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Preface

Today, multidisciplinary is a key to solving issues in the water field. The works in
several International Water Association (IWA) Specialist Groups have demon-
strated the importance of both innovative technologies and mathematical modelling,
and that the exchange of scientific and technical information among researchers and
practitioners involved in these fields is crucial for effectively advancing knowledge.

Mathematical modelling has the advantage of allowing scenario analysis before
designing the real plant in order to ensure an optimized system.

To foster the multidisciplinary collaboration among different water specialists,
the dialogue is a must in order to better share specific knowledge.

With this final aim with the support of the International Water Association
(IWA) and the University of Palermo, Italy it was organized the FICWTM 2017,
Frontiers International Conference on Wastewater Treatment from 21 to 24 of May
2017.

The FICWTM final aim was to create a forum for promoting the discussion
among scientists, professionals, and academia in different areas of the broader
theme of environmental engineering and sciences. To facilitate discussion, no
parallel sessions were organized and the number of participants was limited to
highly motivated professionals.

The conference was organized in nine sessions, and for each of them, a keynote
by a referral researcher was presented. Specifically, the keynotes were held by the
following professors, whose contributions were highly inspiring: Damien Batstone,
George A. Ekama, B. Jefferson, Ulf Jeppsson, Piet Lens, Ingmar Nopens, Hallvard
@degaard, Gustaf Olsson, and Mark C.M van Loosdrecht.

The wealth of information exchanged during FICWTM was of great benefit to
all involved in challenging environmental issues caused by the increase of pollu-
tants loads discharged into natural environment ecosystems. Those challenges
require the building of a regulatory framework as well as control strategies. This
framework needs to be based on scientific evidence associated with exposure and
health risk for pollution prevention and remediation strategies. The application of
innovative remedial techniques and new scientific methods is a key in order to reach
sustainable development. It is therefore crucial to address the existing pollution
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problems, and protect public health as well as preserve the welfare of the
environment.

The application of cost-effective technologies for waste treatment and controls is
much needed in order to make possible the implementation of appropriate regu-
latory measures that insure success of broader policy in pollution prevention.

Engineers and scientists working in water sector area need to be familiar with a
wide range of issues including the physical processes of mixing and dispersion,
biological developments, and mathematical modelling. Hence, a continuous
exchange of information between water professionals in different parts of the world
is essential.

Protection of the environment, one of the pillars of sustainable development, is
an absolute priority for the international community. In this context, the FICWTM
conference aimed to focus on relevant experiences, up-to-date scientific research,
and findings carried out all over the world to protect and preserve the environment.

FICWTM 2017 is also a part of the three-year research project PRIN-GHG
which was about the reduction of greenhouse gas from wastewater treatment plants.
The financial support by the Italian Ministry of Education, University and Research
is acknowledged. The research project had also an educational goal which aim was
to train through seminars and advanced course young researchers involved in the
project. In particular, three editions of the advanced course on wastewater treatment
and mathematical modelling were organized at Palermo University, Italy, and four
international seminars on the binomial between water and energy.

During the project, both experimental and mathematical activities were carried
out on pilot plant and real wastewater treatment plants with the final aim to wide
and strengthen the knowledge on energy optimization and emission reduction from
wastewater treatment plants. This book contains also several contributions of the
project researches.

This book contains contributions presented at Frontiers International Conference
on Wastewater Treatment which was held at the University of Palermo, Italy, from
21 to 24 of May.

Overall, this book is organized into nine parts. Each part deals with a specific
topic of the frontier in wastewater treatment and modelling. Specifically, the fol-
lowing parts are present: Part A—Carbon nutrient removal and recovery, Part B—
Instrumentation and control and automation (ICA) & benchmarking, Part C—
Membrane bioreactors, Part D—Anaerobic digestion, Part E—New frontiers in
wastewater treatment, Part F—Greenhouse gases from wastewater treatment plants,
Part G—Moving bed biofilm reactors and hybrid systems, Part H—Anaerobic
digestion and modelling, and Part —Computational fluid dynamic (CFD) in
wastewater treatment.
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Each contribution of the conference has been peer-reviewed by at least three
members of the scientific committee*. Their efforts have contributed to the high
quality of the final book contributions, and therefore, their reviewing activity is
acknowledged and appreciated.

This book and the conference would have never been organized without the
support and great input of professors and friends: George A Ekama (University of
Cape Town, South Africa), Hallvard @degaard (Norwegian Institute of Technology,
Norway), Gustaf Olsson (Lund University, Sweden), Peter Vanrolleghem (Laval
University, Canada) and Gaspare Viviani (Palermo University, Italy).

Finally, I express my thanks to Mr. Pierpaolo Riva, publishing editor at Springer,
for his support during the preparation of the final book.

I do hope that the reader will find the book a source of inspiration for both
research and professional life.

Giorgio Mannina

* Giorgio Mannina, Italy-Conference Chair; Norhayati Abdullah, Malaysia; Eduardo Ayesa,
Spain; Dan Ames, USA; Juan Antonio Baeza Labat, Spain; Damien Batstone, Australia;
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Belgium; Michael Stenstrom, USA; Mathieu Sperandio, France; Michele Torregrossa, Italy;
Marcos von Sperling, Brasil; Jiri Wanner, Czech Republic; Mark C. M van Loosdrecht,
Netherlands; Peter Vanrolleghem, Canada; Gaspare Viviani, Italy; Eveline I.P. Volcke, Belgium;
Zhiguo Yuan, Australia
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Abstract. The impact of including membranes for solid liquid separation and
high volatile suspended solids (VSS) concentration (3-12 gVSS/¢) on the
kinetics of biological nitrogen and phosphorus removal (BNR) was investigated.
To achieve this, a membrane bioreactor (MBR) biological nutrient removal
(BNR) activated sludge (AS) system was operated for 450 days in parallel with a
conventional BNR system with a settling tank (CAS). The influence of high
VSS concentration (up to 12 gVSS/¢) in the MBR system on the system per-
formance and the nitrification, denitrification and phosphorus release and uptake
kinetic rates were measured with aerobic, anoxic and anaerobic batch tests on
mixed liquor (ML) harvested from the MBR system, diluted to different VSS
concentrations, and from the CAS system. Also, the limitation of ammonia,
oxygen, nitrate and acetate on the kinetic rates was investigated with batch tests.
The results show that the BNRAS steady state and kinetic models developed for
low VSS concentration BNRAS systems with secondary settling tanks can be
applied with reasonable confidence to predict the performance of high VSS
concentration BNRAS systems with membranes, except for the maximum
specific growth rate of the nitrifiers, which was observed to be significantly
lower in the MBR system.

Keywords: Membrane - Settling tanks - Nitrification - Denitrification -
Biological phosphorus removal - Kinetics

1 Introduction

For conventional (with settling tanks) activated sludge (CAS) systems for biological
nutrient removal (BNR), considerable knowledge has been accumulated on their per-
formance, design and operation. Design procedures and performance simulation
models have been developed based on well structured and researched stoichiometric
and kinetic principles of the underlying fundamental biologically mediated processes. It
is not certain whether this knowledge developed for CAS BNR systems can be applied
directly to membrane bioreactor (MBR) BNR systems, given the significant differences
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that may arise when membranes are included such as (i) floc structure (Zhang et al.
1997; Cicek et al. 1999; Huang et al. 2001; Yamamoto 2002; Gao et al. 2004; Manser
et al. 2005), (i) bacterial communities (Ghyoot et al. 1999; Luxmy et al. 2000; Liebig
et al. 2001; Smith et al. 2002; Manser et al. 2005), (iii) metabolic activities (Lee et al.
2003; Han et al. 2005; Sperandio et al. 2005; Li et al. 2005) and (iv) sludge production
(Cicek et al. 1999; Smith et al. 2002; Holbrook et al. 2005; Monti et al. 2005).

Ramphao et al. (2005) concluded that incorporating membranes in BNR AS sys-
tems makes a profound difference not only to the design of the BNR system itself, but
also to the approach to design of the whole wastewater treatment plant. This paper
presents research that investigates whether the steady state and kinetic models devel-
oped for CAS BNR systems can be applied also with reasonable accuracy to model
MBR BNR systems.

Accordingly, the kinetic rates of nitrification, denitrification, anaerobic acetate
uptake and P release, anoxic P release/uptake and aerobic P uptake were measured in
batch tests over a range of volatile suspended solids (VSS) concentrations (3-12
gVSS/¢) on sludge harvested from an MBR-BNR system and compared with the
corresponding rates measured in a parallel CAS BNR system at 3 gVSS/{. Also, the
influence of the limitation of substrate (ammonia, oxygen, nitrate, phosphorus, acetic
acid) concentrations on the kinetic rates was investigated in the batch tests. To provide
additional information on the anoxic behaviour of phosphate accumulating organisms
(PAO), the ability of the AS in MBR BNR systems to denitrify under anoxic conditions
with simultaneous phosphate uptake was investigated and quantified.

2 Material and Methods

Two parallel lab-scale membrane (MBR) and conventional (CAS) activated sludge
systems were operated for 450 days at 20°C allowing their behaviour to be monitored
and their performance compared. Both systems were UCT configurations (Figs. 1 and
2, Table 1) so that denitrification and biological excess phosphorus removal (BEPR)
could function independently, provided the recycles do not overload the anoxic reactor
with nitrate. System design and operational parameters such as zone mass fractions,
inter-reactor recycles and sludge ages were kept the same in both systems (Table 1).
Five A4 size Kubota® membrane panels submerged in the aerobic reactor of the MBR
system replaced the function of the SST.

as recycle

Fig. 1. Schematic layout of MBR UCT  Fig, 2. Schematic layout of CAS UCT
system system
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Table 1. MBR and CAS UCT systems’ design and operating parameters

System parameters MBR UCT | CAS UCT
Sludge age (d) 20 20
Anaerobic (R1) mass fraction (%), Volume (¢) | 12.6%/19 12.6%/5.6
Anoxic (R2) mass fraction (%), Volume () 27.9%21 27.9%6.2
Aerobic (R3) mass fraction (%), Volume (¢) | 59.5%/35 59.5%13.2
a-recycle (R3 to R2) 3:1 2:1
r-recycle (R2 to R1) 1:1 1:1
s-sludge Return Recycle (SST to R2) - 1:1
Hydraulic retention time (d) 0.53 1.67
MLVSS concentration (mg/{) 12 500 3 600
MLTSS concentration (mg/{) 18 000 5 000
Influent flow (¢/d) 140 15

Feed COD concentration (mg/¢) 1000 1000
Membrane flux (m*/m>/d) 0.239 -

 For the given a- and r-recycle ratios.

