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Highlights

e UASB configured AnMBRs are viable for municipal wastewater treatment

e At 20°C, membrane permeability of granular and flocculent AnMBR is comparable

e At 10°C, flocculent UASB solids breakthrough increases membrane fouling

e Pseudo dead-end gas sparging achieves energy neutral sewage treatment for both MBR
e Solids management strategy ensures flocculent AnMBR comparable to granular

Abstract

In this study, granular and flocculent sludge are compared as seeding options for both upflow
anaerobic sludge blanket (UASB) reactor and UASB configured anaerobic MBR (AnMBR), to
establish the impact of each biomass on delivering sustained membrane permeability for
settled municipal wastewater treatment. When operated in UASB mode at around 10°C,
similar poor UASB treatment performance were observed for both inoculum sludge types,
which can be overcome by membrane integration with solids-free permeate and consistently
low in COD: (34-39 mg L) and BODs (10-13mg L?), sufficient to conform to discharge
standards. When operated at an average sewage temperature of 22°C, membrane
permeabilities in granular (G-AnMBR) and flocculent (F-AnMBR) systems were comparable.
However, when operated at a low average temperature of 10°C, significant fouling was
observed in F-AnMBR when operated at a flux of 7.5 L m h™X. The permeability decline was
ascribed to a decreased particle settling velocity which induced smaller particles washout into
the downstream membrane tank, and subsequently increased the colloidal concentration due
to the floc particles erosion induced by gas sparging. This was confirmed by halving UASB
upflow velocity in the FF-AnMBR, which reduced pCOD and colloidal load by 31-36% onto the
membrane, permitting comparable permeability to G-AnMBR. The UASB configuration
promoted a low solids loading onto the membrane, which allowed a pseudo dead-end gas

sparging strategy to be used in order to reduce specific energy demand. Analysis of the pseudo
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dead-end filtration cycle demonstrated that the primary resistance (85-88%) was associated
to the development of a more concentrated organic cake. Importantly, this study provides the
first comparison of G-AnMBR and F-AnMBR both in UASB configuration and demonstrates
that sustained low energy membrane operation with 0.122 kWh m3 can be achieved in both
systems provided solids flux onto the membrane is managed through controlling solids
retention in the UASB, and specifying cycle length to avoid the onset of a critical solids
deposition.

Keywords: UASB, MBR, resilience, energy, inocula

1. Introduction

Anaerobic processes are an attractive alternative to aerobic technologies for municipal
wastewater treatment at ambient temperature, as they use less energy, produce less sludge
and can increase the energy recovered from wastewater through biogas production [1]. The
key challenge for anaerobic processes is to prevent biomass washout due to the slow growth
rate of anaerobic bacteria. Such effects are exacerbated in municipal wastewater treatment
as low sewage temperatures and limited substrate availability also constrain growth. Upflow
anaerobic sludge blanket (UASB) reactors are high-rate anaerobic technology widely used for
municipal wastewater treatment, where the upflow velocity (Vyp) introduces a hydraulic
selection pressure that extends the solids retention time (SRT) and increases biomass
concentration [2]. Several authors have investigated integrating UASB reactors into anaerobic
membrane bioreactor (AnMBR) technology, where the membrane guarantees independent
control of SRT from hydraulic retention time (HRT) thereby avoiding washout [3] and produces
solids-free permeate with low chemical oxygen demand (COD) [1]. The few studies that
compared AnMBR configurations, have shown that UASB configured AnMBR achieved higher
permeabilities due to the lower solids concentration in the membrane tank which seemingly
limits cake layer formation [4—6]. Martin-Garcia et al. [1] illustrated that a significant reduction
in gas sparging frequency was achievable because of the low solids concentration in a granular
UASB configured AnMBR, and adopted a pseudo dead-end strategy comprising gas-sparging

1min every 10min during a period of relaxation. This provided considerable reduction in
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membrane energy demand and has since been demonstrated as sufficient to enable energy
neutral sewage treatment, which remains a core objective of this technology [7]. However, to
sustain membrane permeability in UASB configured AnMBR in the long-term, sludge blanket
stability in the UASB needs to be maintained as breakthrough of the particulate organic
fraction will inevitably increase fouling.

