupled with organic carbon detector and organic
nitrogen detector. According to the molecular weight, the organic fractions were classified into
five groups, i.e., biopolymers (MW > 20 kDa), humic substances (MW ~1000 Da), building
blocks (MW ~300-500 Da), low molecular weight (LMW) acids and neutrals (MW < 350 Da).
The details in operation and analysis procedures were referred from the literature (Huber et al.

2011).

Ammonia (NHs-N), nitrite (NO2-N), and nitrate (NO3-N) were measured using the
spectrometric method with Ammonia TNT 830, 831, 832 kit (Hach, USA), Nitrite LCK 341
kit (Hach Lange GmbH, Germany), and Nitrate TNT 835 kit (Hach, USA), respectively. The
pH and dissolved oxygen (DO) were periodically monitored using a portable pH meter (Mettler

Toledo, Switzerland) and a portable DO meter (Mettler Toledo, Switzerland), respectively.

To illustrate the statistical significance, a two-sample t-test was conducted by comparing the
sampling data groups under two different conditions. The p-values for the two-sample t-test

were calculated at a significance level of 0.05.

2.3. Fouling resistance

To characterize the membrane fouling, the fouling resistance was evaluated based on the
resistance-in-series model (Broeckmann et al. 2006). At the end of experiment (the total

resistance R; was calculated based on the final permeate flux), the membrane module was
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removed from the reactor, and cake layer was physically detached by rinsing with Milli-Q
water for 10 min and followed by sonication for 15 min. Then, the permeate flux of the
physically-cleaned membrane was measured at the hydrostatic pressure of 30 mbar and the
resistance was calculated as (R,, + R;,-). The biofilm cake resistance (R.) was obtained by
subtracting the resistance after physical cleaning (R,, + R;,) from the total resistance (R;). In
addition, the irreversible fouling resistance (R;,) was achieved by subtracting the intrinsic

membrane resistance (R,,) from the resistance after physical cleaning (R, + R;;-).
2.4. Microbial community

At the end of experiment, biofilms were collected from the membrane module, GAC biocarriers,
moving biocarriers (i.e. Kaldnes K3 with sponge), and then kept at -20°C before DNA
extraction. Genomic DNA was extracted from biofilms using PowerSoil® DNA isolation kit
(MO bio, USA). The prokaryotic and eukaryotic microbial communities in biofilms were
analyzed using the 16S and 18S rRNA sequencing, respectively, on the Illumina MiSeq
platform. Primers 357wF (CCTACGGGGNGGCWGCAG) and 785R
(GACTACHVGGGTATCTAATCC) for prokaryotes, TAReukF
(CCAGCASCYGCGGTAATTCC) and TAReukR (ACTTTCGTTCTTGATYRA) eukaryotes
were chosen. The sequencing results were analyzed by the standard de novo operational

taxonomic unit (OTU)-based approach using QIIME software (Caporaso et al. 2010).
3. Results and Discussion

3.1. Effect of membrane packing density

3.1.1. Organic removal

Both GDM reactors were operated in parallel for 45 days. As the feed water flow was daily
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regulated based on the permeate flow (i.e., minimizing overflow), within 45-day operation, R1-
HP and R2-LP achieved dissimilar HRTs and internal recirculation ratios due to different
membrane packing densities (i.e., membrane areas) (Table 1). Increasing membrane packing
density led to a decreased HRT (~59 h for R1-HP vs. ~154 h for R2-LP) and internal
recirculation ratio (~3.5 for R1-HP vs. ~9.2 for R2-LP). However, both HRT and internal
recirculation ratio parameters did not impact pH and DO levels in the reactors.

Figure 2 shows the DOC concentrations in the feed, reactor and permeate. The DOC in the feed
ranged ~24-53 mg/L (averaged at 39.0 mg/L) throughout the whole period of experiment.
During the early stage (from Day 0-20), the DOC level in the R1-HP (~6.3-10.7 mg DOC/L)
was higher than that of R2-LP (~3.3-6.8 mg DOC/L). This indicated that the shorter HRT and
lower recirculation ratio of R1-HP could result in slightly lower organic removal efficiency
during the early stage (~79.0% for R1-HP vs. ~88.1% for R2-LP; p<0.05), possibly associating
with the suppressed biodegradation capacity under higher organic loading (shorter HRT).
However, the DOC levels in R1-HP decreased with extending operation time (~3.4-6.3 mg/L),
showing gradually enhanced biodegradation efficiency. In addition, LC-OCD analysis revealed
that with extending operation time, the removal efficiency of biopolymers in R1-HP increased
from ~16% (Day 0-20) to ~58% (Day 21-45), while those of humic substances, building blocks,
LMW neutrals, and LMW acids were relatively constant (Figure 3). This illustrated that the
improved biodegradation of biopolymers contributed to the increasing organic removal
efficiency. After both reactors reached the stable stage, they achieved the comparable

biodegradable DOC removal ratio (~88.5% for R1-HP vs. ~91.4% for R2-LP; p>0.05).
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Figure 2. DOC concentrations in the feed, reactor, permeate of R1-HP and R2-LP. R and
P represent reactor and permeate, respectively.

In addition, in both GDM reactors, the DOC levels in the permeates (~2.3-3.0 mg DOC/L)
were only slightly lower than those in the reactors (~3.6-4.7 mg DOC/L, Figure 2), which
suggested that membrane separation contributed only ~1-6% of the overall DOC removal. As
shown in the Figure 3, the biopolymers in the permeate were much less than those in the
reactors, showing that part of biopolymers could be effectively retained by the membrane. On
the other hand, the concentrations of small-sized organics, such as humic substances, building
blocks, and LMW acids, were relatively comparable in the reactor and in the permeate. In
addition, LMW neutrals concentrations in the permeates were higher than those in the reactors.
Possibly, the greater-sized organic matters on the membrane were hydrolyzed or biodegraded
(by the biofilm) to small-sized soluble organic molecules, which could pass through the
membrane and presented in the permeate. Similar findings were also observed in the previous
GDM studies (Lee et al. 2019, Pronk et al. 2019). Nevertheless, both reactors achieved
comparable organic levels in the permeate (2.3+0.9 mg/L for R1-HP and 3.0+1.4 mg/L for R2-
LP; p>0.05).

10
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Figure 3. Soluble organic fractions in the feed, reactor, and permeate of R1-HP and R2-
LP. (a) during initial stage (Day 0-20, n=2), and (b) during stable stage (Day 21-45, n=3).
Columns indicate the concentrations while dots indicate the removal efficiency calculated
based on the data in the feed. R and P represent reactor and permeate, respectively.

3.1.2. Nitrogen removal

Figure 4 shows the nitrogen concentrations in feed, reactor, and permeate in both reactors. At
the initial period (Day 0-9), total nitrogen (TN) was not effectively removed in both reactors
due to poor nitrification (Figures 4a and b). However, during Day 9-12, the performance of
nitrification process was remarkably improved, in which the ammonia was mainly converted
to nitrite (up to ~7 mg NO2-N/L, Figure 4c) instead of nitrate (Figure 4d). Afterwards, only
very limited ammonia were detected in both reactors (~1.2+0.5 mg NHs-N/L for R1-HP and

11
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~0.840.2 mg NHs-N/L for R2-LP), showing complete nitrification in both reactors. Meanwhile,
the concentration of nitrite in the reactors decreased gradually, which was converted to nitrate.
The temporary nitrite accumulation phenomenon during the initial period can be speculated
that the activity of nitrite-oxidizing bacteria (NOB) might be lower than that of ammonia-
oxidizing bacteria (AOB). It has been well documented that compared to AOB, NOB was often
more susceptible to environmental stress such as an acute concentration or loading of free

ammonia (Alleman 1985, Rhee et al. 1997). With extending operation time, the NOB activity

was enhanced attributed by the decreased ammonia concentration.
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Figure 4. Nitrogen concentrations in the feed, reactor, permeate of R1-HP and R2-LP. (a)

TN, (b) Ammonia, (c) Nitrite, (d) Nitrate. R and P represent reactor and permeate,

respectively.
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Obviously, after Day 20, both reactors had dissimilar concentrations of nitrate and total
nitrogen. The lower concentrations of nitrate and total nitrogen were found in R2-LP (~6.2 mg
NO3-N/L and ~8.5 mg TN/L) than those in R1-HP (~9.9 mg NOs-N/L and ~14.3 mg TN/L).
Accordingly, the denitrification ratio of R2-LP (~81.9%) was greater than that of R1-HP
(~69.0%), which was associated with the longer HRTs and higher recirculation ratio in R2-LP
than R1-HP. As a result, R2-LP achieved the higher biological TN removal efficiency (~78.6%)

compared to R1-HP (~63.8%).