The systems were fed screened (1 mm mesh) raw unsettled municipal wastewater
from the Mitchell’s Plain Wastewater Treatment Plant (Cape Town, South Africa),
augmented with sodium acetate (200 mgCOD// to accentuate BEPR), ammonia (20
mgN/¢ to increase TKN/COD), phosphorus (to ensure > 5 mgP/¢ in effluent) and
sodium bicarbonate (to provide some alkalinity for pH buffering). The wastewater was
collected in 2 m? batches, macerated and stored in stainless steel tanks at 4°C and
served as feed for both systems for 15 to 20d. Daily, after thorough mixing, the
required volume of wastewater was withdrawn from the stainless tanks and diluted with
tap water to the target COD concentration (800 mgCOD/¢). After adding the supple-
ments, a sample is taken and the required volume for 1 days feed transferred into the
systems’ refrigerated (8°C) feed drums. The feed drums were gently stirred (1-2 rpm)
to keep settleable solids in suspension and covered with a floating lid to minimize
oxygen entrainment. The influent was pumped into each system with a multi-channel
peristaltic pump, which also pumped the recycle flows. The influent tube was passed
through a water bath at 20°C to avoid temperature decrease in the anaerobic reactor, in
particular the MBR system with the very short hydraulic retention time.

The two systems were monitored daily via the parameters listed in Table 2.
Additionally, recycle flow rates and trans-membrane pressure (TMP, constant flux)
were monitored daily. Once monthly mixed liquor samples were analysed by a
microbiologist for filament identification and floc morphology. Also mixed liquor
samples were sent fortnightly for FISH analysis (Maharaj et al. 2007). The influent
readily biodegradable organics (RBO) COD) concentration (before supplement addi-
tion) was measured daily in a fully aerobic square wave fed (12 h feed on, 12 h feed
off) AS system at 2.5 days sludge age according to Ekama et al. (1986).

For each wastewater batch (which was accepted to represent a steady-state period),
the daily results were averaged (after analysis for outliers). These steady-state averages
were used to assess the performance of the systems and the following process
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Table 2. Sampling position and parameter measurement

Test COD |TKN |FSA |[NO; NO, | T-P |TSS|VSS | OUR |DSVI|pH
Influent F; UF | UF F UF

Anaerobic F F F UF |UF

Anoxic F F F UF |UF

Aerobic UF UF F F F UF |UF |D D?* D
Final effluent | F; UF | F; UF | F F F F; UF

F = 0.45 pm filtered; UF = Unfiltered samples; D = Direct measurement taken. COD;
TKN; FSA (Free and Saline Ammonia); T-P (Total Phosphorus); TSS; VSS (Standard
Methods 1985). DSVI = Dilute Sludge Volume Index; (Ekama and Marais 1984);
OUR = Oxygen Utilization Rate (Randall et al. 1991).

? For the MBR system, the unfiltered COD was measured at the 800 m¢ mark of the
1000 m¢ measuring cylinder after 30 min settling.

characteristics were calculated: Systtem COD and N mass balances; influent
unbiodegradable soluble and particulate COD fractions (fs-,s and fg-,, respectively,
Ekama and Wentzel 1999); mixed liquor VSS/TSS, COD/VSS and TKN/VSS ratios;
nitrate and P mass changes across each reactor, sludge production and the influent
readily biodegradable (RB) COD from the OUR measured in the square-wave fed 2.5d
sludge age AS system (du Toit et al. 2007).

To determine the kinetics rates, aerobic, anoxic-aerobic and anaerobic-aerobic and
anaerobic-anoxic-aerobic batch tests on the mixed liquor harvested from the different
reactors of the two BNR systems were conducted (Parco 2006; Parco et al. 2006,
2007). Particularly on the MBR system the influence of the VSS concentration and of
the limitation of ammonia, oxygen, nitrate and acetate concentrations on the kinetic
rates was examined. Moreover, to provide additional information on the anoxic
behaviour of phosphate accumulating organisms (PAQO), the ability of AS in MBR and
CAS systems to denitrify under anoxic conditions with simultaneous phosphate uptake
was investigated and quantified to check the extent of anoxic P uptake BEPR in the
systems. This is important to accurately separate OHO and PAO denitrification
behaviour. Detailed results of the whole investigation summarised here are given by
Parco (2006) or du Toit et al. (2010).

3 Batch Test Inventory

Three groups of aerobic nitrification batch tests (37 in all) were conducted to evaluate
the effect of VSS, ammonia and dissolved oxygen (DO) concentration on the nitrifi-
cation kinetics in the MBR system: 29 Group (1), i.e. 10 with 10-20 mgN-NHy//, 12
with 30-40 mgN-NH4/¢ and 7 with 50 mgN-NH4/¢ on MBR system ML diluted (with
effluent) to different VSS concentrations between 2 and 14 gVSS//, i.e. 8 with 2-3
gVSS/e, 2 with ~4 gVSS/l, 6 with ~5-6 gVSS/¢, 5 with 7-10 gVSS/¢, 2 with 10-11
gVSS/¢ and 5 with 12-14 gVSS/¢ on MBR system ML, 2 Group (2), i.e. 2 on MBR
system ML at the same VSS concentration (~9 gVSS//¢) but at different DO con-
centrations 2-5 and 10-15 mgO/¢) and 6 Group (3), i.e. in parallel, 3 on each of MBR
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and CAS system ML with MBR ML diluted to the same low VSS concentration as that
from the CAS system (2-3 gVSS/¢) to determine the effect of the membranes.

Five groups of anoxic batch tests for denitrification (33 in all) were conducted, viz.
Group (1): On MBR system ML at different VSS concentrations between 2.5 and 12
gVSS/¢ with ML from the anaerobic and aerobic reactors mixed in proportion to the
recycles entering the anoxic reactor; Group (2): like Group (1) but at different nitrate
concentrations; Group (3): like Groups (1) and (2) but with different proportions of
anaerobic and aerobic ML (Set I - 50/50 by VSS mass, Set II - 100% anaerobic and
Set III - 100% aerobic); Group (4) on MBR and CAS system ML in parallel with the
MBR ML diluted to the same low VSS concentration as that from the CAS system (2-3
gVSS/¢) and with ML from the anaerobic and aerobic reactors mixed in proportion to
the recycles entering the anoxic reactor and Group (5): like Group (4) but with
wastewater added.

Altogether fifteen anaerobic batch tests were conducted, 13 (BTs 1 to 13) with low
to moderate acetate dosages varying from 0.009 to 0.043 mgHAcCOD/mgVSS and
VSS concentrations ranging from 2.7 to 11.2 gVSS//, one (BT14) with excess acetate
addition at 0.166 gHAcCOD/gVSS at 6.37 gVSS/{ and one (BT15) with wastewater
addition at 5.52 gVSS/¢.

4 Calculating the Bioprocess Specific Kinetic Rates

In the steady-state design procedures and dynamic models, the increased sludge pro-
duction in MBR systems can be accommodated by increasing the influent
unbiodegradable particulate COD fraction (fg-,p). This was done in this investigation.
Fixing the unbiodegradable soluble COD fraction (fs-,s) for the MBR and CAS systems
at the values found above, i.e. 0.045 and 0.066 respectively, the fs.,, fraction for the
MBR and CAS systems were calculated to be 0.241 and 0.084 mgCOD/mgCOD
respectively to match the measured average mass of VSS in the systems (Ekama and
Wentzel 1999). Noting that the model takes account of the different masses of PAOs in
the two systems, it is a concern that for two systems with the same design and operating
parameters fed the same wastewater, different fg-,, fractions are obtained. If fs-,, is
really a wastewater characteristic, fs-,, should be the same for both systems. The
problem of obtaining different fs»,, fractions for the MBR and CAS systems, is that
they result in different OHO (f,,0n0) and PAO (f,ypa0) biomass fractions of the VSS in
the systems, where f,,opo = Xgu/Xy and f,ypao = Xpa/Xy and Xgy, Xpg and X, are
the OHO, PAO and total VSS concentrations respectively. However, the method of
calculating fg-,, by matching the calculated mass of VSS in the system with that
measured has always has been applied in the past to determine the f,,ono and f,ypao
active fractions and the OHO and PAO specific kinetic rates (van Haandel et al. 1981;
Wentzel et al. 1990; Clayton et al. 1991; Ekama and Wentzel 1999) and these specific
rates have been adopted as default values in the ASM1 and ASM?2 kinetic models. So
because there is no other way of determining biomass specific kinetic rates from
experimental systems fed real wastewater, the uncertainty that different fg-,,, fractions
will have on the kinetic rates, while not ideal, has to be accepted as it has been in the
past (Ekama and Wentzel 1999) because expressing kinetic rates in terms of VSS
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makes the rates incomparable between different BNR systems. In the end, steady state
models aligned with and based on the same but simplified principles as kinetic models
are the only interface between experimental systems and the kinetic models.

Because the kinetic rates determined from the batch tests results were assigned to
the biomass population mediating the particular bioprocess, and the steady state
NDBEPR model (Wentzel et al. 1990) was used to determine the OHO (f,,0no) and
PAO (f.ypa0) active fractions from the measured data on the MBR and CAS systems, it
was important for the OHO specific denitrification rate and the PAO specific P release
and P uptake rates that the observed and predicted P removal of the systems matched
well. This ensured that the OHO and PAO specific kinetic rates were consistent with
estimates of the OHO (f,,ono) and PAO (f,,ono) active fractions determined in the
past. The wastewater batch average calculated P removal of the MBR system based on
the known system operating parameters, dosed acetate (200 mg/f) and measured
wastewater RBO concentration was > 2 mgP/l below that measure P removal but
thereafter matched well. The nitrification batch tests, for which a close correlation
between predicted and measured P removal was not important, were conducted at the
beginning of the investigation when the predicted and measured P removal did not
match well. The denitrification (anoxic) and P release and P uptake (anaerobic-
anoxic/aerobic) batch tests were conducted during wastewater batches 10 to 25, when
the predicted and measured P removal did match well. The measured kinetic rates in
the MBR and CAS systems can therefore be legitimately compared with rates measured
in previous investigations.

