Roles of polyurethane foam in aer obic moving and fixed bed
bioreactors

Wenshan Guo®, Huu-Hao Ngo®, Fonny Dhar mawan?® and Carolyn Gay
Palmer®
8School of Civil and Environmental Engineering, University of Technology Sydney,
Broadway, NSW 2007, Australia
P nstitute of Water and Environmental Resource Management, University of
Technology Sydney, Broadway, NSW 2007, Australia
* Correspondence author, Tel: +61-2-9514-1693, Fax: + 61-2-9514-2633,

E-mail: h.ngo@uts.edu.au

Abstract

The aim of this study was to investigate the penfmmce of sponge as an active
mobile carrier for attached-growth biomass in thrgpical types of aerobic
bioreactors to treat a high strength synthetic @waater. The results show that sponge
thickness deteriorated the organic and nutrientok@inand 1 cm is the optimum
thickness for fixed bed sponge biofilter (SBF). Tdmonge volume had significant
impact on phosphorus removal rather than organiaitbogen removal, and 20%
volume of sponge could achieve 100% T-P removaiiwi8 hours in a sponge batch
reactor (SBR). When sponge coupled with submergexhimnane bioreactor (SMBR),
the single system show outstanding ammonium (1GQ #ttration flux of 10 and 15
L/m?.h) and phosphorus (>91% at all fluxes range) rexhwith optimum pH range

of 6-7.
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1. Introduction

As eutrophication of aquatic environment cdubg nitrogen and phosphorus
present in discharged effluent has become an udabl@ concern, the development
of cost-effective and efficient biological nutriememoval (BNR) technology for
wastewater treatment is highly promising to satibifiy stringent discharge standard
(Ahmed et al.,, 2007; Li et al., 2003). Among numeEroBNR systems, two
configurations of bioreactors have been drawn a@fi@ttention in terms of achieving
simultaneous nitrogen, phosphorus and carbon remdwe first one is attached
biofilm reactor which involves attach growth on theer and outer surfaces of small
carriers mobilized in suspension either pneumayiaal mechanically (moving bed
biofilm reactor (MBBR), also called suspended @armieactor), or immobilized in
biofilter (fixed-bed biofilm reactor (FBBR)). Thetler one is aerated membrane
bioreactor (MBR) coupled with chemical treatmendgass such as coagulation and
adsorption, or be associated with sequential arexaerobic reactors for

denitrification (Ngo et al., 2008).

Fixed-bed biofilm reactors are one of the egiteely used systems in the removal
of organic pollutants from wastewaters because ddirt simple mechanical
configuration, enduring high organic loading ratew-energy requirements and
operating costs (Borghei et al., 2008; Leitdo andrigues, 1996). On the other hand,
moving-bed biofilm processes have proved to be veligble for nitrogen removal

because of the high volumetric loading rates aeddtv solids build-up in the reactor.



MBBRs simply allow separation of the treated wdtem the biomass-containing
carriers, while excess biomass is sloughed ofbib&lm and leaves the reactor with
the effluent (Gapes and Keller, 2009). Chen et24l08) demonstrated a MBBR with
an anaerobic-aerobic arrangement to treat laddéithate using bio-carriers made of
high density polyethylene. The anaerobic reactayqud the most important role in the
removal of COD (92-95% at organic loading rate @f8415.70 kgCOD/rhd) due to
methanogenesis, and the aerobic MBBR acted as #ie undertaker for the Nj-N
removal (>97% at its HRT more than 1.25 days). Wetngl. (2006) also examined a
combined chemical precipitation and MBBR system faunicipal wastewater
treatment. They reported that about 89.9% of toitabgen (T-N) removal efficiency
could be achieved through simultaneous nitrificatend denitrification (SND) at
dissolved oxygen (DO) concentration around 2 m@h\erall, the main merits of
MBBR systems can be summarized as follows (GapdsKatier, 2009; Lee et al.,
2006):
(i) simplicity, low space requirement and no sludgeasspon requirement for
effective operation (advantages over activatedggyd
(i) low headloss, no filter-bed channeling (i.e. b# bioreactor volume is used)
and no need for periodic backwashing (advantages txed-bed biofilm
reactors/biofilters or trickling filters);
(ii) large surface area for colonization and hgpecific biomass activity results
in high resistance to overloading and toxic compis;in
(iv) protection of slow growing microorganisms from egsive abrasive removal
(advantage over turbulent reactor biofilm systeohsas fluidized beds);
(v) versatility; ability for retrofitting into existig tank volumes and addition to

existing treatment systems to improve overall penénce.