Starting up AnMBR without previously inoculating the reactor, introduces a significant
lag time before steady-state is reached (up to 6 months) and is not feasible for industrial scale
applications [2]. Therefore inoculation is undertaken using either granular or flocculent
biomass [2,8]. Granular biomass has been shown to possess superior settling characteristics
[9,10] and higher specific methanogenic activity [11], subsequently providing improved
treatment performance versus flocculent UASB reactors. However, much of this knowledge is
based on treatment of soluble industrial wastewater [12] rather than municipal wastewater
[13], the latter being inherently more complex due to the broad particle size distribution of
the influent organic fraction [4]. Integration of membrane technology partially offsets the
perceived limitation of flocculent sludge through providing definitive solids separation, but
poor sludge retention in the UASB could then influence membrane permeability through
increasing solids loading onto the membrane. Whilst granular sludge appears favourable,
anaerobic granules do not evidently grow in sewage, and as sources are presently limited,
costs of 500 to 1000 USD per ton wet weight have been reported [8,9,11]. During operation,
granule disintegration has also been noted which could influence membrane permeability and
therefore presents a risk to overall process resilience [14].

To date, very few studies have investigated granular inoculum in AnMBR [1,4,15]. Martin
et al. [1,4] compared a granular UASB (G-UASB) configured AnMBR to a flocculent CSTR
configured AnMBR and identified the G-UASB configured AnMBR to have lower fouling
propensity. However, due to different reactor configurations applied, the direct impact of
granular and flocculent inoculum biomass on membrane fouling both in UASB configured
AnMBR is still not fully understood. It is crucial to determine the impact and value that each
biomass may offer in delivering sustained membrane permeability and ultimately promotes a

significant advancement toward low membrane fouling and energy neutral sewage treatment



with AnMBR. The aim of this study is therefore to establish the impact of inoculum selection
on membrane permeability in UASB configured AnMBRs by comparing granular and flocculent
UASB reactors performance and UASB configured AnMBR membrane operation. Specific
objectives are to: (i) evaluate the transition from UASB to UASB configured AnMBR to
determine the impact of membrane integration on separation and bulk sludge characteristics
and permeate quality; (ii) to investigate how inoculum selection influences the bulk sludge
matrix and membrane fouling propensity in order to ascertain whether the cheaper and easily
attainable flocculent biomass can be utilised as an alternative option for potentially costly
granular biomass with limited supply in AnMBR; and (iii) to ascertain whether either sludge
can sustain membrane permeability using a pseudo dead-end gas sparging strategy to
promote low energy membrane operation and therefore approaching to energy neutral

sewage treatment.

2. Method and materials
2.1 UASB and UASB configured AnMBR pilot plants

Two cylindrical UASB reactors (0.2m diameter x 1.8m height) were operated in parallel (Model
products, Wootton, UK) with a solid/liquid/gas separator located at the top of the column to
form a total reactor height of 2.0m and total volume of 70L (Figure 1). The G-UASB was initially
inoculated with 15L granular sludge (40g VS L) from a mesophilic UASB used for pulp and
paper industry. The flocculent UASB (F-UASB) was inoculated with 15L of digested sludge
(30gVSs L1) from a municipal anaerobic digester treating primary and secondary sewage sludge.
The sewage sludge comprised 3.6% total solids (78% volatile solids). Settled wastewater from
Cranfield University’s sewage treatment works was fed into the bottom of the two UASB
reactors with peristaltic pumps (520U, Watson Marlow, Falmouth, UK). Both the G-UASB and
F-UASB were acclimatised at a hydraulic retention time (HRT) of 8h for 360 days prior to
starting experimentation. Internal recirculation was conducted with peristaltic pumps (620S,
Watson Marlow, Falmouth, UK) to maintain the Vy, at 0.8-0.9m hl, which expanded the
granular sludge bed height by 30% of the total column height and permitted stratification of
the light sludge fraction (comprising dispersed growth flocs from the influent) above the