5 Conclusions

To assess the impact of high VSS concentration in membrane bioreactor biological
nutrient removal (BNR) activated sludge (AS) systems on the bioprocess kinetic rates
that mediate biological N and P removal, two identical (except for the hydraulic
retention time) parallel laboratory scale University of Cape Town (UCT) nitrification
denitrification (ND) biological excess phosphorus removal (BEPR) systems fed the
same real wastewater were operated for 450 days, one at a low VSS concentration (3
gVSS/f) and solid liquid separation with a secondary settling tank (CAS system), the
other at a high VSS concentration (13 gVSS/{) and solid liquid separation with sub-
merged panel membranes (MBR system). From the BNR performance of these two
systems and from aerobic, anoxic-aerobic and anaerobic-anoxic-aerobic batch tests on
sludge harvested from the two systems the following conclusions were drawn.

The MBR system achieved a higher COD removal (effluent COD 41 mgCOD/{)
compared with the CAS system (unfiltered 74 mgCOD/¢, 0.45 um filtered 51
mgCOD/¢) due to the complete retention of particulate organics and some colloidal
organics considered soluble in CAS systems. However, the “unfiltered effluent” COD
concentration from the MBR system (measured at the 800 ml mark in the 1000 ml
measuring cylinder after 30 min settling in the diluted sludge volume index test) was
much higher (139 mgCOD/¢) than the unfiltered COD from the CAS system (73
mgCOD/¢). Both systems achieved similar in N removals (MBR 83%, CAS 81%).
Nitrification was complete in both systems - effluent free and saline ammonia
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(FSA) concentration from the MBR system was 0.7 mgFSA-N/¢ and from the CAS
system 0.9 mgFSA-N//. Denitrification was better in the MBR system (effluent nitrate
MBR 18.0 mgNO3-N/¢ and CAS 20.0 mgNO5-N/¢) due to the negligible impact of the
dissolved oxygen in the recycle to the anoxic reactor at the high VSS concentration of
the MBR system. The P removal in the MBR system (22.5 mgP/¢) was higher than that
in the CAS system (17.4 mgP/¢). This was due to the recycle of nitrate from the anoxic
reactor to the anaerobic reactor and greater anoxic P uptake in the CAS system due to
the non-zero nitrate concentration in the anoxic reactor. This made the kinetic rates
associated with BEPR measured in the batch tests incomparable between the two
systems. Due to the higher sludge production by the MBR system [0.31 (gVSS/d)/
(gCOD/d)] than by the CAS system [0.20 (gVSS/d)/(gCOD/d)], the influent
unbiodegradable particulate COD fraction (fg-,p) of the MBR system was higher
(0.241) than that of the CAS system (0.084). This affected the fractionation of the VSS
into the ordinary heterotrophic organism (OHO) and phosphate accumulating organism
(PAO) active fractions in the two systems with the steady state BNR models, which
also affected the observed OHO and PAO VSS specific kinetic rates calculated from the
results of the batch tests on sludge harvested from two systems. This affect was
unavoidable because kinetic rates expressed in terms of VSS are not comparable
between different BNR systems. This effect was unaviodable because steady state
models aligned with and based on the same but simplified principles as kinetic models
are the only interface between experimental systems and the kinetic models.

From the aerobic nitrification batch tests: (1) At the same low VSS concentration,
the MBR system exhibited lower VSS specific ammonia utilization rate (SAUR) and
autotrophic nitrifier organism (ANO) maximum specific growth rates (j5) than the
parallel CAS system, apparently due to different selection pressures imposed by
membranes and SSTs. (2) For the MBR system, as the VSS concentration increased,
the SAUR and p, decreased, apparently due to ammonia and/or oxygen transfer
limitations. (3) For the MBR system at the VSS concentration, as the initial ammonia
concentration increased, the SAUR and p, increased, indicating possible ammonia
transport limitation at increasing VSS concentration.

From the above, it was evident that the ANOs in the MBR and CAS systems
exhibited different behaviour, apparently induced by different environments under
which the ANOs develop. The reasons for this possibly are: (1) In CAS systems with
SSTs, organism loss via the effluent occurs including ANOs. Therefore CAS system
may select ANOs with higher maximum specific growth rates (j14) than MBR systems.
In the MBR system all the ANOs are retained, including slow growing ones. (2) At the
high VSS concentrations in the MBR system, oxygen and ammonia transport limita-
tions decrease the observed SAUR and 4.

From the anoxic-aerobic batch tests, the OHOVSS specific denitrification rate by
OHOs (K,0no0) utilizing slowly biodegradable organics (SBO) obtained at different
MBR system VSS concentrations (2.5-12 gVSS//) and different initial nitrate con-
centrations ranging from 30 to 90 mgN/¢ showed no effect to initial nitrate concen-
tration, in agreement with past work (van Haandel et al. 1981, Clayton et al. 1991;
Ekama and Wentzel 1999) and no effect to VSS concentration. From all the anoxic
batch tests, the average Kyopo was 0.264 mgNO3-N/(mgOHOVSS.d), which is very
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close to the average K,opo rate reported in the literature for conventional (low VSS)
BNR systems with SSTs, i.e. 0.255 from Ekama and Wentzel (1999).

From the anaerobic-anoxic-aerobic batch tests, the specific VSS and specific
PAOVSS anaerobic acetate (as COD) uptake and P release rates showed no effect of
VSS or initial acetate concentration. Also, the results obtained with different concen-
trations of acetate added showed the acetate uptake rate to be zero order with respect to
acetate concentration, which is in agreement with literature studies (Wentzel et al.
1985, 1989). The P release to acetate uptake ratio also showed no effect with acetate
dose and VSS concentration. The specific VSS and specific PAOVSS aerobic and
anoxic P uptake rates also showed no effect of VSS concentration. The average
PAOVSS specific anaerobic acetate uptake and P release rates and the aerobic P uptake
rate obtained over the VSS concentration range were within the range of literature rates
observed on enhanced PAO culture systems, confirming that within experimental
variation, high VSS concentration does not affect the rates.

In the anaerobic-anoxic/aerobic batch tests with acetate uptake, the PAOs showed
significantly higher anoxic P uptake and denitrification rates than in the MBR system
itself, where high acetate and excess nitrate did not occur. In the former the PAOs
denitrified 22% of the nitrate whereas in the MBR system only 11%. The OHOVSS
specific denitrification rates were within the same 0.2 to 0.3 mgNO3-N/(mgOHOVSS.
d) range in all the batch with an anoxic phase. While the PAOVSS specific denitrifi-
cation rate in the anaerobic-anoxic/aerobic batch tests was about half of the OHOVSS
specific denitrification rate, in the MBR system, the PAOVSS specific denitrification
rate was only 1/14™ of the OHOVSS specific denitrification rate because the conditions
in the anaerobic-anoxic/aerobic batch tests (high acetate and nitrate) were not prevalent
in continuous flow BNR systems fed real wastewater. The large reduction in P removal
resulting from significant anoxic P uptake BEPR seems counter-productive for the very
small PAO contribution to denitrification.

The results from this investigation show that the BNRAS steady state and kinetic
models developed for low VSS concentration BNRAS systems with secondary settling
tanks can be applied with reasonable confidence to predict the performance of high VSS
concentration BNRAS systems with membranes, except for the maximum specific growth
rate of the nitrifiers, which was observed to be significantly lower in the MBR system.

Specific denitrification rates are zero order with respect to nitrate concentration and
HAc consumption rates are zero order respect to HAc concentration in agreement with
previous observations on conventional BNR systems. Anoxic P uptake has been
consistently observed and the existence of 2 groups of PAO bacteria has been
demonstrated. Anoxic P uptake is detrimental to the BEPR performance in a BNR
system. However, quantitative links between design and operational parameters and the
extent of anoxic P uptake have not been established. This has hindered incorporation of
anoxic P uptake in the design and simulation models for BNR systems, with or without
membranes, and requires resolution. The specific denitrification rates of OHOs are
significantly higher than those of PAOs, to confirm the greater affinity of OHOs than
PAOs for nitrate.



The Impact of High Mixed Liquor Concentration (3-13 gVSS//) 11

Acknowledgements. Gratitude is expressed to Mr Taliep Lakay and Mr Hector Mafungwa for
assistance with operating and testing the MBR and CAS BNR systems. This research was
conducted by Geoff du Toit and Valentina Parco, Masters and PhD students respectively in the
Department of Civil Engineering at the University of Cape Town. The research was financially
supported by the National Research Foundation, Water Research Commission and University of
Cape Town and is published with their permission.