Besides its compactness and complete solideligeparation, MBRs offer many
advantages over the conventional activate sludgeegses. However, although
almost complete nitrification can be achieved iroh&E MBRs, denitrification always
requires the addition of an anaerobic tank priath®aeration tank with conventional
recycle (Gander et al., 2000). Moreover, the conoégimultaneous phosphorus and
nitrogen removal significantly depreciated the mfastorable characteristics of long
sludge retention time (SRT) control in MBR. Therefao solve the problem, various
designs of treatment process associated with ae®BR have been reported.
Ahmed et al. (2007) investigated the effects o&nn&l recycling rate on nutrients
removal in a sequential anoxic/anaerobic membramesdctor (SAM). Above 98%
COD, 68% nitrogen and 55% phosphorus were removeshwthe internal recycling
rate was 2.5 times of influent flow. Yuan et alD@3) developed an innovative anoxic
and anaerobic membrane bioreactor (AAAM) processnizance biological nutrient
removal. The results showed that COD removal efficy was high and stable (>93%)
while nitrogen and phosphorus removal also attaimgh treatment levels (64.7%
and 94.1% respectively). The performance of a serfng batch membrane
bioreactor (SBMBR) for enhancing nitrogen and plhasps removal was reported by
Zhang et al. (2006). Through sequential operatiba #BR in alternating aerobic
and anoxic/anaerobic condition, both of the ammmnnitrogen and total phosphorus

removals of the SBMBR were maintained approxima®&o.

To further solve the poor settling problemMBBR, improve the organic and
nutrient removal and reduce membrane fouling, MBRadnjunction with MBBR has

been studied. Lee at al. (2006) found out that mangscoupled moving bed biofilm



reactor (M-CMBBR) had much lower biofouling rateautha conventional MBR when
using activated carbon coated polyurethane cubast@shed growth media. Yang et
al. (2009) compared the treatment capacity of aingobed membrane bioreactor
(MBMBR) with a conventional MBR. By using nonwoverarriers, the MBMBR
system demonstrated good performance on nitrogeova at different COD/TN
ratios of 8.9-22.1. The specific oxygen uptake @OUR) test showed that the
biofilm had a better microbial activity than aniaated sludge. Leiknes and @degaard
(2007) also indicated when using high-density piblylene material shaped as small
cylinders as biofilm carriers, the MBBR reactor lwia submerged MBR could
achieve high sustainable filtration flux about 5@nt.h at volumetric loading rates of

2-8 kgCOD/m.d and HRTs up to 4 hours.

Among various membrane-coupled MBBRs, bio@actising polyurethane foam
(sponge) for microbial immobilization have calle®ewn attention in order to
simultaneously remove organic and nutrients in gwater. As an ideal attached
growth media, sponge not only can act as a mohbileet for active biomass, but also
can reduce the cake layers formed on the surfacenembrane and retain
microorganisms by incorporating a hybrid growthtegs (both their attached and
suspended growth) (Ngo et al., 2006; Psoch ande@ehnj 2006). Deguchi and
Kashiwaya (1994) have reported that the nitrifmatiand denitrification rate
coefficients of a sponge suspended biological gnowactor were 1.5 and 1.6 times
respectively higher than the coefficients of corniral activated sludge reactor.
However, for better understanding the role of sgoptaying in bioreactors, more

aspects of sponge need to be revealed.



The purpose of this study was to investigae performance of sponge as an
active mobile carrier for attached-growth biomasghree typical types of aerobic
bioreactors to treat a high strength synthetic @vaster. The systems were evaluated
with different sponge configurations in terms ohaltaneously organic, nitrogen and
phosphorus removal: (1) the effect of sponge thesknon sponge biofilter (SBF)
using low-dense sponge (S45R) and high-dense sp(®@@R); (2) the effect of
sponge volume on sponge batch reactor (SBR) usiwvegdense sponge (S45R) and
high-dense sponge (S90R), and (3) the effectsltohtion rate and pH on sponge-

submerged membrane bioreactor (SSMBR) using intdiateedense sponge S60R.