granular sludge bed [2,11]. No stratification was perceived to have occurred in the F-UASB.
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Following conversion of the UASB reactor to an AnMBR, effluent from G-UASB and F-
UASB overflowed into a 30L cylindrical membrane tank (Figure 1). Retentate from the
membrane tank was recycled back to the UASB reactor (620S, Watson Marlow, Falmouth, UK).
The membrane module (ZW-10) (GE Water & Process Technologies, Oakville, Canada)
comprised four elements each of which consisted of 76 polyvinylidene fluoride (PVDF) hollow
fibres (0.52m in length and 1.9mm outer diameter) with a nominal pore size of 0.04um,
providing total surface area of 0.93m?. Permeate was withdrawn by a peristaltic pump (520U,
Watson Marlow, Falmouth, UK). Transmembrane pressure (TMP) was monitored by a pressure
transducer (-1-1bar, Gems sensor, Basingstoke, UK) in the permeate line. Nitrogen-enriched
air was produced for gas sparging by a nitrogen generator (NG6, Noblegen gas generator,
Dunston, UK). In the standard gas sparging condition, intermittent filtration (10min on/1min
off) with cyclic gas sparging (10s on/10s off) was deployed [1]. During the pseudo dead-end
(DE) gas sparging strategy, filtration was conducted without gas sparging followed by
membrane relaxation coupled with gas sparging (Intermittent filtration, 10min on/1min off;
intermittent gas sparging, 1min on/10min off). The introduction of gas sparging between
filtration cycles was controlled using a solenoid valve (Type 6014, Burkert, Ingelfingen,
Germany) connected to a time relay (PL2R1, Crouzet, Valence, France). Specific gas demand
per unit membrane area (SGDm) was set at 1.1m3>m= h? and controlled by a needle valve (0-
30L min, Key Instruments, Langhorne, US). In order to directly compare the transition from
UASB to UASB configured AnMBR, tests were conducted in the same season with a
temperature of 10-13°C. The HRT was fixed to 8h in the UASB which resulted in an initial

permeate flux of 12L m? h'! (normalised to 20°C) [16]:
J = Jao - 1.025(T=20) (1)

Subsequent evaluation was undertaken in the summer period, where sewage temperature
ranged 21-23°C.
Cake fractionation was evaluated through resistance in series determination in which the

intrinsic resistance of the membrane (Rm) was first determined by clean water permeability

test [17]:
i .
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Following 200h of operation (equivalent to a total filtered volume of 1500L), total resistance
was determined (Riwtal) and the following protocol used for cleaning: (1) rinse with 45L clean
water; (2) backwash with 45L clean water at 22.5L m? h! (300% of permeate); and (3)
chemical desorption with sodium hydroxide (pH=11-12) for 24h. After each stage, clean water
permeability tests were conducted to obtain hydraulic resistance after rinsing (Rrinsed) and
backwash (Rpw). The hydraulic resistances of the cake were then classified as: total fouling
layer resistance (Rte), and the hydraulic resistance of the upper, intermediate and lower

fraction (RUF, Rig, RLF):

Rtk = Reotal = Rm (3)
Ryr = Reotal — Rrinsed (4)
RirF = Rrinsed — Rbw (5)
Rir = Rpw = Rp (6)

where J is the permeate flux (L m? ht) and p is the permeate viscosity (Pa s*). Filtration cycle
analysis was completed following pseudo dead-end filtration, with three characteristics
determined [17]. Transmembrane pressure (TMP;) at the commencement of each filtration
cycle is related to hydraulic resistance by Rm and the internal residual fouling resistance (Ri):

TMP; =] - i+ (Rm + Rif) (7)
Within the filtration cycle, fouling through cake formation is generally characterised by a linear
increase in TMP. The slope of the straight line can be defined as cake fouling rate (rs):

TMP = TMP; + 17 - t (8)
The reduction in TMP following cake layer formation (ATMP.) can be considered a surrogate

of the suspension characteristics [18]:
ATMP. = TMP — TMP; = pawj?t (9)

where a is specific cake resistance (m kg'), wis the solids concentration in the cake per unit

filtrate volume (assuming similar to MLSS concentration in the bulk sludge, kg m3).

2.2 Analytical methods

Biological oxygen demand (BODs) and mixed liquor suspended solids (MLSS) were measured
according to Standard Methods [19]. Total and soluble COD (GF/C grade filter, Whatman, GE

Healthcare Life Sciences, Little Chalfont, UK) was analysed with Merck test kit (Merck KGaA,



Darmstadt, Germany). Particle size and zeta potential were measured with Mastersizer 3000
and Zetasizer Nano ZS respectively (Malvern Instruments Ltd, Malvern, UK). Protein
concentration was measured using the modified Lowry method (UV7s0nm), while carbohydrate
concentration was measured using the Dubios phenol sulphuric acid method (UVas0nm) (Acros
Organics, UK).

