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Abstract

In this study, laboratory-scale anaerobic fluidizeetl bioreactors (AFBBRS) using
granular activated carbon as bedding material wenployed for treating a primary
treated sewage effluent (PTSE) with or withoutaeffiory organic pollutants (ROPS).
A new starch based flocculant (NSBF) combining &urea starch based cationic
flocculants and trace nutrients was prepared ampliespin AFBBR. The impact of
NSBF on the performance of AFBBR was mainly evadah terms of organic and
nutrient removal and microbial activity. Membrameiling based on critical flux was

assessed when the bioreactor used as pretreatoremidrofiltration. The results



indicated that the addition of NSBF in AFBBR (NSBIF-BR) not only attained
improved organic (9-10%) and nutrient removal (D94}, higher biomass growth
(3.0 @iomastLcac) and net bed expansion (18 cm), but also douliledctitical flux
(from 15 to 30 L/mih) in the microfiltration system. In addition, NEB\FBBR
could retain 10% better DOC removal efficiency dtedent recirculation rates for
treating PTSE with ROPs. When increasing orgaradilog rate from 21.6 to 43.2 kg
COD/nt-day, NSBF-AFBBR achieved comparatively constamjanic removal of
55% whereas the efficiency in AFBBR alone decreaiadatically from 47 to 34%.

Thus, NSBF could act as a performance enhanc&HBBR.

Keywords. Anaerobic fluidized bed bioreactor; BioflocculatjoRefractory organic
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1. Introduction

Continued population growth, contaminatiorsofface water and groundwater
and frequent droughts have contributed to inadequedter supplies and water
qualities deterioration. Public concerns over leahd the environment have led to a
need to treat effluents to a higher level. As ohgéhe most hazardous pollutants,
refractory organic pollutants (ROPs) such as husibstances in wastewatare
generally hard-to-decomposed by microorganismseoondary treatment process
Even though they usually present a very low comegiohs in the wastewater

compared to other pollutants, they are very harméulthe human health and



environment due to their persistence against cladfhiological degradation [1].
They can reaatith disinfectants such as chlorine and form tiaéthanes (THMS)
and other halogenated by-products as well as arghaiides. Many of these
halogenated organic compounds are carcinogens tagens and are toxic at high
concentrations. Thus, the hazardous pollutantsiding ROPs need to be removed to

permissible limits for the safe disposal of wast®wna

Biological wastewater treatment is one of thest cost-effective ways to
remove the organic and nutrient contents from weeiers. In anaerobic treatment
processes, anaerobic fluidized bed bioreactor (ARBat utilizes small fluidized
media particles to induce extensive cell immobilaa has emerged as a good
alternative for wastewater treatment with the nseoithigh surface area available for
biomass and substrate, high organic loading ratestwort hydraulic retention time
over other kinds of anaerobic processes [2, 3].0Ney et al. [4] have reported that
treatment of propellant wastewater by AFBBR wagdife in laboratory and field
feasibility studies. The AFBBR was able to redudee tconcentration of
diaminotoluene (DNT) by more than 90% at the higlergyth source and could meet
discharge permit limitations. Atikovic et al. [5]lsa investigated the biological
degradation of AFBBR which has been shown to beffattive method for removing
perchlorate and royal demolition explosive (RDX)ammy ammunition production

wastewater.



However, the most significant variable in thgestion of FBBR is the selection
of support media for microbial adhesion, as anaerdigestion has a low growth rate
of anaerobic bacteria [6]. Depending on previousliss, many supporting media
have been used in FBBR such as granular activaadabe (GAC), sand, perlite,
zeolite, lava rocks and synthetic resin with coesally successful application [2, 7,
8]. Use of GAC in FBBR is an emerging technologyddficult-to-degrade organics,
operated under anaerobic conditions, as it hasoags@ffinity for attaching organic
substances thus offering an ideal environment foinaaced biodegradation. In
AFBBR, there are two removal mechanisms occurringuaneously: (i) the GAC
acts primarily as a support media and the adsodrgdnics are biodegraded by
biofilm attached on GAC and (ii) the adsorptive aeipy of the GAC can cut-off
peaks of influent concentration through adsorptiad later desorbs the contaminants
when the bacteria have reduced the aqueous phasentmation, which allows the
bacteria to work at a relatively steady state mmassoval [9]. Khodadoust et al. [10]
evaluated anaerobic GAC-FBBRs for treating wastewvatcontaining
pentachlorophenol (PCP). Throughout the variousg@haf reactor operation, more
than 99% PCP and 95% COD were reduced. GAC pro\ageexcellent attachment
surface for the biofilm in addition to effectivelydsorbing PCP and its
biotransformation compounds. In another study, Mejoet al. [9] demonstrated a
pilot scale AFBBR containing GAC to treat a pinkeratonsists of trinitrotoluene
(TNT) and RDX as well as other hazardous by-prasluthe results showed that TNT