2. Materialsand Methods
2.1. Wastewater and sponge

A synthetic wastewater was used to simulagsh lstrength domestic wastewater
(just after primary treatment process). The symthetistewater contains glucose,
ammonium sulfate, potassium dihydrogen orthophdspaad trace nutrients, which
has dissolved organic carbon (DOC) of 135-160 m@@OpD of 350-400 mg/L, total
nitrogen (T-N) of 17-20 mg/L and total phosphoriisR) of 3.6-4.0 mg/L. NaHC®
or H,SO, were used to adjust pH in SMBR reactor to a conistalue of 7. Different
pore sizes of reticulated polyester urethane spdBg®&R, S60R and S90R) from
Joyce Foam Products, Australia, were used in thiglys Table 1 gives the
characterization of three different sizes of spend&ponge was cut in shape and
acclimatized to wastewater before use.

Table 1
Characterization the different pore sizes of spenge



2.2. Experimental set-up

Soonge biofilter (SBF) A cylindrical column (19 cm height and 3 cm diaergtand

a storage tank were used to treat 2 L wastewat®D(®ading of 0.4 kg/rhd) per
day. Single piece of sponge (non-acclimatized) wats to fit the bottom of the
column and wastewater was pumped upward througlcdhenn and back to the
storage tank (100% recycling). The flow rate wasase€20 mL/min in all the cases.
The system was mainly used to examine the effespohge thickness and no sludge

seeding performed in the SBF.

Soonge batch reactor (SBR) The bioreactor was equipped air diffuser and the a

bubbles helped in supplying oxygen to the microbalss for biological activity as
well as mixing the sponge. 4 L wastewater was égb&ach time with the aeration
rate of 8 L/min and hydraulic retention time (HRdf) 8 hours. The predetermined
volume of acclimatized sponge cubes (10x10x10 merevadded directly into the
reactor during the experiments. The function of slgstem was to test the effect of

sponge volume.

Soonge-submerged membrane bioreactor (SSVIBR) A polyethylene hollow fiber

membrane module was used with the pore size qit.&nd surface area of 0.195 m
(Mitsubishi-Rayon, Japan). The schematic diagramthef SSMBR is shown in
previous research paper (Ngo et al., 2008). Thex¥e volume of the bioreactor was
8 L with a MLSS of 10 g/L. Synthetic wastewater vpasnped into the reactor using
a feeding pump to control the feed rate while tfieient flow rate was controlled by
a suction pump. Level sensor was used to contmlwhstewater volume in the

reactor. A pressure gauge was used to measureatm@tembrane pressure (TMP)



and a soaker hose air diffuser was used to mairdgalmigh air flow rate (3.69
MM’ (membrane ared))). The SSMBR was filled with sludge from a lodsbstewater

Treatment Plant and acclimatized to synthetic weater. Sponge volume fraction of
10% (bioreactor volume) was employed in this stadgording to previous research
work (Ngo et al., 2008). The effects of filtraticete and pH were evaluated using this

system.

2.3. Analysis

DOC of the influent and effluent was measuwisehg the Analytikjena Multi N/C
2000. The analysis of COD and the measuring of dhikguor suspended solids
(MLSS) and biomass (monitored as mixed liquor vi@auspended solids, MLVSS)
were according to Standard Methods (APHA, 1998) m®asuring MLSS and
biomass, three samples were taken each time andaubege values were then
calculated. NEBN, NOs-N, NO,-N, T-N and T-P were measured by photometric

method called SpectroquénEell Test (NOVA 60, Merck).