Molecular weight fractionation was conducted at room temperature (20°C) to determine
the colloidal distribution (Amicon 8400 series stirred cell, Millipore HQ, Billerica, USA).
Samples were subject to 2bar pressure introduced through nitrogen-enriched air (BOC Ltd,
Guildford, UK) and a filtrate/retentate ratio of 0.4 used to avoid concentration polarisation. A
bench scale cross-flow membrane cell (CF-042, Sterlitech Corporation, Kent, USA) with flat
sheet membrane (pore size=0.08 um) was used as a diagnostic tool to determine the critical
flux (Jc) of the suspension before and after membrane integration; all experiments were
conducted under standard conditions (20°C). Critical flux tests were determined with the flux
step method [20] in which successive filtration with flux steps of 2L m*2 h! were maintained
for 15 mins and average TMP was monitored. All analyses were conducted in triplicate.
Statistical analysis was completed to first evaluate normality through Shapiro-Wilk tests.
Where normal distributions were observed, ANOVA tests were applied otherwise non-
parametric Mann-Whitney U tests for independent data were used. Analysis was based on 95 %

confidence limit (p<0.05).

3. Results

3.1 Transition in bulk sludge characteristics following introduction of the membrane

When operated in UASB mode at around 10°C (Figure 1a), similar low TSS, COD: and BODs
removal were observed for both inoculum sludge types, recording 39-42, 36-41 and 19-26%
respectively (Table 1). Following conversion of the UASB to AnMBR through introduction of
downstream ultrafiltration (Figure 1b), permeate produced from both AnMBR was solids free
and consistently low in CODt (34-39 mg L?) and BODs (10-13mg L!) respectively, sufficient to
conform to discharge standards (Table 1) [1]. After the membrane addition, an increase in bulk
sludge SMP concentration by about 2-4 times and particulate COD fraction by 6-9 times were

observed for both sludge types and was coincident with a reduction in median particle size
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(dso); the SMP and pCOD concentrations were significantly higher in the F-AnMBR (p<0.05)
(Table 2). Fractionation of the SMP evidenced a relative increase in the higher molecular
weight fraction especially for molecular weight (MW) between 500 kDa and 1.2 um, whereas
the actual SMP concentration in the 10kDa fraction remained the same, and was similar for
both AnMBRs (Table 3).

External membrane cell was used as a diagnostic tool to characterise the critical flux of
the suspensions before and after membrane integration. Critical flux (Jc) of the suspensions of
G-UASB and F-UASB effluent was similar at 10-12 L m? h. After membrane integration, the
critical flux of both suspensions taken from G-AnMBR and F-AnMBR membrane tank reduced
to 6-8 L m?2 h'l. Whilst similar J. were identified, permeability for the F-FANMBR suspension
was considerably below G-AnMBR. To illustrate, at a flux step of 10 L m™? h'!, permeabilities
were 67 and 177 L m2 h'! bar? for the F-AnMBR and G-AnMBR membrane tank suspensions

respectively (Figure 2).

3.2 Membrane operation comparison between G-AnMBR and F-AnMBR

Membrane permeability was evaluated at a sewage temperature of 9.6-12.6°C for fluxes of
7.5,12.0and 16.5 L m2 h'* when using a 10s on/10s off gas sparging regime for fouling control
(Figure 3). A steady-state filtration period was only evident at 7.5 L m? h! for the G-AnMBR,
whereas at an equivalent flux for the F-AnMBR, a two-stage fouling curve seemingly
developed in which a slow rise in TMP was followed by a faster rise in TMP initiating at around

140h (Figure 3).

3.3 Impact of temperature on membrane permeability

The impact of temperature on membrane permeability in G-AnMBR and F-AnMBR was
evaluated through long term operation in two seasonal periods (Winter and Summer) (Figure
4) characterised by temperature ranges of 10-13°C and 21-23°C respectively (Table 4). Whilst
absolute pressure was slightly higher in the G-AnMBR at 12.6+1.6°C, similar fouling rates
(dP/dt) of 0.286 and 0.276 mbar h* were recorded at 12.6+1.6°C and 22.4+1.8°C respectively
(Figure 4). When F-AnMBR was operated at 21.3+1.7°C, analogous permeability behaviour to