In addition, in both reactors, the ammonia and nitrogen concentrations in the permeate were
slightly lower than those in the reactor (p<0.05; paired t-test). However, it contributed only
about 1-2% of overall ammonia and nitrogen removal performances of the system. It was
probably associated with the limited biomass attached on the membrane because of its

periodical removal by intermittent aeration.

3.1.3. Membrane performance

Figure 5a shows the permeate fluxes of R1-HP and R2-LP throughout the operation period.
The fluxes of both reactors dropped rapidly for the initial 3 days and then followed a slowly-
decreased pattern before reaching relatively constant levels. During Day 30-45, the averaged
flux of R2-LP was ~4.5 LMH, which was approximately 44% higher than that of R1-HP (~3.1
LMH). This implies that increasing membrane packing density could lead to a decreased
permeate flux under intermittent aeration condition. This was consistent with our previous
observation for the GDM reactors (hollow fibre modules) in pre-treating seawater under non-
aeration condition (Wu et al. 2017). In addition, the water permeability in this study (~103-150
LMH/bar) were slightly higher than those in the reported GDM systems in treating municipal
wastewater (~44-118 LMHY/bar, Table S1) (Ding et al. 2017, Lee et al. 2019, Peter-Varbanets

et al. 2010, Wang et al. 2017).
13
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To explore the membrane fouling mechanism, the membrane resistance, irreversible fouling
resistance, and biofilm cake layer resistance were evaluated. As shown in Figure 5b, both
reactors had comparable irreversible fouling resistances (1.55x10* m™ for R1-HP and
1.34x10™ m™ for R2-LP), while the biofilm cake layer resistance of R2-LP (0.94x10* m™)
was 46% lower than that of R1-HP (1.72x10'* m™). Thus, the lesser biofilm layer resistance of
R2-LP resulted in the higher permeate flux. It was probably attributed to three facts: (1) the
lower membrane packing density of R2-LP, i.e., having a larger spacing between membrane
fibers (Figure S1), which could be more effective in biofilm detachment by the shear stress
generated from aeration and thus less effective membrane filtration area was lost (Braak et al.
2011); (2) the lower membrane packing density could also provide sufficient space for
eukaryotic predation and movement activities, benefiting to form more heterogeneous cake
layer (the confocal laser scanning microscopy images shown in Figure S2) (Derlon et al. 2013,
Klein et al. 2016, Wu et al. 2017); (3) the lower DOC levels in R2-LP during the early period
(Figure 2) may result in less formation of the organic condition layer, and thereby less

biofouling potential in the following stage (Characklis 1981, Seidel and Elimelech 2002).
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Figure 5. Membrane performances of R1-HP and R2-LP. (a) Permeate flux. (b)
Resistance distribution.

3.1.4. Microbial community composition
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Figure 6 shows the compositions of prokaryotic and eukaryotic communities in the biofilms
derived from GAC particles, moving biocarriers (Kaldnes K3 with sponge), and filtration
membranes. In both reactors, Planctomycetes (22.0-47.1%), Proteobacteria (14.2-42.3%), and
Verrucomicrobia (12.3-27.3%) were found as major dominant prokaryotic phyla in all biofilms
(Figure 6a). In addition, Bacteroidetes and NKB 19, minor dominant phyla, accounted for 1.8-
8.4% and 1.4-8.9% respectively, were also detected in all biofilms. These results indicated that
the compositions of prokaryotic communities in the biofilms on the GAC, moving biocarriers,

and membrane were similar, regardless of membrane packing density.
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Figure 6. Compositions of prokaryotic (a) and eukaryotic (b) communities in R1-HP and
R2-LP. K3 and M represent moving biocarrier (Kaldnes K3 with sponge) and membrane
sample, respectively.

As shown in Figure 6b, Rotifera, Ciliophora, Nematoda, and Cercozoa were detected as major
eukaryotes in most samples, indicating that the operation conditions (HRT and internal
recirculation ratio attributed by membrane packing density) did not influence the predominant
compositions of eukaryotic community. However, the abundances of major eukaryotes in the
GAC samples were slightly different from those in the moving biocarriers and on the

membrane surfaces. In detail, the relative abundances of Ciliophora and Nematoda were much

higher in the GAC particles (36.6-37.8% and 9.7-25.4% respectively) than in the moving
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biocarriers (5.1-18.8% and ~0-7.4% respectively) and on the membrane surfaces (6.3-9.6% and
3.1-6.7% respectively). In contrast, Rotifera was predominant in the biofilms formed in the
moving biocarriers (53.6-54.5%) and on the membrane surfaces (27.1-46.2%), while it was
relatively less in the GAC particles (12.7-21.9%). These differences may be derived from the
facts that (1) Ciliophora and Nematoda having larger sizes could be trapped within the well-
packed GAC layers during recirculation, promoting their accumulations in the GAC particles;
and (2) Rotifer may prefer to grow at a relatively higher DO level in the intermittent aeration
zone. Nevertheless, the differences in HRTs and internal recirculation ratios caused by different
membrane packing densities did not significantly affect the compositions of both prokaryotic

community and eukaryotic community.

3.1.5. Energy consumption and water production cost estimation

In this study, the low membrane packing density in the GDM reactor benefited to achieve better
membrane performance and improved permeate quality, however it also led to lower water
productivity (i.e., wastewater treatment capacity) compared to the high membrane packing
density scenario under the same reactor footprint (Table 2). To make a fair comparison, the
energy consumption and capital cost of the GDM reactors under different membrane packing

density conditions were evaluated and presented in Table 2.

In the energy consumption category, only pump energy and aeration energy were assessed
using Eqg. (1) and Eq. (2) respectively because the GDM reactors operated without sludge

discharge and chemical cleaning in this study.

_ Pgh Qpump
Epump - TT (1)
Egir = S%air (2)
14
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Where p is the density of wastewater (assuming 1000 kg/md); g is the gravitational
acceleration (9.81 m/s?); h is the height of water level (0.65 m, i.e., the height between feed
pump inlet and water level); n is the pump efficiency (assuming 0.6); € is the electricity
consumption per unit volume of air (assuming 0.019 kWh/m?® of air) (Maere et al.
2011); Qpumyp is the flow rate of feed pump or recirculation pump (m3/s); Qgir is the average
air flow rate (m®/s); Q, is the stabilized permeate flow rate (m3/s).