References

Cicek N, Franco JP, Suidan MT, Urbain V, Manem J (1999) Characterization and comparison of
membrane bioreactor and a conventional activated sludge system in the treatment of
wastewater containing high molecular weight compounds. Wat Environ Res 71(1):64-70

Clayton JA, Ekama GA, Wentzel MC, Marais GVR (1991) Denitrification kinetics in biological
N and P removal activated sludge systems treating municipal wastewaters. Wat Sci Tech
23:1025-1035

du Toit GJG, Parco V, Ramphao MC, Wentzel MC, Ekama GA (2007) Design and performance
of BNR activated sludge systems with flat sheet membranes for solid liquid separation. Wat
Sci Tech 56(6):105-113

du Toit GJG, Parco V, Ramphao MC, Wentzel MC, Lakay MT, Mafungwa HZ, Ekama GA
(2010) The performance and kinetics of biological nitrogen and phosphorus removal with
ultra-filtration membranes for solid-liquid separation. Final WRC Report for Projects K8/814
and K5/1537, Water Research Commission, Private Bag X03, Gezina 0031, Pretoria, South
Africa

Ekama GA, Marais GVR (1984) Two improved activated sludge settleability parameters.
IMIESA 9(6):20-27

Ekama GA, Dold PL, Marais GVR (1986) Procedures for determining influent COD fractions
and the maximum specific growth of the heterotrophs in activated sludge systems. Wat Sci
Tech 18(6):91-114

Ekama GA, Wentzel MC (1999) Denitrification kinetics in biological N and P removal activated
sludge systems treating municipal wastewaters. Wat Sci Tech 39(6):69-77

Gao M, Yang M, Li H, Yang H, Zhang Y (2004) Comparison between a submerged bioreactor
and a conventional activated sludge on treating ammonia-bearing inorganic wastewater.
J Biotech 108:265-268

Ghyoot W, Vandale S, Verstracte W (1999) Nitrogen removal from sludge reject water with a
membrane assisted bioreactor. Wat Res 33(1):23-32

Han SS, Bae TH, Jang GG, Tak TM (2005) Influence of sludge retention time on membrane
fouling and bioactivities in membrane bioreactor system. Proc Biochem 40:2393-2400

Holbrook RD, Massie KA, Novak JT (2005) A comparison of membrane bioreactor and a
conventional activated sludge mixed liquor and biosolids characteristics. Wat Environ Res 77
(4):323-360

Huang X, Gui P, Qiuan Y (2001) Influence of sludge retention time on microbial behaviour in a
submerged membrane bioreactor. Proc Biochem 36(10):1001-1006

Lee W, Kang S, Shin H (2003) Sludge characteristics and their contribution to microfiltration in
submerged membrane bioreactors. J Membr Sci 216:217-227

Li H, Gao M, Yang H, Zhang Y, Kamagata Y (2005) Comparison of nitrification performance
and microbial community between a submerged bioreactor and a conventional activated
sludge. Wat Sci Tech 51(6-7):193-200



12 V. Parco et al.

Liebig T, Wagner M, Bjerrum L, Denecke M (2001) Nitrification performance and nitrifier
community composition of a cheostat and a membrane-assisted bioreactor for the nitrification
of sludge reject water. Bio Biosyst Eng 24:203-210

Luxmy BS, Nakajima F, Yamamoto K (2000) Analysis of bacterial community in a membrane
separation bioreactors by fluorescent in situ hybridization and DGGE techniques. Wat Sci
Tech 41(10-11):259-268

Maharaj S, du Toit GJG, Wentzel MC, Bux F (2007) Molecular approaches to study the
dynamics of nitrifying bacteria in a conventional activated sludge system and membrane
bioreactor. 4th International Water Association Leading-Edge Conference and Exhibition on
Water & Wastewater Technology, Singapore, 3—6 June (Poster)

Manser J, Gujer W, Siegrist H (2005) Consequence of mass transfer effects on the kinetics of
nitriefiers. Wat Res 39:4633-4642

Monti A, Hall ER, Dawsin RN, Husain H, Kelly HG (2005) Comparative study of biological
nutrient removal (BNR) processes with sedimentation and membrane based separation.
Biotech Bioeng 94(4):740-752

Parco V (2006) Bioreattori a membrana per la rimozione biologica dei nutrienti: cinetiche di
processo ed efficienze. PhD thesis. University of Palermo, Palermo, Sicily (in Italian)

Parco V, Wentzel MC, Ekama GA (2006) Kinetics of nitrogen removal in a MBR nutrient
removal activated sludge system. Desalination 199(1-3):89-91

Parco V, du Toit GJG, Wentzel MC, Ekama GA (2007) Biological nutrient removal in membrane
bioreactors: denitrification and phosphorus removal kinetics. Wat Sci Tech 56(6):125-134

Ramphao MC, Wentzel MC, Ekama GA, Alexander WV (2005) The impact of membrane
solid-liquid separation on the design of biological nutrient removal activated sludge systems.
Biotech Bioeng 89(6):630-646

Randall EW, Wilkinson A, Ekama GA (1991) An instrument for the direct determination of
oxygen utilization rate. Water SA 17(1):11-18

Smith S, Jefferson B, Judd SJ (2002) Membrane bioreactors: hybrid activated sludge or a new
process? CHISA, Prague, August 2002

Sperandio M, Mass M, Espinoza Bouchot C, Cadassud C (2005) Characterization of sludge
structure and activity on submerged membrane bioreactor. Wat Sci Tech 52(10-11):401-408

Standard Methods (1985) Standard methods for the examination of water and wastewater, 16th
edn., APHA, WEF, AWWA, Washington DC USA

Van Haandel AC, Ekama GA, Marais GVR (1981) The activated sludge process Part 3 - single
sludge denitrification. Water Res 15(10):1135-1152

Wentzel MC, Dold PL, Ekama GA, Marais GVR (1985) Kinetics of biological phosphorus
release. Wat Sci Tech 17:57-71

Wentzel MC, Dold PL, Ekama GA, Marais GVR (1989) Enhanced polyphosphate organism
cultures in activated sludge systems Part III - kinetic model. Water SA 15(2):89-102

Wentzel MC, Ekama GA, Dold PL, Marais GVR (1990) Biological excess phosphorus removal -
steady state process design. Water SA 16(1):29-48

Yamamoto K (2002) Membrane bioreactor: an advanced wastewater treatment/reclamation
technology and its function in excess sludge minimization. In: Advances in water and
wastewater treatment technology, Amsterdam, pp 229-237

Zhang B, Yamamoto K, Ohgaki S, Kamiko N (1997) Floc size distribution and bacterial
activities in membrane separation activated sludge processes for small scale wastewater
treatment reclamation. Wat Sci Tech 35(6):37-44



Recovery of Ammonia and Production
of High-Grade Phosphates from Side-Stream
Digester Effluents Using Gas-Permeable
Membranes

M.B. Vanotti(@), P.J. Dube, and A.A. Szogi

United States Department of Agriculture, Agricultural Research Service,
Coastal Plains Soil, Water and Plant Research Center,
2611 W. Lucas Street, Florence, SC 29501, USA
Matias. Vanotti@ars. usda. gov

Abstract. Phosphorus recovery was combined with ammonia recovery using
gas-permeable membranes. In a first step, the ammonia and alkalinity were
removed from municipal side-stream wastewater using low-rate aeration and a
gas-permeable membrane manifold. In a second step, the phosphorus was
removed using magnesium chloride (MgCl2) and reduced amounts of alkali.
The side-stream wastewater contained 730 mg N/L, 140 mg P/L and
2900 mg/L alkalinity. The process recovered approximately 79-93% of the
ammonia and 80-100% of the phosphorus. Surprisingly, the phosphates pro-
duced were very-high grade (42-44% P,0s) with a composition similar to the
bio-mineral newberyite. However, lower grade phosphate products (27-29%
P,05) were produced whenever the N recovery step was bypassed or carbonate
alkalinity was added. Therefore, removal of ammonia and alkalinity are
important considerations for production of very-high grade phosphate product.

Keywords: Ammonia recovery - Phosphorus recovery - Newberyite

1 Introduction

Conservation and recovery of nitrogen (N) and phosphorus (P) from municipal,
industrial and agricultural effluents using anaerobic digesters (AD) is important because
of economic and environmental reasons.

A promising new method to recover ammonia (NH3) from wastewater is the use of
gas-permeable membranes (Vanotti and Szogi 2015). The gas-permeable membrane
manifolds are submerged in the liquid manure, and the gaseous NHj; is removed from
the liquid matrix before it escapes into the atmosphere. The N removal is done with
low-rate aeration in the reactors that naturally increases the pH of the liquid and
accelerates the rate of passage of NH; (>96%) through the submerged gas-permeable
membrane manifold and further concentration in an acid stripping solution reservoir
(Garcia-Gonzalez et al. 2015; Dube et al. 2016). The effluent after ammonia treatment
is low in ammonia and carbonates. In turn, these conditions improve precipitation of
phosphate minerals of high-grade.

© Springer International Publishing AG 2017
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The objective of this work was to develop new technology for simultaneous N and
P recovery suitable for municipal digester effluents (Vanotti et al. 2016). It combines a
gas-permeable membrane technology (N recovery) with P recovery of solid products
by precipitation of phosphates. Phosphorus precipitating compounds such as for
example, magnesium chloride (MgCl,), are added to the system after the N removal.
The new system was first tested using livestock wastewater (Vanotti et al. 2017). In this
work, municipal side-stream wastewater was used. Results of this study and others
were used to file a US Patent on the new process.

2 Materials and Methods

In this case study, the wastewater was side stream collected from James River
municipal plant, Hampton Roads Sanitation District, Virginia. The side stream
wastewater was a centrate effluent from waste sludge that was subjected to anaerobic
digestion and solids separation and contained about 140 mg/L P and 730 mg N/L.
Ammonia was substantially removed in a first treatment step (Fig. 1). In a second step,
MgCl, was added to the N treated effluent in the phosphorus recovery tank. The gas
permeable membrane module was connected with a stripping solution reservoir con-
taining diluted acid as described in Dube et al. (2016) and Garcia-Gonzalez et al.
(2015). Low rate aeration was delivered to the bottom of tank. Gas-permeable mem-
brane was tubular and made of e-PTFE material. Nitrification inhibitor (22 ppm) was

Municipal

Waste Stripping Solution
Sludge Reservoir
v Recovered
Ammonia
Alkali Magnesium
Anaerobic Dispenser Chloride
Digester @ 1 l
l Centrate/
Solids Filtrate v Treated
= —>  Effluent
Separator|
Gas-pprmeabl
Membrane
Mpdule
Blower

O |

|

Recovered
Phosphorus
Solids

Fig. 1. Schematic diagram of nitrogen (N) and phosphorus (P) recovery system using ammonia
separation tank and P recovery tank
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added to ensure nitrification inhibition. Concentrated acid was added to the stripping
solution to an end-point pH of 1 when the pH increased above about 2 as result of
active ammonia capture. In a second step, the treated effluent from the N recovery tank
was transferred to phosphorus separation tank where it was mixed with MgCl, and
NaOH to obtain a phosphorus precipitate and an effluent without phosphorus or
ammonia. MgCl, was applied to obtain a Mg:P ratio 1.2:1. Alkali NaOH was applied to
pH 9.2. The chemicals were mixed for about one minute. After about a 0.5 h gravity
sedimentation period, the phosphorus precipitate was dewatered using glass fiber fil-
ters, and characterized for total N, P, Mg, Ca, and K and plant available phosphorus.