and RDX could be effectively treated by anaerobactéria under widely varied



contaminant concentrations. The system not onlyefted the total cost on a yearly

basis, but also eliminated the generation of hauerdvaste.

Starch is an effective natural polymer foratieg reactive cationic moieties
using positively charged groups, for instance, animino, ammonium etc. [11].
Although inorganic and organic synthetic polymerctiulants have been superior to
starch based flocculants due to their high floatdpefficiency, nonbiodegradable
property presents the major drawback of polymdocculants, which will lead to
secondary pollution for the environment and heattpact for human being [12].
Since starch derivatives offer inherent advantagesr inorganic and synthetic
polymer flocculants such as being derived fromreeveable source of raw materials,
very low cost, and easily degradable in the envirtent after use [13], the starch
flocculants can cause less ecological problem&enidng term than a persistent one
while providing carbon source for the microbial igties in biological treatment
processes. The previous study found that the rlagtaech based cationic flocculant
could enhance the biomass growth and aggregatmeegs in a fluidized-bed GAC

bioreactor [14].

In this study, a new starch based flocculdNBEBF) developed from previous
study [15] was applied to AFBBR for improving orgaand nutrient removal from a
primary treated sewage effluent (PTSE). This mediiNSBF was evaluated through

both of the AFBBR’s performance and microbial aspethe main objectives of this



study are: i) to investigate the effects of NSBHiadn on treating PTSE with and
without ROPs in terms of organic and nutrient readpexidation-reduction potential
(ORP), bed expansion and biomass growth, ii) tduata the fouling potential of the
effluent from AFBBR to a submerged microfiltrati®MF) system using critical flux
as indicator, and iii) to evaluate the performaotL&FBBR (with and without NSBF)

on removing organics addition under different hylymmamic conditions.

2. Materials and methods
2.1. \astewater

Table 1 shows the composition of the synthetstewater used in this study.
The synthetic wastewater originally contained bgrddable organic pollutants
together with some trace nutrients, which was ugedimulate PTSE (just after
primary treatment process). The ROPs in the PTSHEaoted natural organic matter
such as humic acid, tannic acid, lignin, polysaddeaand other high molecular
carbohydrates, which contributed about 10 mg/Lah&x organic matter to PTSE.
The synthetic PTSE with and without ROPs has DOQ18F125 mg/L and 100-115

mg/L respectively.

Tablel
Composition of synthetic PTSE used

2.2. GAC used
The coal based GAC (ACTICARB GS1300, Activatedrbon Technologies

Pty Ltd., Australia) was used in this study. Thealcbased GAC has a surface area



of >1100 BETM/g, an iodine number of >1100 mg/ (g.min) and maximash
content of 10%. Prior to use in experiments, theOG#as rinsed with distilled water

to remove fines and dried at 105 °C in the oven.

2.3. New starch based flocculant (NSBF)

The NSBF used in this study was the combinatd a nature starch based
cationic flocculant and trace nutrients (Ca®gSQ, and FeG) which were helpful
for biomass growth. The starch based cationic it was provided by HYDRA
2002 Research, Development and Consulting Ltd.,gdn The major components
of this flocculant are cationic starch ether andewdt is completely soluble in water

with a density of 1050 kg/fn

2.4. AFBBR

In this study, laboratory-scale AFBBRs withO02mm long and 25 mm inner
diameter were employed. 200 mL of fresh GAC wasddd each AFBBR to have an
actual (non-fluidized) filter depth of 500 mm. PTSi&#as pumped through the
AFBBRs at the flow rate of 14.4 L/day and orgamiading rate of 21.6 kgCOD/.
Fluidization of GAC with the initial bed expansiaf 10 cm was achieved through
recycling the effluent from near the top to thetbwt assembly at the superficial
velocity of 40.76 cm/min. NSBF was continuously eddo AFBBRs by dosing
pumps with a dosage of 22 mg/L(water treated). $esngf feedings and the effluents