The capital cost accounted for reactor construction, pumps, blowers, biocarriers and
membranes. The hollow fibre membrane module footprint (1.6-6.2 m? membrane area/ m?
reactor volume) applied in this study were extremely lower than conventional MBRs (<450
m?/m?) (Peinemann and Nunes 2010). Therefore, for better estimation of energy consumption
and capital cost, it was assumed that 30% of the reactor volume was packed with each
membrane module (i.e., 345 m? membrane area/m?® reactor volume in R1-HP and 87 m?/m? in
R2-LP). In addition, the average recirculation ratio (3.5 for R1-HP and 9.2 for R2-LP) was
used in the estimation of recirculation energy and cost

It is important to recall that in this study, energy input (recirculation and aeration) and footprint
(reactor, biocarriers, and other equipment) were identical in both reactors, and the only
difference was membrane packing density. As shown in Table 2, the R1-HP reactor with higher
packing density has higher water productivity and 61% lower energy consumption. But it has
lower permeate flux (~ 30% lower than R2-LP), thus more membrane areas are required, which
results in 44% higher membrane cost. As a result, the total cost (operating cost + capital cost)
of R1-HP was 26% higher than that of R2-LP, therefore the biocarriers facilitated GDM reactor
with lower membrane packing density is preferred for lower cost of wastewater treatment. In

addition, assuming a linear relationship between permeate flux and membrane packing density
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within the range of this study, ~360 m?/m* was predicted as the optimal membrane packing
density with the lowest total cost (Figure S4).

Clearly, the membrane packing density, closely linked to the recirculation ratio, HRT, and
membrane fouling, could impact the water quality, membrane performance, and treatment cost.
To reduce the membrane cost per unit volume of treated water (i.e., accounted for 83-95% of
total cost in this study for a biocarriers facilitated GDM), the low packing density membrane
module was favorable to achieve higher permeate flux. Thus, further research is necessary to
optimize membrane packing density towards reducing the membrane cost and reactor footprint
without significantly compromising the water productivity and treatment performance.

Table 2. The energy consumption and wastewater treatment cost of R1-HP and R2-LP.
R1-HP R2-LP

Permeate water productivity (m°/d) 0.223 0.081
Permeate flux (L/m?/h) 3.1 45
Energy consumption Feed pump 0.003 0.003
(KWh/m®) Recirculation pump 0.010 0.027
Aeration 0.020 0.056
Total 0.034 0.087
Capital cost (Euro/m?) Membranes? 0.182 0.127
Biocarriers (GAC)? 0.003 0.007
Recirculation pump®4 0.0006 0.0016
Others® (feed pump®, blower, and
reactor construction) 0.003 0.008
Total 0.189 0.144
Operating cost (Euro/m®)  Energy® 0.003 0.009
Total cost (Euro/m®) 0.192 0.153
@ Membrane cost and lifespan was assumed to be 50 Euro/m? and 10 years, respectively (Judd
bz:)ég)c <;ost and lifespan was estimated as 972 Euro/ton and 5 years, respectively (Nguyen et
al. 2014).

¢ (Verrecht et al. 2010)
4 The capacity of feed pump and recirculation pump was assumed to be the same as 40 L/h for

both reactors.
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¢ Electricity cost was assumed to be 0.1 Euro/kWh.

3.2. Effect of the presence and absence internal recirculation

To confirm the improved performance of GDM reactors with internal recirculation, a
comparison of permeate quality and flux of the GDM reactors in this study (with internal
recirculation) and those of the GDM reactors in our previous study (under the same operation
condition without internal recirculation) (Lee et al. 2019) was performed and shown in Table
3. It is noted that the membrane packing density of the previous GDM reactor was the same as

that of current R2-LP (69 cm? per module; 87 m?/m?3).

Table 3. A comparison of permeate water quality and flux in presence and absence of
internal recirculation in the biocarriers facilitated GDM reactors.

Without internal

) ) With internal recirculation
recirculation

(Lee et al. 2019)? R1-HP R2-LP?
DOC (mg/L) 24.247.5 42.316.8
Feed
TN (mg/L) 36.8+4.0 40.0+4.3
DOC (mg/L) 4.4+0.8 4.740.9 3.640.7
(Removal) (80.6%) (88.5%) (91.4%)
Ammonia (mg/L) 5.3+1.9 1.2+0.5 0.8+0.2
In the reactor (Removal) (84.7%) (96.9%) (97.9%)
TN (mg/L) 25.6+3.1 14.342.4 8.5+0.9
(Removal) (30.3%) (63.8%) (78.6%)
DOC (mg/L) 3.0+1.8 2.3+0.9 3.0+1.4
0 0 0,
Permeate (Removal) (85.0%) (94.5%) (92.8%)
TN (mg/L) 25.142.3 13.842.7 7.9+0.9
(Removal) (31.5%) (65.1%) (79.8%)
Stabilized flux (LMH) ~2.0 ~3.1 ~45
Cake layer resistance (m™) 4.02x10'? 1.72x10 0.94x10%

1n both reactors, the membrane module had the same packing density.

In the presence of internal recirculation, the DOC removal ratios (92.8-94.5%) and TN removal
ratio (65.1-79.8%) were obviously greater than those without internal recirculation (85.0% for

DOC removal and 31.5% for TN removal). The improved removal efficiencies of DOC and
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ammonia in this study were attributed not only by enhanced biodegradation of the GAC
biocarriers in the presence of internal recirculation, but also by additional biodegradation
contribution of the moving biocarriers (Figure S3). In the previous study (Lee et al., 2019)
without additional moving biocarriers and internal recirculation, DO levels in the GDM reactor
were comparable to that in this study (with additional moving biocarriers and internal
recirculation). Therefore, additional moving biocarriers may not contribute greatly to
denitrification (limited by such high DO levels). Indeed, the presence of internal recirculation
allowed the nitrate formed in GAC-free zone (high DO and low DOC) being introduced to the
GAC layer (low DO and high DOC), leading to an enhanced denitrification. As a result, total

nitrogen removal was improved with internal recirculation.

In addition, the presence of internal recirculation in the GDM reactors also benefited to achieve
a higher level of stabilized flux. In particular, the internal recirculation led to a greatly decrease
of biofilm cake layer resistance (0.94x10 m™ with internal recirculation vs. 4.02x102 m*
without internal recirculation). Previous studies have pointed out that the permeability of GDM
systems was closely associated with the organic concentration (Peter-Varbanets et al. 2010,
Tang et al. 2018). In this study, the organic concentrations in the reactors were comparable,
regardless of the presence or absence of internal recirculation (~3.6-4.7 mg DOC/L with
internal recirculation vs. ~4.4 mg DOC/L without internal recirculation) (Table 3). Thus, the
different permeate fluxes in the presence and absence of internal recirculation may not be
associated with DOC levels in the biocarriers facilitated GDM systems. It has been well
documented that biodegradable dissolved organic carbon (BDOC) and assimilable organic
carbon (AOC) played important roles in promoting biofouling although BDOC and AOC
accounted for only ~10-30% and <1% of total DOC, respectively (Escobar and Randall 2001,

Pramanik et al. 2015). Furthermore, Pramanik et al. (2015) pointed out that the biological
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395 activated carbon process could effectively remove both BDOC and AOC due to enhanced
396  biodegradation. Possibly, although the DOC levels were similar for both conditions, the
397  contents of BDOC and AOC in the GDM reactors with internal recirculation could be lessened
398  Dbecause the microorganisms attached on the GAC facilitated biodegradation of BDOC and
399 AOC. Asaresult, an improved permeate flux with limited biofilm fouling resistance could be
400 achieved in the GDM reactors with internal recirculation. Overall, the presence of internal
401 recirculation significantly improved water quality and membrane performances with a

402 negligible increase of the total wastewater treatment cost (~1-3%, Table 2).