3. Resultsand Discussion
3.1. Effect of sponge thickness

The previous study by Uemura et al. (2002pregal that the surface of the sponge
biofilm was kept aerobically with high dissolvedygen (DO) level. However, a
distinctive DO gradient occurred along the sponwyeard depth, resulting in
anaerobic conditions at deep inside portions of #pwnge, which allowed
denitrification happening in traditional way. Thdstee different thickness of sponges
(1, 2 and 3 cm respectively) were compared using@p biofilter (SBF) in order to

examine whether the sponge thickness governs ttierpance of sponge. After 14



days of inoculating sponge in the column, the oigaand nutrient removal
efficiencies of different thickness sponges weséell in Table 2. The mechanism of
phosphorus removal in SBF was mainly due to upt@k@hosphate by biomass
growth. To some extend, it also could be removedhay phosphate accumulating
organisms (PAOs) under the aerobic condition of thefilter. During the
experimental period, as the biomass produced cattddh on the void of the sponge
and there was only little excess biomass leaviegpbibfilter, the steady performance
of T-P removal could be achieved in this systermaddition, it was found that both of
organic and nutrient removal decreased with theease of sponge thickness. For
DOC removal, the removal efficiencies of S45R a®@FS dropped 15% with 3 cm
thickness of the sponge, while there were onlyhslighanges in DOC removal
efficiencies of 1 and 2 cm sponges. As thesMOand NQ-N concentrations in the
effluent were less than 0.5 and 0.01 mg/L respelgtivit demonstrated that the
sponge itself has a function of simultaneous me&ifon and denitrification (SND).
This phenomenon was also verified the decreasinggEadient occurring inside of
the sponge cubes. The 1 cm sponge exhibited theTkdsand T-P removal (39.9%
and 61.0 % for S45R and 51.7% and 89.1% for S968hectively) compared to 2
and 3 cm sponges, which indicated there is an aptirthickness for active biomass
working on and inside the sponge. Moreover, it ddag seen visually that a thin layer
of biofilm formed faster on 1 cm sponge than those2 and 3 cm sponges. The
biofilm was kept aerobically which might give 1 csponge better nutrient and
organic removal. As a result, 1 cm sponge was t®Eedo conduct further
investigation. Besides, the higher removal efficiea associated with dense sponge

were due to the dense sponge could response to mmoreorganisms growth (the



total biomass of S45R and S90R were 1.@89m&4sponge aNd 1.37 GomaséOsponge
respectively).

Table 2

Organic and nutrient removal of sponge with différihickness (COD/TN ratio = 20;

COD loading = 0.4 kg/rhd, column cross area = 7 §nDOC = 135-160 mg/L, T-N
=17-20 mg/L and T-P = 3.6-4.0 mg/L)

3.2. Effect of sponge volume
Normally, biomass retaining on sponge in twifecent forms: the one is thick-

and-dense biofilm developed onto the sponge culfacas, and the other is deposited
or entrapped forms in the interior void space ef$ponge cubes (Araki, et al., 1999).
Scanning electron microscope (SEM) photos of spangéace (S90R) were taken
before and after acclimatization. It was clearlystrated that the clean sponge has
lots of clear pores before acclimatization. Howeadter acclimatization, an obvious
deposition of biomass on the sponge surface andeirtie sponge pores indicating

that the sponge acted as an ideal support forimigfiowth.

Acclimatized sponge cubes (10x10x10 mm) weseduas moving bed media in
sponge batch reactor (SBR). Fig.1 presents thgeNIH-P and DOC concentrations
during the batch tests. Since only a negligible amaf biomass detached from
sponge during the experimental time, the T-P ptteserthe wastewater could be
removed by PAOs attached on sponge. The data Hlstrated that the sponge
volume played a significant role in phosphorus reahdor high-dense sponge (S90R)
rather than low-dense sponge (S45R). When the gpeolgme increased from 10%
to 20%, the S90R sponge could enhance T-P remqvab ©9% and 100% within
short retention time (within 6 hours and 3 Hourspestively), while S45R sponge

only could eliminate 68.7% and 69.2% within 8 ho(fable 3). Comparing to

10



phosphorus removal, increase of the sponge voluagklitile influence on organic
and total nitrogen removal. The DOC removals redanere than 92% in all cases.
However, the low nitrogen removal ability was oleer in the batch experiments
(around 10% for S45R sponge and 20-30% for S90IREeShe DO concentration of
7+£0.25 mg/L and COD/TN ratio of 20 were applied te theactor during the
experiments, getting such low T-N removal efficigneas due to the low volume of
sponge used which resulted in less nitrifiers sypplherefore, the best way to
improve the nitrification rate in sponge moving bexhctor is either using high
volume of sponge or coupled with suspended growth.
Fig. 1. Profiles of NN, T-P and DOC concentrations during 8 hour bétsis