from AFBBRs were taken after filtering through 0.4 filter prior to analyzing



DOC (Analytikjiena Multi N/C 2000 Analyzer) and nigints (NOVA 60, Merck). The
ORP and bed expansion were measured every dayharsaimples were taken every 5
days for analyzing ammonium nitrogen (INN), total nitrogen (T-N) and total

phosphorus (T-P).

2.5. AFBBR-Submerged microfiltration (SMF) hybrid system

As AFBBR sometimes can be designed as a ptetent to membrane unit for
wastewater treatment, and flocculation is ableestnaove some large molecular weight
refractory organic matter rather than GAC adsorptio this study, microfiltration
was used to test whether NSBF addition could imgnmembrane performance and
reduce fouling. The schematic diagram of the AFBBRF hybrid system is shown
in Fig. 1. The effluent from AFBBR was delivered ttte membrane reactor by a
feeding pump. A hydrophilic polyethylene hollow dib microfiltration membrane
module with pore size of 0.:m and surface area of 0.05°rwas used. The
compressed air was supplied to the membrane readtoithe flow rate of 8 L/min.
The permeate flow rate of the membrane was coattdlly a suction pump. Flux-step
method was applied to determine the critical flwg][ With the synthetic PTSE or
pretreated PTSE, the flux-step experiments werdechout at a step height of 5
L/m?h and duration of 60 mins with the initial flux #0 L/rmf.h. When the filtration
period was finished (after 60 mins), the membraas tackwashed with the distilled
water at the flux of 30 L/fh for 1 min. After each experiment, the membrares w

chemically cleaned.



Fig. 1. Experimental set-up of AFBBR-SMF hybrid system

3. Resultsand Discussion
3.1. Effects of NSBF addition on PTSE with and without ROPs
3.1.1. Organic and nutrient removal

Two sets of experiments were carried out iralel and each set consists of
two AFBBRs (one fed with PTSE and the other ondh VAT SE+ROPs). NSBF was
added in one set of AFBBRs continuously at the ripsate of 22 mg/L. Fig. 2
illustrates organic removals at organic loading rat 21.6 kgCOD/r#id for 50 days
and all the systems performed stably from th& @5y of operation. For treating
PTSE without ROPSs, the results indicated that N®BBBR had 10% better DOC
removal rates (6148.6%) than those of AFBBR (513.2%). Although overall DOC
removal efficiencies reduced slightly due to the AROpresented in PTSE,
NSBF-AFBBR again exceeded AFBBR in DOC removalcadficy by 9%, resulting
in removal of 57.832.9% and 4823.5% respectively. Thus, NSBF addition could
improve organic removal ability of AFBBR becauseB¥Scan provide extra carbon
source and trace nutrients to promote the micrausga growth. Based on the
previous studies, the addition of carbon sourcetea® nutrients was very necessary
for the biomass growth in the AFBBR operation [18]. As microorganism attached
on GAC could biodegrade organics adsorbed on tifaciof GAC and then release
the site for further organics absorbance continlypusost of organic contained in

PTSE could be removed from AFBBR, including parR@Ps.



Fig. 2. Performance of AFBBRs and NSBF-AFBBRs for treafigSE with and
without ROPs (initial GAC depth = 50 cm, initialbexpansion = 10 cm, OLR = 21.6
kgCOD/n?d, recirculation rate = 95%, influent DOC = 110-186/L (with ROPs)
and 100-115 mg/L (without ROPS))

Table 2 summarises the nutrients removal oBBIRs after 50-day operation.
Since the experiments were conducted under anaecobdition, the N&#N, T-N and
T-P removals of AFBBR and NSBF-AFBBR for treatinf$E without ROPs were
approximately 17% and 37%, 18% and 37%, 18% and i&$¢@ectively. With ROPs,
NSBF-AFBBR still could exceed AFBBR in nutrient rewal efficiencies by around
10%. The N@N and NQ-N concentrations of the effluent were less th&h &nhd

0.01 mg/L respectively in all cases.