403  On the other hand, in this study, similar microbial community structures in the GAC particles
404  and on the membrane surfaces were noticed, which was inconsistent with the previous finding
405 in the GDM reactors without internal recirculation and moving biocarriers (i.e., significant
406  differences of both prokaryotic and eukaryotic communities in the GAC particles and on the
407 membrane surfaces) (Lee et al. 2019). Possibly, the internal recirculation could create less
408 dissimilar conditions (such as dissolved oxygen, organic concentrations) for microbial
409 proliferation inside of the reactor, leading to similar microbial composition. In addition, in the
410 presence of internal recirculation, dissolved oxygen was introduced from the aeration zone into
411  the GAC layer. Accordingly, the obligate or facultative anaerobic bacteria present in the GAC
412  layer were relatively lower compared to those without internal recirculation (e.g., only 1.5-2.5%
413  of Clostridia with recirculation vs. 20.8% of Clostridia, 6.7% of Anaeroplasma, 1.5% of

414  Lactobacillus, 1.2% of Bacterioides without recirculation).

415 4. Conclusions

416 Inthis study, the effects of internal recirculation and membrane packing density on the reactor

417  performance of the biocarriers facilitated GDM systems were studied. The presence of internal
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recirculation could effectively improve the permeate water quality and membrane performance.
In addition, in the presence of internal recirculation, the low membrane packing density with
the longer HRT and higher recirculation ratio could result in higher nitrogen removal ratios,
enhanced membrane permeability, and reduced wastewater treatment cost. While, the
membrane packing density did not significantly affect DOC removal efficiency and microbial

community compositions.
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Abstract

This study aims to investigate the effect of internal recirculation and membrane packing density
on the performance (water quality, membrane performance, and microbial community) of a
biocarriers facilitated gravity-driven membrane (GDM) reactor under intermittent aeration
condition. The results revealed that the presence of internal recirculation in the GDM reactors
could effectively improve water quality (especially increasing nitrogen removal) and
membrane performance (especially reducing cake layer resistance) compared to those without
internal recirculation. In addition, compared to a high packing density membrane module (1150
m2/m?), a lower packing density membrane module (290 m?/m?) benefited to improve 15% of
nitrogen removal and 44% of permeate flux due to the effective aeration scouring effect and
less-limited eukaryotic activity, as well as reduce 20% of total treatment cost. In addition, the
presence and absence of internal recirculation could lead to dissimilar microbial community
compositions of the biofilms in the GAC layers and on the membrane surfaces. However, the
membrane packing density could play an insignificant effect on the microbial community

compositions of the biofilms in the GDM reactors with internal recirculation.

Keywords: Decentralized wastewater treatment; Gravity-driven membrane; Recirculation;

Membrane packing density; Nitrogen removal
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1. Introduction

Decentralized wastewater treatment systems have been considered as an adoptable option in
rural areas and developing countries due to their inexpensive installation, easy operation, and
low operating and maintaining cost. Traditional decentralized systems, such as constructed
wetland and septic tank, have been well applied in treating wastewater, however, nowadays
they are facing challenges due to their limit in meeting the increasingly strict discharge

standards (Nguyen et al. 2007).

Recently, gravity-driven membrane (GDM) reactors have been developed as an alternative
decentralized system in treating greywater/municipal wastewater (Ding et al. 2016, Ding et al.
2017, Jabornig and Podmirseg 2015, Kiinzle et al. 2015, Lee et al. 2019, Wang et al. 2017).
The GDM reactor is a membrane-based process driven by natural hydrostatic gravity force,
therefore, it can produce superior permeate water without requiring permeate suction pump and
membrane chemical cleaning protocols. This guarantees that the GDM can be operated with
significantly lower energy consumption and capital cost than conventional membrane
bioreactors. It has been well illustrated that the stabilized permeate flux achieved in the GDM
reactor was attributed to the heterogeneous biofilm layer formed on the membrane surface, in
which organic degradation, prokaryotes proliferation, and eukaryotes movement/predation
occurred and their contributions to the biofilm formation displayed a relatively steady pattern

(Peter-Varbanets et al. 2010, Tang et al. 2018).

However, GDM reactors had relatively lower permeate fluxes (<10 L/m?h) in treating
wastewater due to lower driving force and limited biodegradation of organics. To further
improve permeate flux, integrating GDM reactors with aeration, coagulation, and biocarriers
have been well documented (Ding et al. 2017, Jabornig and Podmirseg 2015, Kunzle et al.

2015, Lee et al. 2019). In a previous study (Lee et al. 2019), we developed a hybrid upflow
3
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packed-bed granular activated carbon (GAC) facilitated GDM reactor and operated it at an
intermittent aeration mode (aeration diffuser was located above the GAC bed). The results
showed that this combination could effectively improve membrane performance as well as the
organic (87.8-90.5%) and nitrogen removal (29.3-37.1%) compared to the GDM reactor
without intermittent aeration. It was also found that intermittent aeration could negatively
influence the nitrogen removal efficiency because (1) a high level (~3.5 mg/L) of residual
dissolved oxygen (DO) in the membrane zone during non-aeration period resulted in poor
denitrification of the biofilm attached on the membrane; and (2) the anoxic biofilm on the GAC
carriers had limited contribution to denitrification due to less available nitrite/nitrate. Thus, to
maximize nutrient removal in the GAC+GDM reactors, installation of internal recirculation in
the reactor could be considered, aiming to deliver nitrite/nitrate-contained effluent in the
intermittent aeration zone to the anoxic GAC zone and enhance denitrification of the biofilm
on the GAC carriers. Meanwhile, it has been reported that sponge modified plastic carriers
facilitated immobilizing more microorganisms due to their high porosity nature and improving

organic and nutrient removals in moving bed biofilm reactor systems (Deng et al. 2016).

In addition, compared to MBRs, the GAC+GDM reactors had lower permeate fluxes. Therefore,
a GAC+GDM reactor requires more membrane area with a higher membrane packing density
than a conventional submerged MBR under the same water productivity and footprint scenarios.
It has been reported that the high packing density of membrane module in MBRs suffered more
serious fouling due to ineffective air scouring (Braak et al. 2011). The non-aeration GDM
systems with high packing density hollow fibre membrane modules also had lower permeate
fluxes in pre-treating seawater, possibly because of limited predation and movement behaviors
of eukaryotes between the insufficient space of hollow fibres (Wu et al. 2017). Furthermore,

the membrane packing density (i.e., membrane area) determined hydraulic retention time (HRT)
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of the GDM reactors, which was also associated with water quality (Wu et al. 2019). Thus, it
is necessarily important to optimize the membrane module density in the GAC+GDM reactors

in order to maximize wastewater treatment capability with reduced footprint.

In this study, internal recirculation and moving biocarriers were introduced to the biocarriers
facilitated GDM system in treating municipal wastewater to enhance the reactor performance
(nutrient removal and permeate flux). In addition, the effect of membrane packing density on

water quality, membrane performance, microbial community, and cost were examined.

2. Materials and methods

2.1. Setup and operating conditions of biocarriers facilitated GDM reactors

Two laboratory-scale biocarriers facilitated GDM reactors (working volume of 8.6 L) with
internal recirculation were operated in parallel. As shown in Figure 1, the GAC biocarriers
(1.25 kg; Filtrasorb 300, US) were placed on the bottom of the reactor, and the Kaldnes K3
plastic biocarriers (120 pcs; China) that were modified by inserting a sponge cube (10 mm x
10 mm, Aquaporous Gel, Japan) into a plastic biocarrier’s void space were floated on the top
of the reactor (Deng et al. 2016). Two identical hollow fiber membrane modules (PVDF; 150
kDa) were installed at ~30 cm below the water level (i.e., a hydrostatic pressure of ~30 mbar).
An air diffuser was located between the GAC layer and the membrane modules. Intermittent
aeration (30 min aeration at 0.5 L/min followed by 60 min non-aeration) was delivered into the
GDM reactor by using a timer-controlled aeration pump (Lee et al. 2019). The feed wastewater
was introduced from the feed tank to the bottom of the reactor by a peristaltic pump and its
flow rate was manually adjusted according to the permeate flow rate in order to minimize the
overflow. The mixed liquor at the top of the reactor was recirculated back to the bottom of the

reactor using a peristaltic pump with a constant flow rate (0.52 L/h).
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In one reactor (hereinafter R1-HP), two membrane modules with the high membrane packing
density (1150 m?/m?; membrane area of 268 cm? per module) were installed, while in the other
reactor (hereinafter R2-LP), two membrane modules with the low packing density (290 m?/m?;
membrane area of 69 cm? per module) were employed (Table 1). The feed wastewater was
collected from the primary clarifier in the Ulu Pandan Wastewater Reclamation Plant in
Singapore. There was no sludge discharge and membrane cleaning during the whole period of

operation. The room temperature was kept at 20°C.