G-AnMBR was observed whereas at the lower temperature range, a significant increase in
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TMP was observed. A significant increase in MLSS and particulate COD was identified when F-
AnMBR was operated at the lower temperature range (Table 4). Critical flux (Jc) analysis of the
F-AnMBR matrix from each operating period was determined using bench scale filtration
equipment under standard conditions, and identified that whilst J: was similar, fouling rate
was considerably higher for the F-AnMBR matrix at 10.7+2.7°C (Figure 4, inset). Interestingly,
when upflow velocity in the F-UASB was reduced from 0.8 to 0.35 m h'! at similar temperature
(10.7-12.7°C), statistically significant reduction in MLSS, particulate COD and SMP (p<0.05,
Table 4) was observed by 31-36%. The resultant permeability trend was ostensibly similar to

the G-AnMBR at equivalent temperature (Figure 5).

3.4 Alternative pseudo dead-end gas sparging strategy
The application of pseudo dead-end gas sparging to both G-AnMBR and F-AnMBR was

evaluated since this has recently been identified as a method to minimise specific gas demand
in UASB configured AnMBR [1,7,21]. A 1 minute gas sparge was employed simultaneously
within a period of relaxation, following a 10 minute pseudo dead-end filtration cycle (Figure
6). For both AnMBR, lower permeabilities were achieved using pseudo dead-end gas sparging
than conventional gas sparging conditions (10s/10s off; continuous filtration), whilst the
overall fouling rates (based on 200h data) were similar for FF-AnMBR whether operated using
standard or pseudo dead-end filtration conditions.

The impact of temperature on using pseudo dead-end gas sparging was subsequently
investigated. During the low temperature period, fouling rates of 0.13 and 0.30 mbar h"* were
recorded for the G-AnMBR and F-AnMBR respectively using pseudo dead-end gas sparging
regime (Figure 7a). However, when pseudo dead-end filtration conditions were applied during
the higher temperature period, similar fouling rates were achieved with both AnMBRs (Figure
7a), and their permeabilities were comparable to those achieved for G-AnMBR using
conventional gas sparging in both seasonal periods (Figure 7a, inset). Characterisation of the
pseudo dead-end filtration cycles showed the cake fouling rate recorded for F-AnMBR during
the low temperature period (rs, dP/dt 1.7mbar min™) to be two times higher than when F-
AnMBR was operated at 22.8+3.1°C, or for G-AnMBR operated at a comparable temperature

(Figure 7b). Characterisation of the foulant layer that developed during dead-end filtration
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evidenced that whilst SMP deposition was predominantly in the lower layer, resistance was
primarily associated with the upper layer which comprised the richest organic fraction and

was displaced through physically rinsing the membrane (Figure 8).

4. Discussion

This study has demonstrated that sustained membrane permeability can be achieved for both
granular and flocculent inoculum in UASB configured AnMBR using pseudo dead-end gas
sparging to minimise energy demand and approaching to energy neutral sewage treatment,
provided solids flux onto the membrane can be controlled. The transition from UASB to
AnMBR overcame the poor UASB treatment at low temperatures for both granular and
flocculent systems, providing similar suspended-solids free permeate with consistently low
COD: and BODs (Table 1). The membrane addition also increased the 500kDa to 1.2um
colloidal SMP fraction by an order of magnitude (Table 3). This size fraction has previously
been linked to the higher fouling propensity in flocculated CSTR configured AnMBR [5] and
was coincident with a reduction in critical flux in this study for both AnMBR (Figure 2). At a
wastewater temperature of 21-22°C, membrane permeability in the flocculent AnMBR was
also comparable to that of the granular AnMBR, in which a slow rise in TMP was observed,
analogous to that of ‘stage one’ fouling [22] (Figure 4). However, following a reduction in
operating temperature to 10.7°C, the onset of ‘stage-two’ fouling was observed in the F-
AnMBR [21] in which a rapid increase in fouling proceeded at around 50h operation (Figure 3,
Figure 4). At this temperature, particulate COD and colloidal SMPcop fractions (MW between
10-100 kDa) were significantly higher in the FF-AnMBR membrane tank compared with that in
G-AnMBR (Table 2, Table 3). We propose that the increase in particulate COD is due to the
reduction in viscosity (1.30 to 0.98 mPa s at 10°C), which decreased particle settling velocity
(vs) by around 25% in the UASB thereby increasing the probability for smaller particles to

breakthrough into the membrane tank [23]:

_ 99%(ps=py)

v
S 18u

(10)

where d is diameter, psis the density of the solid, pr density of the fluid, W is viscosity and g is

the gravitational constant. The increase in colloidal SMPcop can be attributed to the breakage
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of this more concentrated particle fraction [21], which was corroborated by a reduction in the
median particle size (Table 2), and is similar to observations of Martin et al. [1,4] in which an
increase in 10-100 kDa SMPcop was associated to floc erosion arising from gas sparging.
Confirmation was provided through reducing upflow velocity equivalent to the critical value
identified by Lew et al. [24] to limit solids breakthrough (Vup 0.35 m h!). This reduced
particulate COD and SMPcop in F-AnMBR similar to concentrations present in the G-AnMBR
(at an equivalent temperature) (Table 4), which subsequently permitted comparable
permeability to G-AnMBR to be achieved (Figure 5). For granular AnMBR, comparable fouling
transients were observed at 12.6 and 22.4°C, despite maintaining an upflow velocity of 0.8 m
hl. We suggest the higher density and particle size (0.5-3mm) of the granular biomass
introduces substantive inertia, which improves energy dissipation and reduced mixing,
thereby limiting solids breakthrough [25]. As granule disintegration may occur during long
term operation, which may offset the advantage of granules [14], further long-term
comparison between granular and flocculent inoculum biomass on membrane permeability
would be beneficial.

Comparable permeabilities and fouling rates to G-AnMBR operated in a standard
10s/10s gas sparging mode, were determined for both F-AnMBR and G-AnMBR when
operated in pseudo dead-end mode at 22°C (Figure 7a). With this method of gas sparging,
energy demand reduced by more than 80% to 0.122kWh m3, which is sufficient to deliver
energy neutral wastewater treatment compared with the average energy production of 0.34
kWh m=3 for AnMBR treating settled municipal wastewater [7,26]. The lower layer of the cake
formed during pseudo dead-end gas sparging was predominantly SMP which is consistent
with observations of Metzger et al. [27] in an aerobic MBR treating synthetic wastewater.
However, it was the upper layer that was primarily responsible for hydraulic resistance, and
was shown to be physically reversible (Figure 8). McAdam et al. [21] identified the cake layer
formed under dead-end conditions to be more reversible than when using continuous gas
sparging, which was attributed to the increased heterogeneity of the cake. The authors used
the critical mass concept proposed by Harmant and Aimar [28] in determining a critical solids

flux after which compaction occurred, initiating irreversible fouling. At low temperature, lower
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permeability and a higher fouling rate was identified for F-AnMBR (Figure 7a), which is
credited to the higher cake fouling rate (rf) determined during pseudo dead-end cycles (Figure
7b). Vera et al. [18] described cake reversibility to also be dependent upon its compressibility,
which is determined by the composition of the matrix [7]. Specific cake resistances were
similar (a, 10%3-10*m kg; Equation 9) for the G-AnMBR and F-AnMBR at high and low average
temperatures. We therefore suggest it is the net solids flux onto the membrane rather than
the character of the cake which increased ryin F-AnMBR at low temperatures. Consequently,
through adaptation of shorter filtration cycles, comparable permeabilities to those attained
with G-AnMBR should be achievable. This is supported by previous research on the adaptation
of dead-end gas sparging into MBR in which sustainable fluxes can be achieved at fluxes above
the critical flux, through optimisation of the filtration cycle [7,21]. Importantly, pseudo dead-
end filtration conditions can provide low energy sustained membrane operation in both F-
AnMBR and G-AnMBR provided solids flux onto the membrane is managed through
controlling solids retention in the UASB, and specifying cycle length to avoid the onset of

critical mass deposition.

5. Conclusions

This study demonstrated that whilst granular inoculum promotes greater stability in AnMBR,
analogous membrane performance can be ascertained with flocculent through adoption of
solids management strategies. This is of significance since the present sources of granular
sludge are limited and potentially costly, which presents a risk to process resilience and its
ultimate sustainability, whereas flocculent can be readily accessed from available anaerobic
digestion facilities. Consequently, sustainable membrane operation can be achieved for both
granular and flocculent UASB configured AnMBR, promoting to achieve energy neutral sewage
treatment. The following conclusions can be drawn:

e  Poor UASB performance was observed for both inoculum biomass at around 10°C, which
can be overcome by membrane integration, providing solids-free permeate with
consistently low COD: and BODs of 34-39 mg L™ and 10-13 mg L respectively for both G-
AnMBR and F-AnMBR.

e  Membrane inclusion concentrated pCOD by 6-9 times and whilst an increase in colloidal
12



SMP by about 2-4 times was also observed, which was associated to particle breakage
through gas sparging.