Table 2

The nutrients removal of AFBBRs with and without B¥Saddition (influent NN

= 16-19 mg/L, N@N = 0.6-1.1 mg/L, N@N = 0.01-0.02 mg/L, T-N = 17-20 mg/L,
T-P = 2.9-3.2 mg/L)

3.1.2. Oxidation-reduction potential (ORP) of AFB8R

During the experiments, pH values of the fegdvastewaters were always kept
at 7 and no further pH adjustment was employedAieBBRs. The pH values for
AFBBRs were dropped to 4.7-5.0 at the beginningpération. After that, the pH
values increased gradually and reached steady plaasend 20th day which meant
the microbial reactions of anaerobic microorganj$fj. The AFBBRs without NSBF
addition had consistent pH values of 6.1 (PTSE )orgd 6.4 (PTSE+ROPS)
respectively, while the opposite ones obtained drigiH readings (6.8 for PTSE and

6.7 for PTSE+ROPs). To give a further explanatibig. 3 illustrates the ORP
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variations of the GAC beds in AFBBRs and NSBF-AFBBR can be seen that ORPs
of the GAC bed in NSBF-AFBBR dropped sharply frodD2o -416 mV within 15
days and remained at around -410 mV for the respefation when treating synthetic
PTSE without ROPs existence. With the same feedl, GRPs in AFBBR dropped
comparatively slow and took 41 days to stabilizagiroximately -342 mV. The data
also show that anaerobic condition established 88RAFBBR (ORP< -100 mV,
according to Dabkowski [20]) on the "ltlay which was 8 days earlier than the
counterpart. Similarly, with the presence of RO#syinthetic PTSE, the AFBBR and
NSBF-AFBBR reached anaerobic conditions off' #ay and 1% day, respectively,
and NSBF-AFBBR always maintained lower ORPs. Tiséefadecrease of ORP in the
NSBF-AFBBRs indicated NSBF could enhance the dgtivbf anaerobic
microorganism attached on GAC by providing extr&rieats and carbon source for

heterotrophic bacteria growth, resulting in lessrpHuctions.

Fig. 3. ORP variations of the GAC beds in AFBBRs and NSBHBBRs for treating
PTSE with and without ROPs (initial GAC depth =&, initial bed expansion = 10
cm, OLR = 21.6 kgCOD/f, recirculation rate = 95%)

3.1.3. Bed expansion and biomass growth

The bed expansion of AFBBRs under differemditions is shown in Fig. 4.
The initial GAC bed expansion and superficial vélowere 10 cm and 40.76 cm/min,
respectively. With the growth of the biomass, bggdamsion kept increasing for the
first 14 days and then achieved steady phase atdswIt is observed that the GAC
bed expansion increased from 10 cm to 22.5 cm iIBINAFBBR when ROPs were

not present, while only 2.5 cm net bed expansianegafor AFBBR (Fig. 4 (a)). With
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the additional ROPs to the synthetic PTSE, thelammésults were observed (18.5 cm
in NSBF-AFBBR and 12 cm in AFBBR). Fig. 5 shows teétions between biomass
growth on GAC and net bed expansion. The biomasseruration of GAC is defined
as biomass per unit volume of GAC. A certain voluohé&sAC particles were taken
from near the top of the NSBF-AFBBR (feeding withSE+ROPS) bed and were
shaken using distilled water until all the biomagtsached on the GAC particles
sloughed off. The biomass was measured by APHAd&tanMethod [21]. The trend
line elucidates that expansion values are dirgmthportional to the biomass growth
(with R?=0.9851). The data also demonstrated that the emtelpansion increased
dramatically from 12.5 cm to 18 cm when attachemaiss increased from 2.2 to 3.0
ObiomastLcac. Therefore, the more biomass attached on GAC deald to the higher
bed expansion in AFBBR. Since the bed expansioN®BF-AFBBRs was much
higher than that of AFBBRSs, it suggested that NS#kld successfully support

anaerobic microbial growth on GAC as well as agategarticles in AFBBRs.