Overflow Moving biocarrier

ST~ L (S
V:’p:‘%‘sg:gjg':‘%::g (Kaldnes K3 + sponge)
E) OO G |0.30 m
o o *
. . 0O o *
Recirculation flow
o @ © O
O o) 0O
o & © | Permeate
SOOI
®
Flow meter _______ _________ S oo Membrane module
Air blower Q‘"' Air diffuser

Feed tank Pump

Figure 1. A schematic diagram of the biocarriers facilitated GDM reactor.

Table 1. Operating conditions of the biocarriers facilitated GDM reactors.

R1-HP R2-LP

pH 7.3£0.4 7.240.2

DO (mg/L) 3.440.7 3.8+0.9
Effective total membrane area (cm?) 536 138
Membrane pzack;ng density 1150 290

(m*/m?®)

Averaged HRT? (h) ~59 ~154
Averaged recirculation ratio® ~3.5 ~9.2

@ HRT was determined daily and averaged HRT was calculated by averaging the daily HRT.
b The recirculation ratio was defined as the ratio of recirculation flow rate (0.52 L/h) to the feed
flow rate. Averaged recirculation ratio was calculated by averaging the daily recirculation ratio.

2.2. Water quality analysis



124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

The feed, reactor, and permeate samples were periodically collected and then filtered with 0.45
um syringe membranes (Millipore, USA) and filtrate was kept at 4°C before analysis. The
dissolved organic carbon (DOC) and total nitrogen (TN) were determined using a TOC/TN
analyzer (TOC-VCSH/TNM-1, Shimadzu, Japan). Soluble organic fractions in the water
samples were determined by an LC-OCD analyzer (LC-OCD Model 8, DOC-LABOR,
Germany), a size-exclusion chromatography coupled with organic carbon detector and organic
nitrogen detector. According to the molecular weight, the organic fractions were classified into
five groups, i.e., biopolymers (MW > 20 kDa), humic substances (MW ~1000 Da), building
blocks (MW ~300-500 Da), low molecular weight (LMW) acids and neutrals (MW < 350 Da).
The details in operation and analysis procedures were referred from the literature (Huber et al.

2011).

Ammonia (NHs-N), nitrite (NO2-N), and nitrate (NO3-N) were measured using the
spectrometric method with Ammonia TNT 830, 831, 832 kit (Hach, USA), Nitrite LCK 341
kit (Hach Lange GmbH, Germany), and Nitrate TNT 835 kit (Hach, USA), respectively. The
pH and dissolved oxygen (DO) were periodically monitored using a portable pH meter (Mettler

Toledo, Switzerland) and a portable DO meter (Mettler Toledo, Switzerland), respectively.

To illustrate the statistical significance, a two-sample t-test was conducted by comparing the
sampling data groups under two different conditions. The p-values for the two-sample t-test

were calculated at a significance level of 0.05.

2.3. Fouling resistance

To characterize the membrane fouling, the fouling resistance was evaluated based on the
resistance-in-series model (Broeckmann et al. 2006). At the end of experiment (the total

resistance R; was calculated based on the final permeate flux), the membrane module was
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removed from the reactor, and cake layer was physically detached by rinsing with Milli-Q
water for 10 min and followed by sonication for 15 min. Then, the permeate flux of the
physically-cleaned membrane was measured at the hydrostatic pressure of 30 mbar and the
resistance was calculated as (R,, + R;,-). The biofilm cake resistance (R.) was obtained by
subtracting the resistance after physical cleaning (R,, + R;,) from the total resistance (R;). In
addition, the irreversible fouling resistance (R;,) was achieved by subtracting the intrinsic

membrane resistance (R,,) from the resistance after physical cleaning (R, + R;;-).
2.4. Microbial community

At the end of experiment, biofilms were collected from the membrane module, GAC biocarriers,
moving biocarriers (i.e. Kaldnes K3 with sponge), and then kept at -20°C before DNA
extraction. Genomic DNA was extracted from biofilms using PowerSoil® DNA isolation kit
(MO bio, USA). The prokaryotic and eukaryotic microbial communities in biofilms were
analyzed using the 16S and 18S rRNA sequencing, respectively, on the Illumina MiSeq
platform. Primers 357wF (CCTACGGGGNGGCWGCAG) and 785R
(GACTACHVGGGTATCTAATCC) for prokaryotes, TAReukF
(CCAGCASCYGCGGTAATTCC) and TAReukR (ACTTTCGTTCTTGATYRA) eukaryotes
were chosen. The sequencing results were analyzed by the standard de novo operational

taxonomic unit (OTU)-based approach using QIIME software (Caporaso et al. 2010).
3. Results and Discussion

3.1. Effect of membrane packing density

3.1.1. Organic removal

Both GDM reactors were operated in parallel for 45 days. As the feed water flow was daily
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regulated based on the permeate flow (i.e., minimizing overflow), within 45-day operation, R1-
HP and R2-LP achieved dissimilar HRTs and internal recirculation ratios due to different
membrane packing densities (i.e., membrane areas) (Table 1). Increasing membrane packing
density led to a decreased HRT (~59 h for R1-HP vs. ~154 h for R2-LP) and internal
recirculation ratio (~3.5 for R1-HP vs. ~9.2 for R2-LP). However, both HRT and internal
recirculation ratio parameters did not impact pH and DO levels in the reactors.

Figure 2 shows the DOC concentrations in the feed, reactor and permeate. The DOC in the feed
ranged ~24-53 mg/L (averaged at 39.0 mg/L) throughout the whole period of experiment.
During the early stage (from Day 0-20), the DOC level in the R1-HP (~6.3-10.7 mg DOC/L)
was higher than that of R2-LP (~3.3-6.8 mg DOC/L). This indicated that the shorter HRT and
lower recirculation ratio of R1-HP could result in slightly lower organic removal efficiency
during the early stage (~79.0% for R1-HP vs. ~88.1% for R2-LP; p<0.05), possibly associating
with the suppressed biodegradation capacity under higher organic loading (shorter HRT).
However, the DOC levels in R1-HP decreased with extending operation time (~3.4-6.3 mg/L),
showing gradually enhanced biodegradation efficiency. In addition, LC-OCD analysis revealed
that with extending operation time, the removal efficiency of biopolymers in R1-HP increased
from ~16% (Day 0-20) to ~58% (Day 21-45), while those of humic substances, building blocks,
LMW neutrals, and LMW acids were relatively constant (Figure 3). This illustrated that the
improved biodegradation of biopolymers contributed to the increasing organic removal
efficiency. After both reactors reached the stable stage, they achieved the comparable

biodegradable DOC removal ratio (~88.5% for R1-HP vs. ~91.4% for R2-LP; p>0.05).
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Figure 2. DOC concentrations in the feed, reactor, permeate of R1-HP and R2-LP. R and
P represent reactor and permeate, respectively.