3 Results and Discussions

Phosphorus recovery of anaerobically digested municipal wastewater via MgCl, pre-
cipitation was enhanced by combining it with the recovery of NHj; through
gas-permeable membranes and low-rate aeration. The low-rate aeration stripped the
carbonates in the wastewater and increased pH, which accelerated NH; uptake by the
gas-permeable membrane system (Fig. 2). The ammonia capture process substantially
reduced carbonate alkalinity, from 2990 mg/L to 130 mg/L, and ammonia concentra-
tion, from 730 mg N/L to 50 mg/L. These conditions benefited subsequent P recovery.
The combined process provided quantitative (ca 100%) P recovery efficiency (Table 1).

Ammonia Removed and Recovered
in N Concentration Tank

1500

10004

NH,* Recovered (mgN)
3
o
L

0 T T T
0 2 4 6 8 10

Time (d)

-o- Mass N Recovered in Concentration Tank
-# Mass N Removed from Wastewater

Fig. 2. Mass removal and recovery of nitrogen (N) from municipal wastewater using
gas-permeable membranes and aeration

With active NHj3 extraction, the magnesium phosphates that were produced con-
tained high P,Os grade (42%) and high plant availability (Table 2). The phosphorus
product was similar to the composition of newberyite (MgHPO,.3H20), a biomineral
found in guano deposits, which has approximately 40.8% P,Os and 13.9% Mg com-
position and 1:1 P:Mg molar ratio.
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Table 1. Changes in concentration and mass balances for nitrogen (N) and phosphorus
(P) using side-stream municipal wastewater

Influent Effluent Mass | Mass outflow Total
concentration | concentration | inflow recovery
Initial | Recovered | Recovered by | Effluent
manure | solid membrane
mg/L mg (% of initial)
N | 733 60 1100 |30 (2.73%) | 837 (76.09%) | 90 867
(100%) (8.18%) | (78.82%)
P 133 20 200 212 0 (0%) 30 212
(100%) | (106.00%) (15.00%) | (106.00%)

Table 2. Composition of recovered phosphate mineral solid in the system of Fig. 1 using
approximately 5.42 mmol/L MgCI2 and approximately 10 mmol/L NaOH

Composition of recovered solid

N |P(P,0s) |Mg Ca K |Plant available P (Citrate soluble)
%

2.56 | 18.30 (42.0) | 14.6 | 1.4 1.9]98.4

However, in other tests conducted with the same municipal wastewater, whenever
the N recovery step was bypassed or carbonate alkalinity was added, the phosphate
minerals obtained had lower grade (27-29% P,05) (Vanotti et al. 2016). Therefore,
removal of ammonia and carbonates are important considerations for production of
very-high grade phosphate products.

4 Conclusions

These results showed that it is possible to produce Mg phosphates with high P,Os
content by removing the NH; from the liquid with the gas-permeable membrane
process. In a first step, the ammonia and alkalinity were removed from municipal
side-stream wastewater using low-rate aeration and a gas-permeable membrane man-
ifold. In a second step, the phosphorus was removed using magnesium chloride
(MgCl12) and reduced amounts of alkali. The phosphates produced were very-high
grade (42—44% P,0s5) with a composition similar to the bio-mineral newberyite. This is
an important finding because recovered phosphates with high P,O5 content are more in
line with mineral commercial fertilizers and favored by the fertilizer industry.
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Abstract. In this study, we investigated start-up of an Anammox bioprocess
from a secondary activated sludge seed fed primary effluent from a domestic
used water reclamation plant (WRP). To test the hypothesis that an
anammox-enriched sludge could still be achieved under such conditions given
enough nitrite and ammonium, nitrite was supplemented at a molar ratio of 2:1
to ammonium. Anammox activity was observed within 50 d of operation and the
relative abundance of Anammox bacteria increased from <0.1% gradually up to
4% after 100 d of operation, concomitant with complete ammonium removal.
Despite consumption of chemical oxygen demand (COD) by heterotrophic
denitrifiers, the Anammox biomass continued to accumulate up to 20% of rel-
ative abundance, contributing to biofilm and granule formation in the reactor.
Thus, a high influent COD concentration is not inhibitory to the start-up of an
Anammox system as long as sufficient nitrite is provided.

Keywords: Nitrogen removal - Denitrification + Biofilm

1 Introduction

Full-scale nitritation-anammox has thus far been limited to used waters with a high
ammonia concentration and a low chemical oxygen demand (COD) to total nitrogen
(N) ratio (Lackner et al. 2014). Domestic used water typically has a COD:N of 10-14
(Henze and Comeau 2008) which favours the proliferation of fast growing hetero-
trophic denitrifying organisms, that in turn present as competitors of the Anammox
bacteria for nitrite utilisation. Nonetheless, fully functioning Anammox bacteria have
been observed in activated sludge systems treating municipal used water, even in the
presence of COD, albeit at low relative abundance. This suggests that an alternative
strategy to achieve full scale partial nitritation/anammox for domestic used water
treatment is possible, by enhancing the activity of pre-existing Anammox populations
in conventional nitrification-denitrification activated sludges.

To date, all studies on the effect of COD in raw and pretreated municipal used
waters on Anammox activity have been conducted on systems with high

© Springer International Publishing AG 2017
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Anammox-bacteria enrichments (Jenni et al. 2014). The extent to which COD inhibits
the establishment of a stable and functioning Anammox enrichment for used water
treatment has not been described. The aim of this work was therefore to investigate
whether Anammox can be achieved in activated sludge treating settled used water
without additional pre-treatment to remove organic carbon. We hypothesized that the
presence of organic carbon will not compromise the growth of Anammox bacteria
conditional on the provision of sufficient nitrite.

2 Materials and Methods

A sequencing batch reactor (SBR) with a working volume of 4 L was seeded with
returned activated sludge (RAS) from a domestic water reclamation plant (WRP) in
Singapore and fed primary effluent. Primary effluent was collected from the WRP once
a week. The nitrite concentration was then adjusted to a molar ratio of 2:1 relative to
ammonium and stored at 4°C to prevent degradation. A heating jacket was connected
to maintain the SBR temperature at 33 £ 1°C, higher than the typical temperature of
domestic wastewater in Singapore of 31°C to encourage Anammox activity. For
enrichment purpose, the sludge retention time (SRT) was not controlled whereby
sludge loss only occurred through sampling for nutrient and solids analyses. Once a
stable co-culture of Anammox and heterotrophic denitrifier was established, individual
batch experiments with nitrite was conducted in the SBR to assess the contribution of
Anammox and denitrifiers under varying nitrite concentrations. Data from the batch
experiments were used to model the Anammox and heterotrophic denitrifier substrate
kinetics.

Mixed liquor samples were collected periodically for DNA extraction. With the
gDNA extract, sequencing libraries were prepared and run on an Illumina HiSeq2500
sequencer using 250 bp paired-end sequencing. The metagenome data was used for
community analysis based on Ribotagger method using reads annotated to 16S
V4-regions.

3 Results and Discussion

Anaerobic ammonium removal activity was observed after 50 d of operation. The
effluent ammonium concentration dropped continuously from day 58 to day 75 even at
a relatively low abundance of Anammox bacteria of less than 2% (Fig. 1A-B). Bro-
cadia was the only Anammox taxa detected in the whole community shotgun meta-
genome data throughout reactor operation. Despite the presence of heterotrophic
denitrification, the nitrite supply was sufficient to support Anammox activity as indi-
cated by the residual nitrite detected in the effluent. The reactor displayed stable
ammonium removal activity after 80 days of operation in line with an increase in
relative abundance of Anammox bacteria (Fig. 1B).

Red biofilms were visible on the wall and surface of the stirrer and suspended red
granules were also observed providing further evidence for the existence of Anammox
bacteria (Kartal et al. 2013). Biofilm formation was also indicated by a decrease in mixed
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Fig. 1. The effluent ammonium, nitrite and suspended solids concentration (top) of an
Anammox- heterotrophic denitrifying reactor fed with primary effluent augmented with nitrite
and the corresponding relative abundance of the top ten most abundant annotated taxa detected in
the suspended biomass based on Ribotagger results (bottom) (Color figure online)

liquor suspended solids (MLSS) concentration and a decrease in Anammox relative
abundance in suspension after day 110 of reactor operation (Fig. 1). When the biofilm
was removed from the wall of the reactor, Brocadia was the most dominant taxon in the
suspended biomass suggesting preferential attached growth of the Anammox bacteria
(Fig. 1). Using qPCR data within the first 120 day of operation, the doubling time of the
Anammox bacteria was estimated to be approximately 11.9 £ 1.7 days.

Batch experiments conducted with varying nitrite concentration showed that both
specific ammonium oxidation rate (AOR) and nitrite reduction rate (NRR) increased
commensurate with nitrite concentration from 5 to 60 mg N/L. However, the AOR:
NRR decreased by 50% at a nitrite concentration of 60 mg N/L versus 5 mg N/L
suggesting that high nitrite concentrations favour Anammox over heterotrophic deni-
trification activity. Indeed, modelling analysis of the data obtained from the batch
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experiments estimated the nitrite affinity constant of Anammox to be 16.8 &+ 0.9 mg/L.
which is significantly higher than that of the heterotrophic denitrifier (i.e.
1.4 £ 0.5 mg/L).