Fig. 4. Bed expansion of AFBBRs and NSBF-AFBBRs for tregija) PTSE without
ROPs; (b) PTSE with ROPs (initial GAC depth = 50 amtial bed expansion = 10
cm, OLR = 21.6 kgCOD/f, recirculation rate = 95%)

Fig. 5. The relations between biomass growth on GAC anthe expansion (initial
GAC depth =50 cm)

As the bed expansion of the AFBBR dependsherphysical characteristics of
the liquid phase, the superficial velocity and themass attached on GAC, after 50
days operation, the bed expansion was measurée aifferent superficial velocities

using fresh GAC, the inoculated biological GAC (BGAfrom AFBBR and

12



NSBF-AFBBR feeding with PTSE with ROPs (initial GASed depth 50 cm). The
minimum fluidization velocities of fresh GAC, BGAGf AFBBR and BGAC of
NSBF-AFBBR were found to be 24.46, 20.38 and 14@@min, respectively. Fig. 6
demonstrates that net bed expansion is almost pgropal to superficial velocity for
these three different GACs. Both of BGACs from ARBBbtained the higher bed
expansion than that of fresh GAC, and BGAC of NSBBBR achieved the highest
bed expansion when comparisons were made at the saperficial velocity.
According to Grady et al. [22], the growth of therbass on the medium enlarges the
particles diameter and also decreases the derfsggrticles. Rovatti et al. [23] also
reported the biofilm coated sand was easier tdiftei than the fresh sand in the
AFBBR. Therefore, BGAC exhibited higher bed expansihan fresh GAC even at
the same superficial velocity. Besides, NSBF was/gal again that it could indeed
stimulate microbial growth of AFBBRSs.

Fig. 6. Net bed expansion of three different GACs (ini@C depth = 50 cm)

The detailed scanning electron microscope (piaMges of the fresh GAC (a),
GAC from AFBBR (b) and GAC from NSBF-AFBBR (c) ckdadisplay the surface
of GAC particle before and after the colonizatidmmucroorganism (Fig. 7). The great
superficial porosity of fresh GAC is obvious in igea(a) and is a characteristic that
brings high specific surface area. For image (kihwai lower biomass concentration
there is an accumulation of microorganisms togetién partially visible crevices,

whereas the surface of particle (c) is fully codeeand biomass is distributed more

13



evenly.

Fig. 7. SEM images of (a) fresh GAC; (b) GAC from AFBBRida(c) GAC from
NSBF-AFBBR

3.2. Performance of AFBBRs as pretreatment to submerged microfiltration (SMF)
hybrid system

The performance of AFBBRs and NSBF-AFBBRs i@&trpatment to SMF was
evaluated in terms of critical flux. Fig. 8 depidtge critical fluxes under different
feeding conditions: (a) PTSE with ROPs, (b) effiuom AFBBR, and (c) effluent
from NSBF-AFBBR. The results show that the AFBBRs m@metreatment could
improve the permeability of membrane. Compared wighcritical flux of wastewater
alone (15 L/mh), the effluent pretreated by AFBBR increaseddtiical flux up to
25 L/nmh and the addition of NSBF into AFBBR could helpdohieving highest

critical flux up to 30 L/rfh.

Fig. 8. Constant filtration fluxes vs. TMP of SMF undeffelient feeding conditions
(a) PTSE with ROPs; (b) effluent from AFBBR; an{l éffluent from NSBF-AFBBR

Accordingly, for PTSE without ROPs, the TMPpeapred constant for the
filtration flux up to 20 L/nf.h while it began to increase at higher filtratfarx due to
membrane fouling. The critical flux was found to BB and 30 L/rhh for the
effluents from AFBBR and NSBF-AFBBR, respectivelyence, the AFBBRs as
pretreatment to SMF could reduce the organic lgadinmembrane to some extent,
resulting in a decrease in membrane fouling and irmrease in membrane

permeability.