In addition, in both GDM reactors, the DOC levels in the permeates (~2.3-3.0 mg DOC/L)
were only slightly lower than those in the reactors (~3.6-4.7 mg DOC/L, Figure 2), which
suggested that membrane separation contributed only ~1-6% of the overall DOC removal. As
shown in the Figure 3, the biopolymers in the permeate were much less than those in the
reactors, showing that part of biopolymers could be effectively retained by the membrane. On
the other hand, the concentrations of small-sized organics, such as humic substances, building
blocks, and LMW acids, were relatively comparable in the reactor and in the permeate. In
addition, LMW neutrals concentrations in the permeates were higher than those in the reactors.
Possibly, the greater-sized organic matters on the membrane were hydrolyzed or biodegraded
(by the biofilm) to small-sized soluble organic molecules, which could pass through the
membrane and presented in the permeate. Similar findings were also observed in the previous
GDM studies (Lee et al. 2019, Pronk et al. 2019). Nevertheless, both reactors achieved
comparable organic levels in the permeate (2.3+0.9 mg/L for R1-HP and 3.0+1.4 mg/L for R2-
LP; p>0.05).

10
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Figure 3. Soluble organic fractions in the feed, reactor, and permeate of R1-HP and R2-
LP. (a) during initial stage (Day 0-20, n=2), and (b) during stable stage (Day 21-45, n=3).
Columns indicate the concentrations while dots indicate the removal efficiency calculated
based on the data in the feed. R and P represent reactor and permeate, respectively.

3.1.2. Nitrogen removal

Figure 4 shows the nitrogen concentrations in feed, reactor, and permeate in both reactors. At
the initial period (Day 0-9), total nitrogen (TN) was not effectively removed in both reactors
due to poor nitrification (Figures 4a and b). However, during Day 9-12, the performance of
nitrification process was remarkably improved, in which the ammonia was mainly converted
to nitrite (up to ~7 mg NO2-N/L, Figure 4c) instead of nitrate (Figure 4d). Afterwards, only
very limited ammonia were detected in both reactors (~1.2+0.5 mg NHs-N/L for R1-HP and

11
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~0.840.2 mg NHs-N/L for R2-LP), showing complete nitrification in both reactors. Meanwhile,
the concentration of nitrite in the reactors decreased gradually, which was converted to nitrate.
The temporary nitrite accumulation phenomenon during the initial period can be speculated
that the activity of nitrite-oxidizing bacteria (NOB) might be lower than that of ammonia-
oxidizing bacteria (AOB). It has been well documented that compared to AOB, NOB was often
more susceptible to environmental stress such as an acute concentration or loading of free
ammonia (Alleman 1985, Rhee et al. 1997). With extending operation time, the NOB activity

was enhanced attributed by the decreased ammonia concentration.
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Figure 4. Nitrogen concentrations in the feed, reactor, permeate of R1-HP and R2-LP. (a)

TN, (b) Ammonia, (c) Nitrite, (d) Nitrate. R and P represent reactor and permeate,

respectively.
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Obviously, after Day 20, both reactors had dissimilar concentrations of nitrate and total
nitrogen. The lower concentrations of nitrate and total nitrogen were found in R2-LP (~6.2 mg
NO3-N/L and ~8.5 mg TN/L) than those in R1-HP (~9.9 mg NOs-N/L and ~14.3 mg TN/L).
Accordingly, the denitrification ratio of R2-LP (~81.9%) was greater than that of R1-HP
(~69.0%), which was associated with the longer HRTs and higher recirculation ratio in R2-LP
than R1-HP. As a result, R2-LP achieved the higher biological TN removal efficiency (~78.6%)

compared to R1-HP (~63.8%).

In addition, in both reactors, the ammonia and nitrogen concentrations in the permeate were
slightly lower than those in the reactor (p<0.05; paired t-test). However, it contributed only
about 1-2% of overall ammonia and nitrogen removal performances of the system. It was
probably associated with the limited biomass attached on the membrane because of its

periodical removal by intermittent aeration.

3.1.3. Membrane performance

Figure 5a shows the permeate fluxes of R1-HP and R2-LP throughout the operation period.
The fluxes of both reactors dropped rapidly for the initial 3 days and then followed a slowly-
decreased pattern before reaching relatively constant levels. During Day 30-45, the averaged
flux of R2-LP was ~4.5 LMH, which was approximately 44% higher than that of R1-HP (~3.1
LMH). This implies that increasing membrane packing density could lead to a decreased
permeate flux under intermittent aeration condition. This was consistent with our previous
observation for the GDM reactors (hollow fibre modules) in pre-treating seawater under non-
aeration condition (Wu et al. 2017). In addition, the water permeability in this study (~103-150
LMH/bar) were slightly higher than those in the reported GDM systems in treating municipal
wastewater (~44-118 LMHY/bar, Table S1) (Ding et al. 2017, Lee et al. 2019, Peter-Varbanets

et al. 2010, Wang et al. 2017).
13
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To explore the membrane fouling mechanism, the membrane resistance, irreversible fouling
resistance, and biofilm cake layer resistance were evaluated. As shown in Figure 5b, both
reactors had comparable irreversible fouling resistances (1.55x10* m™ for R1-HP and
1.34x10™ m™ for R2-LP), while the biofilm cake layer resistance of R2-LP (0.94x10* m™)
was 46% lower than that of R1-HP (1.72x10'* m™). Thus, the lesser biofilm layer resistance of
R2-LP resulted in the higher permeate flux. It was probably attributed to three facts: (1) the
lower membrane packing density of R2-LP, i.e., having a larger spacing between membrane
fibers (Figure S1), which could be more effective in biofilm detachment by the shear stress
generated from aeration and thus less effective membrane filtration area was lost (Braak et al.
2011); (2) the lower membrane packing density could also provide sufficient space for
eukaryotic predation and movement activities, benefiting to form more heterogeneous cake
layer (the confocal laser scanning microscopy images shown in Figure S2) (Derlon et al. 2013,
Klein et al. 2016, Wu et al. 2017); (3) the lower DOC levels in R2-LP during the early period
(Figure 2) may result in less formation of the organic condition layer, and thereby less

biofouling potential in the following stage (Characklis 1981, Seidel and Elimelech 2002).
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Figure 5. Membrane performances of R1-HP and R2-LP. (a) Permeate flux. (b)
Resistance distribution.

3.1.4. Microbial community composition
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Figure 6 shows the compositions of prokaryotic and eukaryotic communities in the biofilms
derived from GAC particles, moving biocarriers (Kaldnes K3 with sponge), and filtration
membranes. In both reactors, Planctomycetes (22.0-47.1%), Proteobacteria (14.2-42.3%), and
Verrucomicrobia (12.3-27.3%) were found as major dominant prokaryotic phyla in all biofilms
(Figure 6a). In addition, Bacteroidetes and NKB 19, minor dominant phyla, accounted for 1.8-
8.4% and 1.4-8.9% respectively, were also detected in all biofilms. These results indicated that
the compositions of prokaryotic communities in the biofilms on the GAC, moving biocarriers,

and membrane were similar, regardless of membrane packing density.
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Figure 6. Compositions of prokaryotic (a) and eukaryotic (b) communities in R1-HP and
R2-LP. K3 and M represent moving biocarrier (Kaldnes K3 with sponge) and membrane
sample, respectively.