4 Conclusions

This study demonstrated that an Anammox biomass can be built up from activated
sludge without bioaugmentation with an Anammox enrichment within 3 months of
operation. The activity of Anammox bacteria was not compromised despite the pres-
ence of complex organic carbon source in primary effluent of a domestic used water
reclamation plant as long as sufficient nitrite is supplied.
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Abstract. The operation of a pilot-scale plant for the demonstration of phos-
phate (P) recovery from actual sewage was investigated for more than 5-years.
The pilot plant consisted of a 500 L up flow anaerobic sludge blanket (UASB)
and 540 L down flow hanging sponge (F-DHS) reactor as pre-treatment unit,
subsequently a 66 L of P-DHS reactor operation was modified to enhance
recovery of P. The combined UASB-DHS system could achieve good organic
removal efficiencies accounted for 87%, 84% and 90% for BOD, COD, and SS
respectively. Under the optimum operational condition, the P-DHS reactor was
able to concentrate P up to 120 mg P L-1 in the recovery solution. Nevertheless,
high P concentration could not be easily maintained over the years. It started to
worsen when the pH in F-DHS effluent dropped until below 6, but then slightly
increased when the pH is being controlled in a range of 7-8. Interestingly, a
cyclic pattern was observed in the P concentration of the recovery solution in
response to the temperature, regardless of whether the pH was controlled or not.
High P concentration only achieved temporally in spring (16 < T < 20°C) and
further become deteriorated as temperature rise in summer (T > 30°C). There-
fore, in order to achieve a high P concentration in the recovery solution the
F-DHS effluent temperature should be controlled in a range of 15-20°C.

Keywords: Down-flow hanging sponge - Phosphorus recovery
Polyphosphate accumulating organisms - Up-flow anaerobic sludge blanket -
Wastewater treatment

1 Introduction

The development of wastewater treatment technology for P removal also offers the
opportunity for P recycling for maintaining resources sustainability. The most common
configuration used for biological P recovery in wastewater treatment plant (WWTP) is
by integrating activated sludge (AS) process with enhanced biological phosphorus
removal (EBPR) (Oehmen et al. 2007). Nevertheless, the extraction of rich P con-
taining in the produced sludge is rather expensive. Campos et al. (2009) pointed out
that sludge handling costs could account for 50-60% from total operational costs of
ASP itself. However, a combination of up-flow anaerobic sludge blanket (UASB) and
down-flow hanging sponge (DHS) reactor has emerged as an interesting alternative

© Springer International Publishing AG 2017
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wastewater treatment process (Tandukar et al. 2007). Furthermore, the volume of
excess sludge produced from a UASB-DHS reactor was 15-times lower compared than
in the conventional AS process.

Thereby to increasing the economical benefit of P recovery in EBPR process, a
combination with UASB-DHS system emphasizing on its low excess sludge produc-
tion is necessary to be developed. It has been previously reported that a laboratory scale
DHS system could demonstrated that a synthetic sewage (5 mg P L™') was concen-
trated to a recovery solution of 125 mg P L™" in a bench scale experiment without any
excess sludge produced (Kodera et al. 2013). The present study shows P recovery
performance of UASB-DHS system in a pilot scale operated in extended time to
investigate whether the novel system can be applicable to real sewage.

2 Materials and Methods

2.1 Pilot Scale Operation

A combination of UASB and DHS system was installed in WWTP facility of
Higashihiroshima City, Japan. Total 1 m® day ' of actual sewage was treated in a pilot
scale reactor (Fig. 1). Initially, the biodegradable organic content in wastewater was
degraded anaerobically inside the UASB reactor. UASB effluent was then uniformly
distributed from the top of DHS reactor and the water gravitationally flowed-down
through the biofilm carrier inside the DHS reactor under aerobic condition. Finally, the
treated water from the DHS reactor was introduced in to P-DHS reactor for P recovery
purposes in a specific operation cycle. The pilot-scale system were operated continu-
ously for 5 year at an ambient temperature which varied from 9°C during winter to 35°C
during summer.
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Fig. 1. The conceptual of UASB-DHS system for sewage treatment and phosphorus recovery
process
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2.2 Principle of Phosphorus Recovery as Concentration Solution
in P-DHS Reactor

To establish phosphorus recovery process using DHS reactor, the DHS biofilm carrier
should be enriched with polyphosphate accumulating organism (PAOs), by alternat-
ingly exposed to anaerobic and aerobic conditions. The alternating operation is a
sequence of three steps (Fig. 1) as follows: (1) Aerobic period: P-containing water from
F-DHS effluent is supplied to the reactor, while air is continuously ventilated to
facilitate aerobic environment. P is being up take by PAOs residing in the DHS biofilm,
and after aerobic period is finished the treated water is discharged. (2) Anaerobic
period: The reactor is filled with a recirculation solution and an organic substrate (e.g.
VFA), air supply was stopped to keep anaerobic environment in the reactor. In this
stage PAOs store the organic substrate and release the accumulated P into the recir-
culation solution. (3) Recovery period: The solution is drained into the recirculation
tank, and the overflow water was collected in recovery tank. By repeating the sequence
period, PAOs are enriched within the reactor and at the same time, P concentration in
the recirculation tank continually increased until a plateau is reached. As a result, a high
P contained in the solution could be recovered from the system and could be easily
utilized as a liquid fertilizer.

3 Results and Discussion

3.1 Performance of UASB and F-DHS Reactors

Organic substances were insufficiently removed in the UASB for all 5 years of the
operation (Table 1). The average t-COD concentration was 201 & 41 mg L™" in the
UASB effluent, corresponding to approximately 28% removal efficiency. In contrast,
the high sulfate was consumed to 198 mg SO,>~ L', which means approximately 80%
of t-COD removal was reduced to hydrogen sulfur. This produced high hydrogen sulfur
probably inhibited methanogenic activity and COD removal (Choi and Rim 1991;
Harada et al. 1994). As a result, the biogas production was very little impossible to
collect the biogas from the UASB. The t-BOD substance of 140 & 68 mg L' was also
remained in UASB effluent at a high concentration.

On the other hand, in the F-DHS reactor installed as post-treatment unit of UASB,
the sewage treatment was successfully performed. Even after Day 745, when we
reduced the air-supply rate from 400 to 30 L hr™' for preventing pH drop, which is
described below in detail. The average t-COD concentration in the DHS effluent was
31 £ 21 mg L™" until Day 744 and then became a little bit worse to 51 = 16 mg L™".
The similar phenomenon was observed for t-BOD (22 & 17 to 45 + 21 mg L™"). This
deterioration would be caused by DO depression from 5.2 #+ 2.1t0 2.4 & 1.8 mg L™"
in the F-DHS effluent along with decreased air-supply. In the whole UASB-F-DHS
system, the sewage removal efficiencies reached approximately 90% for both BOD and
COD. In regards to P, the concentration was consistent throughout the UASB and
F-DHS system. This result of no P removal was reasonable because sludge with-
drawing was never carried out from the UASB and F-DHS reactors in the entire
operational period of 5 years.
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Table 1. Summary of water quality and performances of up-flow anaerobic sludge blanket
(UASB) reactor, down-flow hanging sponge (F-DHS) reactors, and phosphorus DHS (P-DHS)
reactor in the entire pilot scale system

Parameters Periods

All periods Phase 1 (day 1 to 744) | Phase 2 (day 745 to

1850)

Sewage | UASB eff | DHS eff P.DHS eff | DHS eff P.DHS eff
pH 7.3 (0.3) [7.2(0.3) |6.6 (0.7) 7.1 (0.8) |7.3(0.5) 7.5 (0.5)
DO (mgO, LYH [13(1.8) |04 ©04) 5221 6.1 (2.3) 2.4 (1.8) 6.2 (2.2)
t-BOD (mg LY | 172 45) | 140 (68) |22 (17) 16 (11) 45 (21) 18 (8)
t-COD (mg LY 278 (57) |201 (41) |37 (15) 31 21 51 (16) 24 (10)
SS (mg LY 61 (24) |38 (20) 6 (4) 4 (5) 10 (4) 7 4)
PO43_(mg-P L™ 1704 |1.70.2) |1.6(0.3) 14 0.4) 1.6 (0.4) 1.3 (1.5)
NH,* (mg-N L™ |33 (5) 36 (6) 22 (8) 17 (7) 27 (5) 22 (7)
NO,” (mg-NL™H|0 0 1.5 2.2) 0.6 (0.8) | 1.0 (2.1) 0.2 (0.2)
NO;~ (mg-N L™ (0.4 (0.8) 0.5 (0.9) |10 (8) 10 (7) 3(3) 9 (8)
S04 (mg L™ [291 (116) | 198 (112) | 278 (93) 284 (87) |251 (96) 235 (70)
Removal UASB UASB+DHS | ALL UASB+DHS | ALL
BOD (%) 19 (23) 87 (7) 91 (10) 72 (11) 89 (10)
COD (%) 28 (24) 87 (22) 89 (6) 84 (13) 92 (6)
SS (%) 38 (32) 90 (10) 94 (9) 83 (17) 88 (9)
PO4-P (%) 3 () 6 (3) 18 (21) 6 (4) 24 (11)
NH4-N (%) - 33 (22) 49 (28) 18 (19) 33 (16)

3.2 Performance of P-DHS Reactors

The P-DHS reactor was set to concentrate the P concentration of the effluent discharged
from the F-DHS reactor for phosphorus removal and recovering as a concentrated
solution. However, The P-DHS reactor did not easily work well. Therefore, the
operational condition was changed four times, then it took a very long time of 5 years
to achieve the objective of this study. Eventually, we demonstrated that phosphorus
could be recovered for the actual sewage as a high P solution of approximately 120 mg
P L-1 (Fig. 2D), which is comparable to a recovered solution in a similar study using
an artificial wastewater (Kodera et al. 2013). It is also important to note that besides no
sludge withdrawal was carried out during the operation, a high P concentration
obtained in this study also considered as economically feasible for fertilizer production
according to the minimum requirement value from Cornel and Schaum (2009).
Through the long-term pilot-scale treatment, however, it was found that this P recovery
process could be applied under restricted operational environments as described below.

3.2.1 Performance Without S-DHS Reactor (The First Year)

In the start-up of P-DHS operation, the P concentration of recovery solution gradually
increased (Fig. 2D), which means the proposed P concentrating process by P-DHS
would be applicable for municipal sewages, and enrichment of PAOs was expected.
However, after P concentration arrived at approximately 30 mg P L™" on day 50, the
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Fig. 2. Timeline of P-DHS reactor performances with certain operating condition changes. Time
course of: temperature (A); pH (B); phosphate concentration (C); and amount of P recovered in
the recovery solution (D). Arrow line labelled with SP1 until WT1 indicate biomass-sampling
time on P-DHS reactor

concentration declined before reaching the target concentration of over 100 mg P L™".
We waited an increase of P concentration for a long time, but no recovery and no
removal were observed. It was though that this disruption of the P concentrating
process was caused by hydrogen sulfide, which inhibits PAOs activity (Rubio-Rincon
et al. 2016), because a high hydrogen sulfide was detected in the recirculation tank
(data not shown). The hydrogen sulfide would be produced by sulfate reducing bacteria
(SRB) detected in the recirculation tank, where some of volatile fatty acids provided to
P-DHS in the anaerobic phase was remained, and the SRB grew on the organic sub-
stances and sulfate from the F-DHS effluent. The SRB would be also enriched in the
P-DHS reactor.