Table 3

Organic and nutrient removal efficiencies of spobgéch reactor (COD/TN ratio =

20; DO = %0.25 mg/L, DOC = 135-160 mg/L, T-N =17-20 mg/L ahd = 3.6-4.0
mg/L)

3.3. Effects of filtration rate and pH

To further improve nitrogen removal in spong®ving bed reactor, sponge-
submerged membrane bioreactor (SSMBR) using intiateedense sponge S60R
was evaluated. Three filtration fluxes (10, 15 2®%h) were tested under pH values
of 5, 5.5, 6, 6.5, 7, 7.5 and 8. The MLSS of sudpdngrowth was maintained at 10
g/L and sponge volume of 10% was used. The DOGC;-Nildnd T-P were measured
in terms of variation of filtration rate and pH. &mesults showed that the organic
removals were similar and could keep in excellemaval efficiencies (>96%) when
the filtration flux and pH varied in the range d#-20 L/nf.h and 5-8 respectively.
However, when pH reached to 8, the trace nutrieptsake by biomass could be
affected and the effluent of SSMBR inclined to halightly pink color. Ammonium

removal increased together with increase of pHeuadi filtration rates of 10 L/fh

11



(HRT of 4.1 hours) and 15 L/m (HRT of 2.74 hours), 100% nitrification was
obtained at pH range of 6.0 to 7.5. Neverthelesgsfication did not complete (<99%)
at filtration rate of 20 L/rhh because of short HRT (2.05 hours). Similarlg ThP

removal was also affected by HRT and pH. The resnlticated that longer HRT led
to higher T-P reduction in SSMBR. Moreover, withine pH range of 5.5 to 7, more
than 91% of phosphorus could be removed biologicalbwever, when pH was over
7, the T-P removal declined significantly (<90%hefefore, the optimum pH range

for simultaneously nitrogen and phosphorus remesza 6-7.0.

4. Conclusions

The study evaluated three different spongéesys and the findings exhibited the
perfect thickness of sponge was found to be 1 cmehwtesulted in highest removals
in organic and nutrients. Moreover, the sponge mathad significant influence on
phosphorus removal than organic or nitrogen remavad 10% and 20% of sponge
could achieve 99.4% and 100% T-P removal withinrtshetention during the batch
tests. When sponge combined with SMBR, the singesn showed excellent
ammonium (100% at filtration flux of 10 and 15 L) and phosphorus (>91% at all

fluxes range) removal with optimum pH range of 6-7.
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Table 1
Characterization the different pore sizes of spenge

Sponge Density Tensile Tear resistance Cell count
(kg/m3)  strength (kPa) (N/m) (cells per 25 mm)
Srg-3d45R 28 120 780 45+ 8
Sr8-3d60R 28 135 760 60+ 10
Sr8-3d90R 28 150 650 90+ 10
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Table 2

Organic and nutrient removal of sponge with différihickness (COD/TN ratio = 20;
COD loading = 0.4 kg/rhd, column cross area = 7 §nDOC = 135-160 mg/L, T-N
=17-20 mg/L and T-P = 3.6-4.0 mg/L)

Sponge thickness DOC removal T-'N' removal T-'P' removal
efficiency (%)  efficiency (%)  efficiency (%)
lcm 75.8 39.9 61.0
S45R 2cm 78.9 33.7 57.8
3cm 60.4 16.4 43.4
lcm 76.9 51.7 89.1
S90R 2cm 68.2 29.2 49.1
3cm 50.5 19.7 39.4
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Table 3
Organic and nutrient removal efficiencies of spobgéch reactor (COD/TN ratio =

20; DO = &0.25 mg/L, DOC = 135-160 mg/L, T-N =17-20 mg/L ahdP = 3.6-4.0
mg/L)

Sponge volume DOC removal T-N removal T-P removal
pong efficiency (%)  efficiency (%)  efficiency (%)
10% 92.7 10.9 68.7
S45R
20% 93.3 13.1 69.2
10% 93.5 22.2 99.4
S90R
20% 92.3 32.1 100
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Fig. 1.
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