As shown in Figure 6b, Rotifera, Ciliophora, Nematoda, and Cercozoa were detected as major
eukaryotes in most samples, indicating that the operation conditions (HRT and internal
recirculation ratio attributed by membrane packing density) did not influence the predominant
compositions of eukaryotic community. However, the abundances of major eukaryotes in the
GAC samples were slightly different from those in the moving biocarriers and on the

membrane surfaces. In detail, the relative abundances of Ciliophora and Nematoda were much

higher in the GAC particles (36.6-37.8% and 9.7-25.4% respectively) than in the moving

15
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biocarriers (5.1-18.8% and ~0-7.4% respectively) and on the membrane surfaces (6.3-9.6% and
3.1-6.7% respectively). In contrast, Rotifera was predominant in the biofilms formed in the
moving biocarriers (53.6-54.5%) and on the membrane surfaces (27.1-46.2%), while it was
relatively less in the GAC particles (12.7-21.9%). These differences may be derived from the
facts that (1) Ciliophora and Nematoda having larger sizes could be trapped within the well-
packed GAC layers during recirculation, promoting their accumulations in the GAC particles;
and (2) Rotifer may prefer to grow at a relatively higher DO level in the intermittent aeration
zone. Nevertheless, the differences in HRTs and internal recirculation ratios caused by different
membrane packing densities did not significantly affect the compositions of both prokaryotic

community and eukaryotic community.

3.1.5. Energy consumption and water production cost estimation

In this study, the low membrane packing density in the GDM reactor benefited to achieve better
membrane performance and improved permeate quality, however it also led to lower water
productivity (i.e., wastewater treatment capacity) compared to the high membrane packing
density scenario under the same reactor footprint (Table 2). To make a fair comparison, the
energy consumption and capital cost of the GDM reactors under different membrane packing

density conditions were evaluated and presented in Table 2.

In the energy consumption category, only pump energy and aeration energy were assessed
using Eqg. (1) and Eq. (2) respectively because the GDM reactors operated without sludge

discharge and chemical cleaning in this study.

_ Pgh Qpump
Epump - TT (1)
Egir = S%air 2
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Where p is the density of wastewater (assuming 1000 kg/m®); g is the gravitational
acceleration (9.81 m/s?); h is the height of water level (0.65 m, i.e., the height between feed
pump inlet and water level); n is the pump efficiency (assuming 0.6); € is the electricity
consumption per unit volume of air (assuming 0.019 kWh/m?® of air) (Maere et al.
2011); Qpumyp is the flow rate of feed pump or recirculation pump (m3/s); Qgir is the average
air flow rate (m®/s); Q, is the stabilized permeate flow rate (md/s).

The capital cost accounted for reactor construction, pumps, blowers, biocarriers and
membranes. The hollow fibre membrane module footprint (1.6-6.2 m? membrane area/ m?
reactor volume) applied in this study were extremely lower than conventional MBRs (<450
m?/m?) (Peinemann and Nunes 2010). Therefore, for better estimation of energy consumption
and capital cost, it was assumed that 30% of the reactor volume was packed with each
membrane module (i.e., 345 m? membrane area/m?® reactor volume in R1-HP and 87 m?/m? in
R2-LP). In addition, the average recirculation ratio (3.5 for R1-HP and 9.2 for R2-LP) was
used in the estimation of recirculation energy and cost

It is important to recall that in this study, energy input (recirculation and aeration) and footprint
(reactor, biocarriers, and other equipment) were identical in both reactors, and the only
difference was membrane packing density. As shown in Table 2, the R1-HP reactor with higher
packing density has higher water productivity and 61% lower energy consumption. But it has
lower permeate flux (~ 30% lower than R2-LP), thus more membrane areas are required, which
results in 44% higher membrane cost. As a result, the total cost (operating cost + capital cost)
of R1-HP was 26% higher than that of R2-LP, therefore the biocarriers facilitated GDM reactor
with lower membrane packing density is preferred for lower cost of wastewater treatment. In

addition, assuming a linear relationship between permeate flux and membrane packing density
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within the range of this study, ~360 m?/m® was predicted as the optimal membrane packing
density with the lowest total cost (Figure S4).

Clearly, the membrane packing density, closely linked to the recirculation ratio, HRT, and
membrane fouling, could impact the water quality, membrane performance, and treatment cost.
To reduce the membrane cost per unit volume of treated water (i.e., accounted for 83-95% of
total cost in this study for a biocarriers facilitated GDM), the low packing density membrane
module was favorable to achieve higher permeate flux. Thus, further research is necessary to
optimize membrane packing density towards reducing the membrane cost and reactor footprint
without significantly compromising the water productivity and treatment performance.

Table 2. The energy consumption and wastewater treatment cost of R1-HP and R2-LP.
R1-HP R2-LP

Permeate water productivity (m°/d) 0.223 0.081
Permeate flux (L/m?/h) 3.1 45
Energy consumption Feed pump 0.003 0.003
(KWh/m®) Recirculation pump 0.010 0.027
Aeration 0.020 0.056
Total 0.034 0.087
Capital cost (Euro/m?®) Membranes? 0.182 0.127
Biocarriers (GAC)® 0.003 0.007
Recirculation pump®¢ 0.0006 0.0016
Others® (feed pump®, blower, and
reactor construction) 0.003 0.008
Total 0.189 0.144
Operating cost (Euro/m®)  Energy® 0.003 0.009
Total cost (Euro/m®) 0.192 0.153
& Membrane cost and lifespan was assumed to be 50 Euro/m? and 10 years, respectively (Judd
bz:)ég)c (;ost and lifespan was estimated as 972 Euro/ton and 5 years, respectively (Nguyen et
al. 2014).

¢ (Verrecht et al. 2010)
4 The capacity of feed pump and recirculation pump was assumed to be the same as 40 L/h for

both reactors.
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¢ Electricity cost was assumed to be 0.1 Euro/kWh.

3.2. Effect of the presence and absence internal recirculation

To confirm the improved performance of GDM reactors with internal recirculation, a
comparison of permeate quality and flux of the GDM reactors in this study (with internal
recirculation) and those of the GDM reactors in our previous study (under the same operation
condition without internal recirculation) (Lee et al. 2019) was performed and shown in Table
3. It is noted that the membrane packing density of the previous GDM reactor was the same as

that of current R2-LP (69 cm? per module; 87 m?/m?3).

Table 3. A comparison of permeate water quality and flux in presence and absence of
internal recirculation in the biocarriers facilitated GDM reactors.

Without internal

) ) With internal recirculation
recirculation

(Lee et al. 2019)? R1-HP R2-LP?
DOC (mg/L) 24.247.5 42.316.8
Feed
TN (mg/L) 36.8+4.0 40.0+4.3
DOC (mg/L) 4.4+0.8 4.740.9 3.640.7
(Removal) (80.6%) (88.5%) (91.4%)
Ammonia (mg/L) 5.3+1.9 1.2+0.5 0.8+0.2
In the reactor (Removal) (84.7%) (96.9%) (97.9%)
TN (mg/L) 25.6+3.1 14.342.4 8.5+0.9
(Removal) (30.3%) (63.8%) (78.6%)
DOC (mg/L) 3.0+1.8 2.3+0.9 3.0+1.4
0 0 0,
Permeate (Removal) (85.0%) (94.5%) (92.8%)
TN (mg/L) 25.142.3 13.842.7 7.9+0.9
(Removal) (31.5%) (65.1%) (79.8%)
Stabilized flux (LMH) ~2.0 ~3.1 ~45
Cake layer resistance (m™) 4.02x10'? 1.72x10 0.94x10%

1n both reactors, the membrane module had the same packing density.

In the presence of internal recirculation, the DOC removal ratios (92.8-94.5%) and TN removal
ratio (65.1-79.8%) were obviously greater than those without internal recirculation (85.0% for

DOC removal and 31.5% for TN removal). The improved removal efficiencies of DOC and
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ammonia in this study were attributed not only by enhanced biodegradation of the GAC
biocarriers in the presence of internal recirculation, but also by additional biodegradation
contribution of the moving biocarriers (Figure S3). In the previous study (Lee et al., 2019)
without additional moving biocarriers and internal recirculation, DO levels in the GDM reactor
were comparable to that in this study (with additional moving biocarriers and internal
recirculation). Therefore, additional moving biocarriers may not contribute greatly to
denitrification (limited by such high DO levels). Indeed, the presence of internal recirculation
allowed the nitrate formed in GAC-free zone (high DO and low DOC) being introduced to the
GAC layer (low DO and high DOC), leading to an enhanced denitrification. As a result, total

nitrogen removal was improved with internal recirculation.