3.2.2 Performance with S-DHS Reactor (The Second Year)

To prevent the hydrogen sulfide production, the S-DHS reactor was installed in the P
recovery process on day 280. The S-DHS reactor successfully worked at once to make
the solution in the recirculation tank aerobic and keep it low COD concentrations. As a
result, SRB disappeared and no hydrogen sulfide was detected ever since then (data not
shown). As soon as installing the S-DHS reactor, P concentration of recovery solution
had a tendency to increase again (Fig. 2D). P was gradually concentrated and reached
55 mg P L™! on day 370. However, it turned to decrease again until day 570. Even
though the hydrogen sulfide inhibition had been solved, the worsening of performance
happened. We noticed the pH of F-DHS effluent became lower during this period
(Fig. 2B). The pH drop was derived from nitrification as mentioned above. The low pH
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perhaps caused the deterioration of performance because P concentration of recovery
solution increased again just when the pH of F-DHS effluent returned back to around 7.

3.2.3 pH Controlled Period (The Third and Fourth Years)

Many researchers reported that a favorable environment for PAOs was neutral or
higher pH in EBPR processes (Filipe et al. 1997; Oehmen et al. 2007). It would be
essential for phosphorus recovery to prevent pH drop derived from nitrification in our
proposing system. The airflow rate is one of operational parameters to weaken nitri-
fication in the F-DHS reactor and can be easily controlled. With hope for stopping
unfavorable pH decrease, the airflow rate was reduced to 30 L h™! less than one-tenth
on day 745. As expected, a weaker nitrification was successfully performed in the
summer (data not shown), resulting in prevention of the severe pH drop keeping over
pH 6.0 (Fig. 3B). Unfortunately, however, the phosphorus recovery was not improved
in comparison with the performance of second year, which suggests that the pH control
by airflow rate might be insufficient.
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Fig. 3. Microbial community structure in the P-DHS reactor taken from different season

We, therefore, installed a pH controller with 1N NaOH solution in the F-DHS
effluent reserving tank on day 800. As a result, the pH in the tank was maintained in a
range of 7-8. Despite the preferable pH, after P concentration in the recovery solution
increased up to 70 mg P L™ around day 1120, the recovery performance was deteri-
orated. Since P concentration of sewage supply was relatively low. We thought low P
concentration might negatively affect PAOs activity, then P concentration in the P-DHS
influent was artificially increased to 5 mg P L™' by adding sodium P during day 1160—
1300. Nevertheless, no improvement of the recovery performance was observed.

The increase of recovery P concentration occurred at low temperatures in every
season from winter to middle of spring. On the other hand, the degradation happened
when the temperature became higher in summer. The observed cyclical phenomenon
(Figs. 2B and C) strongly suggests that temperature would be one of the key factors to
govern the phosphorus recovery performance.
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3.24 Temperature Controlled Period (The Fourth and Fifth Years)

To confirm an effect of temperature on the P-DHS performance, the water temperature
control was tried using a heater of 1 kWh and a cooler of 1 kWh, which were installed
in the F-DHS effluent reserving tank on day 1290, with a thermostat. As soon as the
F-DHS effluent was provided at 15°C, which was set and successfully controlled, the P
concentration in the recovery solution steadily increased and eventually achieved
approximately 110 mg P L-1 on day 1420 (Fig. 2D). However, unfortunately, the
control was failed and the water temperature increased in the summer because the
cooling power was insufficient. Consequently, the P concentrated solution was not
kept, and the concentration felt down little by little, resulting in almost no phosphorus
recovery on day 1580.

However, with the coming of autumn, the air temperature dropped then the water
temperature control became possible. By controlling the water temperature at 20°C
instead of 15°C because a P removal was observed even 20°C around, the P-DHS
performance completely rebounded. Finally, P concentration reached 120 mg P L-1
(Fig. 2D) and the F-DHS effluent of around 1.2 mg P L-1 was removed to less than
0.2 mg P L-1 in the P-DHS reactor, corresponding to nearly 83% phosphorus removal
(Fig. 2C). As just described, the long-term pilot-scale experiment demonstrated that
phosphorus recovery was possible for the actual sewage as a concentrated solution
under the temperature-controlled condition.

3.3 Microbial Population Dynamic in the P-DHS Reactor

The stability of EBPR system relies on the existence and activity of PAOs within the
microbial population. Therefore, to further explore the microbial community in the
P-DHS reactor, total 6 biomass samples were collected from the P-DHS carrier media
throughout the operational periods (Fig. 2D). The composition of the microbial pop-
ulation on each sample was then characterized by using FISH, as depicted in Fig. 3. It
can be seen that most dominant GAOs was observed as Defluvicoccus related group,
they could stably maintained their population over the 13% of total bacteria in all
sampling periods. PAOs Type I was dominated up to 36.6% of total bacteria in the
spring (day 1110) but then decreased until 17.2% in the summer (day 1211), again a
similar PAOs composition trend was observed on the next season of spring (day 1463)
and summer (day 1575). PAO Type I population was then increased significantly from
16.8% in the autumn (day 1708) to approximately 30.8% of the total bacteria in the
winter (day 1785). Concomitantly, the PAOs Type II populations showed inverted
trends. Interestingly, the changes within the PAOs community appear to indirectly
relate to the phosphorus recovery performance. It seems that PAO Type I might play an
important role in the phosphorus recovery process rather than PAO Type II. Therefore,
future investigation on different PAO types metabolism is necessary, which should
become a key research area for the establishment of a stable EBPR technology.
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4 Conclusions

The present study demonstrated that the proposed system to recover P as concentrated
solution could be applicable to real sewage through the four years operation of a pilot
scale P-DHS plant. However, it is found that the temperature is a crucial factor for the
success of high phosphorus recovery.
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Abstract. The rotating belt filter (RBF) is an emerging and enabling technol-
ogy for carbon recovery and also an alternative to the primary clarifier (PC),
sludge thickening and dewatering. A recent study indicates that the RBF has the
potential to reduce capital cost, footprint and improve energy and nutrient
recovery in comparison to a conventional PC. Moreover, it is also believed that
the RBF can fractionate carbon (enrichment of cellulose, namely toilet paper)
based on particulate size, more efficiently than a PC. It is, therefore, necessary to
understand and quantify the uniqueness of the RBF performance to maximize
plant-wide benefits when retrofitted in existing wastewater treatment plants
(WWTPs). Thus, a rigorous plant-wide study is required to interpret the deeper
influence of an RBF on the major downstream units (such as activated sludge
tanks, sludge digester, etc.). This study emphasizes the development of a sim-
plified empirical model for describing carbon recovery in an RBF and the impact
of the RBF implementation on plant-wide evaluation.

Keywords: Rotating belt filter - Carbon recovery : Empirical model -
Plant-wide evaluation

1 Introduction

Primary treatment in a wastewater treatment plant (WWTP) is crucial, and its role in
fostering the performance of anaerobic digestion (AD) by diverting more carbon to AD
is gaining more and more attraction. In a traditional WWTP, the primary clarifier
(PC) is one of the unit operations (for primary treatment) which works based on gravity
separation to remove total suspended solids (TSS) and lower the biological oxygen
demand. However, the footprint and capital cost associated with it are not competitive
enough to meet the modern plant design philosophies (such as higher carbon recovery,
compact size, etc.).

On the other hand, a new emerging cake filtration based technology called RBF has
several advantages (Franchi et al. 2015) compared to a primary clarifier such as: (i) it
requires 1/ 10™ of the PC space; (ii) installation is convenient; and (iii) the technique
can handle a sudden peak load. In addition to that, Paulsrud et al. (2014) also found that
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the percentage of volatile solids and the biochemical methane potential of the sludge is
higher for a plant operating with an RBF in comparison to a PC. So this observation
further motivates to use the RBF for boosting the AD performance and subsequently
cut down the energy consumption demand by the activated sludge process. However,
the increased carbon removal in primary treatment when operating an RBF raises some
concerns over the pre-denitrification performance efficiency (Paulsrud et al. 2014).
Recent studies (Razafimanantsoa et al. 2014; Rusten et al. 2016) have indicated that the
RBF has no impact on the denitrification rate in a moving bed biofilm reactor (MBBR),
and a minimal impact on activated sludge process (AS). Razafimanantsoa et al. (2014)
also suggested carrying out additional studies as denitrification depends on multiple
factors. This study further motivates to perform a rigorous dynamic plant-wide eval-
uation to assess the impact of the RBF (on the widely used model SF 2000 as shown in
Fig. 1) on the plant-wide scale. Chakraborty (2015) and DeGroot et al. (2016) have
presented mechanistic models for dynamic simulation and design exploration of the
RBF. However, due to the complexity of the model and the higher number of mea-
surements that is required to calibrate such a model before using it in a simulation, this
further complicates the plant-wide simulation of a WWTP.

Fig. 1. (a) RBF unit (model SF-2000) (b) Inclined filtration screen (Franchi et al. 2015)

To allow plant-wide simulation in a relatively easy way, this study is focused on
developing a new simplified empirical model to estimate the suspended carbon
recovery from the RBF. Furthermore, the model is extended to carry out an impact
assessment of the RBF on the plant-wide scale.