Whilst more consistent membrane permeability was ascertained for the granular
inoculum, comparable permeability was achieved with flocculent biomass when
operated at high temperatures (22°C).

The permeability reduction observed with F-AnMBR at a low temperature of 10°C was
due to the reduction in particle settling velocity in the UASB which increased the particle
load onto the membrane. Introducing solids management strategies such as optimising
upflow velocity, and controlling sludge blanket height can resolve washout sufficient to
similar membrane permeability to G-AnMBR, as evidenced in this study through a
reduction in upflow velocity.

Pseudo dead-end gas sparging was achievable in both granular and flocculent AnMBRs,
providing equivalent permeability and fouling rates to conventional 10s/10s gas cycling,
but using only one-fifth of the energy demand (0.122 kWh m3); such a significant
reduction in energy is necessary to achieve energy neutrality which remains a core
ambition of the technology.

An increased solids flux onto the membrane, increased cake fouling rate during the
pseudo dead-end filtration cycle. To sustain permeability in response to an elevated
solids concentration, filtration cycle length can be specified to constrain solids deposition
below a critical value. Further research in applying feedback control based on
permeability and TMP set-point for pseudo dead-end gas sparging and optimising the
pseudo dead-end cycle length is warranted to evaluate the capacity for further

improvement in flux and net energy demand.
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Figure 5. Impact of upflow velocity on membrane fouling. Filtration/relaxation, 10 min on/1 min off;
cyclic gas sparging, 10 s on/10 s off; J20 net, 12 Lm2 h2,
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Figure 6. Comparison of pseudo dead-end gas sparging to standard gas sparging in G-AnMBR
and F-AnMBR during the winter season. Jyo net, 7.5 L m2 h't; UASB upflow velocity, 0.8-0.9 m h-
1, Standard: filtration/relaxation, 10 min on/1min off; gas sparging, 10 s on/10 s off, SGDy=1.12
m3m2h?! (SGDmnet=0.56 m® m2 ht). Dead-end (DE), filtration/relaxation, 10 min on/1 min off,
gas sparging, 1 min on/10 min off; SGDm=1.12 M3 M2 h? (SGDmnet=0.102 m3 m2 hl). Flux
normalised to 20 °C.
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Figure 7. Impact of temperature on fouling in G-AnMBR and F-AnMBR at different

temperatures when using pseudo dead-end gas sparging: (a) filtration/relaxation, 10 min on/1
min off, gas sparging, 1 min on/10 min off; SGD»=1.12 M3 m2 h! (SGDmnet=0.102 m®* m2 hl).
Flux normalised to 20 °C. (b) Cake fouling rate (r;, dP/dt) determined for each filtration cycle.
Inset: TMP after 100 h. Flux normalised to 20 °C; UASB upflow velocity, 0.8-0.9 m h™%.
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Table 1. Impact of membrane addition on the treatment performance (10-13 °C).

G-UASB F-UASB G-AnMBR F-AnMBR
Temperature °C 10.2+1.5 10.2+1.5 12.5+1.8 13.1+1.8
TSS Influent mg L? 113123 11323 10519 127+29*
UASB effluent mg L? 69111 75+9* 16849 325+72%*
Permeate mg L? - - <DL <DL
Removal % 42+13 39+14* >99 >99
COD: Influent mg L? 213162 213462 168+28 208+83
UASB effluent mg L? 129419 140+25* 304+84 560+153*
Permeate mg L? - 39+2 3443
Removal % 41+14 36+16* 7614 8914 *
SCOD Influent mg L? 72+16 72+16 75+12 88+24
UASB effluent mglL? 64+13 60+13 97+16 166+52*
Permeate mg L? - 39+2 3443
Removal % 18+12 24+14 48+7 5515
BODs Influent mg L? 107122 107+22 8819 138+4*
UASB effluent mg L? 8418 88+10 142169 249161
Permeate mg L? - - 1045 1343
Removal % 26+17 19+11 8915 91+2

DL-detection limit; STP-standard temperature and pressure
* Statistical difference (p<0.05) between G-UASB and F-UASB, G-AnMBR and F-AnMBR

Table 2. Impact of membrane addition on bulk sludge characteristics.