In addition, the presence of internal recirculation in the GDM reactors also benefited to achieve
a higher level of stabilized flux. In particular, the internal recirculation led to a greatly decrease
of biofilm cake layer resistance (0.94x10 m™ with internal recirculation vs. 4.02x102 m*
without internal recirculation). Previous studies have pointed out that the permeability of GDM
systems was closely associated with the organic concentration (Peter-Varbanets et al. 2010,
Tang et al. 2018). In this study, the organic concentrations in the reactors were comparable,
regardless of the presence or absence of internal recirculation (~3.6-4.7 mg DOC/L with
internal recirculation vs. ~4.4 mg DOC/L without internal recirculation) (Table 3). Thus, the
different permeate fluxes in the presence and absence of internal recirculation may not be
associated with DOC levels in the biocarriers facilitated GDM systems. It has been well
documented that biodegradable dissolved organic carbon (BDOC) and assimilable organic
carbon (AOC) played important roles in promoting biofouling although BDOC and AOC
accounted for only ~10-30% and <1% of total DOC, respectively (Escobar and Randall 2001,

Pramanik et al. 2015). Furthermore, Pramanik et al. (2015) pointed out that the biological
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395 activated carbon process could effectively remove both BDOC and AOC due to enhanced
396  biodegradation. Possibly, although the DOC levels were similar for both conditions, the
397  contents of BDOC and AOC in the GDM reactors with internal recirculation could be lessened
398  Dbecause the microorganisms attached on the GAC facilitated biodegradation of BDOC and
399 AOC. Asaresult, an improved permeate flux with limited biofilm fouling resistance could be
400 achieved in the GDM reactors with internal recirculation. Overall, the presence of internal
401  recirculation significantly improved water quality and membrane performances with a

402  negligible increase of the total wastewater treatment cost (~1-3%, Table 2).

403  On the other hand, in this study, similar microbial community structures in the GAC particles
404  and on the membrane surfaces were noticed, which was inconsistent with the previous finding
405 in the GDM reactors without internal recirculation and moving biocarriers (i.e., significant
406  differences of both prokaryotic and eukaryotic communities in the GAC particles and on the
407  membrane surfaces) (Lee et al. 2019). Possibly, the internal recirculation could create less
408  dissimilar conditions (such as dissolved oxygen, organic concentrations) for microbial
409 proliferation inside of the reactor, leading to similar microbial composition. In addition, in the
410  presence of internal recirculation, dissolved oxygen was introduced from the aeration zone into
411  the GAC layer. Accordingly, the obligate or facultative anaerobic bacteria present in the GAC
412  layer were relatively lower compared to those without internal recirculation (e.g., only 1.5-2.5%
413  of Clostridia with recirculation vs. 20.8% of Clostridia, 6.7% of Anaeroplasma, 1.5% of

414  Lactobacillus, 1.2% of Bacterioides without recirculation).

415 4. Conclusions

416 In this study, the effects of internal recirculation and membrane packing density on the reactor

417  performance of the biocarriers facilitated GDM systems were studied. The presence of internal
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recirculation could effectively improve the permeate water quality and membrane performance.
In addition, in the presence of internal recirculation, the low membrane packing density with
the longer HRT and higher recirculation ratio could result in higher nitrogen removal ratios,
enhanced membrane permeability, and reduced wastewater treatment cost. While, the
membrane packing density did not significantly affect DOC removal efficiency and microbial

community compositions.
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Table Click here to access/download;Table;Tables.docx %

1 Table 1. Operating conditions of the biocarriers facilitated GDM reactors.
R1-HP R2-LP
pH 7.3£0.4 7.240.2
DO (mg/L) 3.440.7 3.840.9
Effective total membrane area (cm?) 536 138
Membrane pzack?!ng density 1150 290
(m?/m?)
Averaged HRT? (h) ~59 ~154
Averaged recirculation ratio® ~3.5 ~9.2

@ HRT was determined daily and averaged HRT was calculated by averaging the daily HRT.
b The recirculation ratio was defined as the ratio of recirculation flow rate (0.52 L/h) to the feed
flow rate. Averaged recirculation ratio was calculated by averaging the daily recirculation ratio.

a b~ wdN


https://www.editorialmanager.com/stoten/download.aspx?id=4087589&guid=8f7ecd0f-907e-4b35-aef5-c94dd1cae194&scheme=1
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6

10
11
12
13
14

15

Table 2. The energy consumption and wastewater treatment cost of R1-HP and R2-LP.

R1-HP R2-LP
Permeate water productivity (m°/d) 0.223 0.081
Energy consumption Feed pump 0.003 0.003
(kwh/m?) Recirculation pump 0.010 0.027
Aeration 0.020 0.056
Total 0.034 0.087
Capital cost (Euro/m?®) Membranes? 0.182 0.127
Biocarriers (GAC)® 0.003 0.007
Recirculation pump®d 0.0006 0.0016

Others® (feed pumpY, blower, and
reactor construction) 0.003 0.008
Total 0.189 0.144
Operating cost (Euro/m®)  Energy® 0.003 0.009
Total cost (Euro/m®) 0.192 0.153

& Membrane cost and lifespan was assumed to be 50 Euro/m? and 10 years, respectively (Judd

2010).

b GAC cost and lifespan was estimated as 972 Euro/ton and 5 years, respectively (Nguyen et

al. 2014).
¢ (Verrecht et al. 2010)

4 The capacity of feed pump and recirculation pump was assumed to be the same as 40 L/h for

both reactors.
¢ Electricity cost was assumed to be 0.1 Euro/kWh.



16 Table 3. A comparison of permeate water quality and flux in presence and absence of
17  internal recirculation in the biocarriers facilitated GDM reactors.

Without internal

. ) With internal recirculation
recirculation

(Lee et al. 2019)? R1-HP R2-LP?
DOC (mg/L) 24.2+7.5 42.3+6.8
Feed
TN (mg/L) 36.8+4.0 40.0£4.3
DOC (mg/L) 4.4+0.8 4.740.9 3.640.7
(Removal) (80.6%) (88.5%) (91.4%)
Ammonia (mg/L) 5.3+1.9 1.2+0.5 0.8+0.2
In the reactor (Removal) (84.7%) (96.9%) (97.9%)
TN (mg/L) 25.643.1 14.3+2.4 8.5+0.9
(Removal) (30.3%) (63.8%) (78.6%)
DOC (mg/L) 3.0+1.8 2.340.9 3.0+1.4
0 0 0
Dermeate (Removal) (85.0%) (94.5%) (92.8%)
TN (mg/L) 25.142.3 13.842.7 7.940.9
(Removal) (31.5%) (65.1%) (79.8%)
Stabilized flux (LMH) ~2.0 ~3.1 ~4.5
Cake layer resistance (m™) 4.02x10% 1.72x101 0.94x10

18  ?2In both reactors, the membrane module had the same packing density.
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Figure 1. A schematic diagram of the biocarriers facilitated GDM reactor.
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Figure 3. Soluble organic fractions in the feed, reactor, and permeate of R1-HP and R2-
LP. (a) during initial stage (Day 0-20, n=2), and (b) during stable stage (Day 21-45, n=3).
Columns indicate the concentrations while dots indicate the removal efficiency calculated
based on the data in the feed. R and P represent reactor and permeate, respectively.
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