14



3.3. Effect of recirculation rate and organic loading rate (OLR)

The effects of different operational condigofsuch as recirculation rate and
OLR) on removing organics from NSBF-AFBBR and AFBRBRre evaluated to treat
PTSE with ROPs. Fig. 9 shows the performance of N8BBBR and AFBBR in
removing DOC from wastewater at different recirtiola rate which descended from
initial 95% to 90% and then 80%. As can be seemftbe figure, the decrease in
recirculation rate led to reduced DOC removal &ficy for both systems. With the
highest recirculation rate (95%) applied, the estoval efficiencies (5743..2% for
NSBF-AFBBR and 47 #41.5% for AFBBR) were achieved. Corresponding taicedl
recirculation rate from 90% to 80%, the DOC remaféiciencies of NSBF-AFBBR
and AFBBR dropped from 51+1.3% to 46.82.0% and 41#41.5% to 36.31.8%,
respectively. Thus, the higher recirculation rassofs higher organic removal.
Similarly, Koran et al. [24] reported an anaeroBiBC-FBBR was highly effective to
remove recalcitrant organics from a synthetic wadteam by recirculating of the
effluent at an approximate recycle ratio of 200As NSBF-AFBBR always
maintained 10% better removal efficiency than AFBBRhich indicated that

changing the recirculation rate did not affect peeformance of NSBF.

Fig. 9. Performance of AFBBR and NSBF-AFBBR in removing ©@t different
recirculation rate (wastewater: PTSE+ROPs, infll@@C = 110-125 mg/L, initial
GAC depth = 50 cm, initial bed expansion = 10 craRG: 21.6 kgCOD/rid)

The OLRs of NSBF-AFBBR and AFBBR were increhdeom 21.6 to 54
kgCOD/n?-d in four steps. Each organic loading rate wagated for 15 days to

investigate the possible adaptation of anaerobateba to these loading rates. As
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shown in Fig. 10, it was evident that AFBBR was hleato provide stable DOC
removal and the gap between two systems was ollyientarged from OLR of 32.4
kgCOD/n?-d. The DOC removal efficiency dropped sharply frdhQ:1.4% (21.6
kgCOD/n?-d) to 36.92.4% (32.4 kgCOD/thd) and then to 33t1.4% (43.2
kgCOD/n?-d). On the contrary, with a slight decrease of D®&moval,
NSBF-AFBBR presented much better stability (33.8% removal) to the variation
in OLR up to 43.2 kgCOD/fd. This again demonstrated the important role ®BR
that it can assist the AFBBR system in respondawpifably to the organic shocking
load. However, the present results revealed thstemnde of arrganic loathg rate
threshold for both of AFBBRs. At 54 kgCOD7md OLR, only 35.%50.9% of organic
pollutants could be eliminated from NSBF-AFBBR ewbough it had 15% higher

efficiency superior to AFBBR.

Fig. 10. Performance of AFBBR and NSBF-AFBBR in removing ©@t different
OLR (wastewater: PTSE+ROPs, initial GAC depth =B1) initial bed expansion =
10 cm, recirculation rate = 95%)

4. Conclusions

The study applied a new starch based floctu@AFBBR and its impact on
the performance was investigatddhe results of this study showed the successful use
of NSBF as a system performance enhan@éth NSBF addition the AFBBRSs
resulted in better removal efficiency and microbedtivity than conventional
AFBBRs when treating synthetic PTSE (with or with®OPs). The findings draw
the following conclusions:

e Addition of NSBF to the AFBBR was helpful for biossagrowth on GAC and

16



enhanced the performance of AFBBR in terms of dmgand nutrient removal.

» NSBF was favorable for the activity of anaerobiccraorganism attached on
GAC.

* NSBF-AFBBR as pretreatment to SMF was successfuleducing membrane
fouling and increasing the critical flux up to 30h.h.

* NSBF-AFBBR always performed better than AFBBR byragimately 10% in
organic removal with varied recirculation rate.

* With ROPs presented in PTSE, NSBF-AFBBR enduredh IR with stable
organic removal rate up to 43.2 kgCOD/th while AFBBR was sensitive to

organic shocking load and showed deteriorated tresul
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Tablel

Composition of synthetic PTSE used

Compound Concentration (mg/L)
Glucose 230
(NH)2SO, 71
KH,PO, 13.2
Trace nutrients

MgSQO,.7H,0O 5.07
CaCb.2H,0 0.368
MnCl,.4H20 0.275
ZnSQ,.7TH0 0.44
FeCk 1.45
CuSQ.5H,0 0.391
CoChL.6H,O 0.42
NaM00,.2H,0 1.26
Yeast extract 20
Refractory organic pollutants