UASB effluent Membrane tank
G-UASB F-UASB G-AnMBR F-AnMBR
MLSS mg L? 69111 7519* 273+33% 464+65*#
PSD um
dio 1.610.1 3.410.4 0.9+0.1% 1.5+0.6"
dso 8517 119+21* 18+7# 68+6*#
dso 5641201 9274295 81+5* 345+65*#
Zeta potential mV -13.311.4 -15.3+3.0 -12.4#1.5 -16.2+1.3%*
pH 7.810.1 7.5+0.1% 8.110.1 7.7+0.1%*
CODt 129+19 140+25* 533+13%  971+216*#
PCOD 66120 80+17* 393+11%  750+228*#
SMP COD mg L 64113 60113 140+22* 222+12%#
SMP proteins mg L? 1341 1443 5448 88+22*#
SMP carbohydrates  mgL? 5+2 610 15+2% 22+5%#
SMP P/C 2.8+0.7 2.5+0.3 3.7+0.5 3.7+0.9

* Statistical difference (p<0.05) between G-UASB and F-UASB, G-AnMBR and F-AnMBR
# Statistical difference (p<0.05) between G-UASB and G-AnMBR, F-UASB and F-AnMBR




Table 3. Colloidal SMP fractionation in UASB effluent and membrane tank bulk sludge (n=3).

UASB effluent Membrane tank bulk
'(j(r;;t)'onat'on X G-UASB F-UASB G-AnMBR F-AnMBR
Total 45345 56.343.8 135.747.17 174,32 5%#
X>500 8.3+5.5(18.4%)  10.0+5.2 (17.8%) 112.7+47.8 (83.1%)"  121.3+10.2 (62.0%)"
100<X<500 0.343.1 (0.7%) 2.0+4.0 (3.6%) 0.3+5.5 (0.3%) 0.0+2.0 (0.0%)
10<X<100 4.745.5(10.3%)  16.7+1.5 (29.6%)* 4.742.1 (3.4%) 23.0+9.5 (13.2%)*
X<10 32.0+5.6 (70.6%)  27.7+1.5 (49.1%) 30.0+1.0 (22.1%) 30.0+1.0 (17.2%)

All units are in mg COD Lt
* Statistical difference (p<0.05) between G-UASB and F-UASB, G-AnMBR and F-AnMBR
# Statistical difference (p<0.05) between G-UASB and G-AnMBR, F-UASB and F-AnMBR

Table 4. Impact of temperature and upflow velocity on G-AnMBR and F-AnMBR bulk sludge characteristics.

Vup Temp MLSS COD: PCOD SMPcop? SMPp SMPc SMP P/C
m h? °C mg L mg L mg L? mg L mg L? mg L?
0.8-0.9 12.6+1.6 273133 533+13 398+11% 14022 5419 15+2 3.7+0.5%
G-AnMBR 0.8-0.9 22.41£1.8 207£35 47572 286147 180+26 63112 12+2 2.610.3
T 0809 107427  46565%* 971:216%* 7504228"* 222412 8822  232%  3.740.9%
F-AnMBR 0.8-0.9 21.3+¥1.7 253+48 589+85 368+86 221+21 83119 28+4* 3.0:0.4
0.35 12.7+1.2 306+35* 629+63* 476+54* 152+9* 7018 15+3* 4.620.6

a. SCOD is equivalent to SMPcop, samples were filtered through 1.2 um filter paper

* Statistical difference (p<0.05) between G-AnMBR and F-AnMBR at average temperature of 10.7-12.6 °C, G-AnMBR and F-AnMBR at average
temperature of 21.3-22.4 °C.

# Statistical difference (p<0.05) between G-AnMBR at 12.61+1.6 °C and G-AnMBR at 22.4+1.8°C, F-FAnMBR at 10.7+2.7 °C and F-AnMBR at
21.3+1.7 °C.

+ Statistical difference (p<0.05) between F-AnMBR at V., of 0.8-0.9 m h'* and 0.35 m h! under similar average temperature of 10.7-12.7°C.