Humic acid 4.2
Tannic acid 4.2
(Sodium) lignin sulfonate 2.4
Sodium lauryle sulphate 0.94
Acacia gum powder 4.7
Arabic acid (polysaccharide) 5
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Table 2
The nutrients removal of AFBBRs with and without BFSaddition (influent NN = 16-19
mg/L, NOs-N = 0.6-1.1 mg/L, N@N = 0.01-0.02 mg/L, T-N = 17-20 mg/L, T-P = 2.23ng/L)

NH4-N removal T-N removal efficiency T-P removal Efficiency
efficiency (%) (%) (%)
Wastewater - 5 X - ; -
with without with without with without
NSBF NSBF NSBF NSBF NSBF NSBF

PTSE 37.0:2.3 17.22.7 36.82.1 18.1#2.5 33.51.3 18.1#3.1

PTSE+ROPs 31.3:2.7 21.53.3 32.22.7 22.%3.3 34.32.2 23.43.5
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Fig. 1. Experimental set-up of AFBBR-SMF hybrid system
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Fig. 2. Performance of AFBBRs and NSBF-AFBBRs for treafigSE with and without ROPs
(initial GAC depth = 50 cm, initial bed expansiori& cm, OLR = 21.6 kgCOD/fl,
recirculation rate = 95%, influent DOC = 110-125/Infyvith ROPs) and 100-115 mg/L (without
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Fig. 3. ORP variations of the GAC beds in AFBBRs and NSBBBRs for treating PTSE with
and without ROPs (initial GAC depth = 50 cm, ifiteed expansion =10 cm, OLR = 21.6
kgCOD/nT, recirculation rate = 95%)
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Fig. 4. Bed expansion of AFBBRs and NSBF-AFBBRs for tregija) PTSE without ROPs; (b)
PTSE with ROPs (initial GAC depth = 50 cm, initiedd expansion = 10 cm, OLR = 21.6
kgCOD/n?Md, recirculation rate = 95%)

20

19 y =6.2862x - 0.7384

13
12
11
10

1.75 195 215 235 255 275 295 315
Biomass attached on GAC (g/L)

o 18 R’ =0.9851
5 17
% 16
S 15
x

© 14
i)

)

o]

3

Z

Fig. 5. The relations between biomass growth on GAC anthed expansion (initial GAC depth

27



Net bed expansion (c

35
30
25
20
15
10

® Fresh GAC

- & BGAC of AFBBR A

- A BGAC of NSBF-AFBBR A

- A

n 2

- A

L A * °

- S

- A * o9 °

- o o

- o ©

E o

- o

C ‘ b .‘ I e ey Ty O |
10 15 20 25 30 35 40 45 50 55

=50 cm)

Superficial velocity (cm/min)

© O
o



Fig. 6. Net bed expansion of three different GACs (ini@AC depth = 50 cm)
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Fig. 7. SEM images of (a) fresh GAC; (b) GAC from AFBBRda(c) GAC from NSBF-AFBBR
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Fig. 8. Constant filtration fluxes vs. TMP of SMF undeffelient feeding conditions (a) PTSE
with ROPs; (b) effluent from AFBBR; and (c) effltedrom NSBF-AFBBR

31



® NSBF-AFBBR X AFBBR
80 T :

60 f..‘«.oo..‘o.o.'o.o; 5

i ‘o ° «® o
709900  og o0 )

50 my XyX X, X : og o® oo ¢ °

40 R0 000K
L : )KX XXXXX X X*)K)K

20 | 95% recirculation :  90% recirculation i gnoy recirculation

DOC removal efficiency (¥

LA WA EFIVINIVEL SN SIS S
0 5 10 15 20 25 30 35 40 45 50 55 60
Time (day)

Fig. 9. Performance of AFBBR and NSBF-AFBBR in removing ©@t different recirculation
rate (wastewater: PTSE+ROPs; influent DOC = 110+h88_; initial GAC depth = 50 cm, initial
bed expansion = 10 cm, OLR = 21.6 kgCOEifn
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Fig. 10. Performance of AFBBR and NSBF-AFBBR in removing ©@t different OLR
(wastewater: PTSE+ROPs; influent DOC = 110-125 migfitial GAC depth = 50 cm, initial bed
expansion = 10 cm, recirculation rate = 95%)
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