2 Materials and Methods

2.1 Working Principle

The RBF (as shown in Fig. 1) works based on cake filtration which removes suspended
solids from waste water by using a polyester screen (as shown in the Fig. 1b). The RBF
is operated by continuously moving the belt on which the waste water passes, and
during this process, solids are retained on the filter mat and form a layer which is then
further separated by the air knife. The mat is periodically cleaned by compressed air
and a water spray. The sludge collected in this process can be further thickened based
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on the application (such as direct feed to a sludge stabilization unit), without adding
any external dewatering equipment. The mesh size for the RBF screen varies from 50
to 500 micron which increases the application domain. In this study, the SF 2000
model (with screen size 350 micron) is considered for empirical model development as
it is widely used for sewage water treatment.

2.2 Theory of Operation

In cake filtration, the flow through porous media is governed by Darcy’s law which is
given as

__kadp (1)

q
A udx
Where the flux (q/A) is proportional to the pressure gradient (dp/dx) and k is the
permeability of the filter and u is the dynamic viscosity of the water. Using Eq. 1 as a
basis, Chakraborty (2015) has developed a mechanistic model (Eq. 2) to estimate the
effluent total suspended solids (TSS) concentration. This model captures the underlying
mechanism very well. However, the usage of this model always depends on several
parameters (such as specific cake resistance, water level, etc.) as inputs which require
additional effort before the model can be applied.

w.B (Bg.p,.(H—H,r).H
TSSour - TSSin - ( E-Lw ( p I€f) 2 — Rm) (2)
Q.o Qin-pt.sin 0
Where,

Q;, = influent flow rate [m3/h] o = rotational speed of the screen [rpm]

R,, = resistance by the screen [m/kg] | = viscosity of the effluent [kg/(s-m)]

o = specific cake resistance [m/kg] H = average water level [m]

H, = initial water level [m] H,.; = water level in the effluent tank [m]

pw = density of water [kg/m3] B = width of the screen [m]

Likewise, (DeGroot et al. 2016) have proposed a CFD based dynamic model
(Eq. 3) for design exploration and sizing of the RBF.

om; om,
ot +C§ = CTSS,,,-”-V (3)

Where,

= &y y = Ap
n ay + exp(—by.mc) p.ag. exp(bg.m;)
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ag, ay, b, b, are parameter constants, m. represents the cake mass per unit area and
C is the belt speed.

This model (as depicted in Eq. 3) presented by DeGroot et al. is helpful when
executing a hydrodynamics study. However, using this model to perform plant-wide
simulation may slow down the computations considerably, and moreover, additional
measurements and appropriate initial conditions are required.

3 Results and Discussion

3.1 Carbon Recovery Model Development and Evaluation

Experimental data reported in Franchi et al. (2015) were generated using the SF-2000
RBF unit whose belt screen size is 350 microns. The data were collected under different
flow rate conditions, ranging from 120 to 370 gpm and for a range of TSS value,
ranging from 10 mg/L to 1400 mg/L. As these experimental data represent the wide
variability of TSS concentration at the inlet and the corresponding RBF removal
efficiency, the data were selected for developing the simplified empirical model for
estimating suspended carbon recovery from the RBF. Figure 2 represents the pattern
(model prediction is presented in red line) that exists between TSS removal efficiency
and the TSS at the inlet. The empirical model (as depicted in Eq. 4) for carbon recovery
is developed by framing it as a nonlinear least square problem. This empirical model
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has two model parameters (namely K;-16.45 and K,-29.1) with adjusted regression
coefficient (Ridj) value 0.67. The uniqueness of this model is that it has only two model
parameters (compared to Eqgs. 2 and 3) and it needs only TSS measurement, which is

widely measured at plant side. Therefore, it is decided to use the developed model for
plant-wide impact assessment analysis.

nrss = KiLog(TSSi) — K> (4)

Where,

K, K, are empirical model parameters, ;g5 is TSS removal efficiency (%) and
TSS;, is the concentration of suspended solid at influent.

It is also observed that as the TSS at the inlet of the RBF increases, the removal
efficiency also rises and this is because in the belt filter the deposited particulates form
additional layer apart from the screen. Therefore, in total, there are in fact two layer
screens, which help to retain a higher number of suspended particles on the filter.

3.2 Plant-Wide Steady State Simulation Analysis

The plant-wide steady state simulation for an RBF is performed using the modified
BSM2 framework (as depicted in Fig. 3) and the plant-wide overall mass balance for
COD, TN, TSS, etc. are summarized. The developed empirical model along with mass
balance concept is implemented to build the rotating belt filter model for steady state
plant-wide analysis. The wastewater influent defined in Gernaey et al. (2011) is used
for the impact assessment. Around 68% of influent TSS (estimated by developed
empirical model) is removed from the RBF which further translated to 1385 kg CH4/d
methane production from AD and below effluent COD limit (i.e. 44.8 mg COD/l). It is
also observed that the C/N ratio is significantly reduced from 11.6 to 5.2, which is more
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Fig. 3. Steady state plant-wide analysis for a rotating belt filter
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than 50%. As a result, the effluent TN concentration (21.1 mg N/I) is slightly higher
than the discharge limit (18 mg N/1).

4 Conclusions

A new simplified empirical model is proposed for the estimation of suspended carbon
recovery from wastewater by using an RBF. The developed empirical RBF model has a
lower number of model parameters (only two) and a reduced requirement for mea-
surements (only TSS influent concentration) compared to the models retrieved from
literature (Eqgs. 2 and 3). Further, this simplified empirical model is extended to per-
form a steady state plant-wide analysis where the influence of an RBF on downstream
is observed and quantified. It is noticed that the RBF has higher TSS removal efficiency
(around 68%) compared to PC (around 50%). This higher removal efficiency further
facilitates to higher methane production (1385 kg CH4/d for RBF and 1065 kg CH4/d
for PC) low effluent COD concentration (44.8 mg COD/1 for RBF and 47.8 mg COD/1
for PC). On the other hand, the effluent TN concentration is 19.1 mg-N/1 for RBF,
which is just above the effluent discharge, limit (18 mg-N/1). This difference may fall in
the prediction uncertainty, as there is a scope to enhance the model prediction further. It
is important to mention that in this study only one operating condition for an RBF (with
thick mat formation) is analyzed. Therefore additional research required to extend the
verification of RBF impact at different operating procedure namely without thick mat
formation.
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Thermodynamic Modelling Is Needed
to Describe the Effect of High Temperature
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K.A. Ismail, M. Patén, and J. Rodriguez(%)

Department of Chemical and Environmental Engineering (CEE),
Masdar Institute of Science and Technology,
PO Box 54224, Abu Dhabi, United Arab Emirates
jrodriguez@masdar. ac. ae

Abstract. Existing models of nitrogen removal and related microbial reactions
in conventional wastewater treatment plants are capable of describing most of
the relevant behaviour of these plants. These models may however fall short on
describing the effects of temperature on the microbial activity including the
inhibition of nitrite oxidation. In this work a detailed model is presented
incorporating the most and also some of the less commonly observed microbial
nitrogen reaction pathways. The model calculates thermodynamic variables
dynamically based on the dynamic concentrations. This allows for a detailed
dynamic analysis of the thermodynamic feasibility of all reactions and of the
effects of temperature. The results indicate that the well-known inhibition of
nitrite oxidation at high temperature is caused by thermodynamic limitations.

Keywords: Nitrogen removal - Thermodynamics - Temperature effect -
Sewage treatment

1 Introduction

Nitrogen removal process in conventional wastewater treatment plants is an essential
treatment step catalysed by different types of microorganisms. The conventional pro-
cess of nitrogen removal involves a two-step oxidation of ammonium into nitrate
followed by a step of reduction of nitrate into nitrogen gas. There is a lack of literature
on the comprehensive high temperature microbial bio-kinetics modelling that includes
complete physicochemistry and thermodynamic elements. The IWA Activated sludge
models (ASM) have been developed and implemented to study the behaviour of the
processes involved in the activated sludge systems in wastewater treatment plants
(Henze et al. 1987). The ASM1 is mainly developed to predict the nitrification and
denitrification performance under steady state and dynamic conditions (Henze et al.
2000). Activated sludge models have been extensively applied and calibrated primarily
for temperatures of 10 °C and 20 °C, much lower than those observed in regions where
the temperatures can reach as high as 38 °C. The microbial cells maintenance and
maximum substrate uptake rates are known to be the main parameters affected by
temperature, together with physicochemical variables such as acid-base constants.
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However, for reactions running close to equilibrium the temperature effect on their
Gibbs energy may bring them thermodynamically unfeasible. Methods have been
developed to adjust parameters of great influence on the removal of nitrogen processes
at different temperatures (Heijnen 1999), however they are limited to specific kinetic
parameters and not under an integrated bio-kinetic-thermodynamic perspective.

The aim of this work is to develop a mathematical model that integrates the tem-
perature effects occurring in the nitrogen microbial metabolism reactions including the
thermodynamics to assess the impact of high temperature on the overall nitrogen removal.

2 Model Description

Microbial reactions. The modelling approach is based on the ASM models structure
with additional nitrogen conversion pathways included as well as sulphur
oxidation-reduction reactions. Calculation of thermodynamic feasibility is performed
for all the reactions included. A complete acid base speciation is also described based
on temperature dependent thermodynamic properties.

The complete stoichiometry of all the bio-kinetic reactions modelled is presented in
Fig. 1.
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Fig. 1. Detailed stoichiometry of the microbial reactions (left). Overview of the microbial
pathways included in the model (right). Aerobic autotrophic nitrification process is carried out in
a two-step process: ammonium and nitrite oxidation respectively. Nitrate reduction is either via
heterotrophic denitrification with the oxidation of soluble BOD or autotrophic denitrification
using hydrogen sulphide as an electron donor. Sulphate reduction uses BOD as electron donor.
Anaerobic ammonium oxidation by anammox as well as dissimilatory nitrite/nitrate reduction are
included. Soluble BOD is also oxidized aerobically by heterotrophs

The stoichiometric biomass yields of some of the reactions have been set from
literature while others have been estimated based on the Gibbs energy dissipation
method (Kleerebezem and van Loosdrecht 2010) for a constant temperature.

An
1
Met _YS

Yia[ AG iss +AGA“ _ X
Yg[et = ((%) +Y/Sm) l; AGDiss = _AGcatSYT - AGAn



High Temperature on Microbial Nitrogen Removal Processes 39

where the dissipated Gibbs energy AGp;s, depends on the type of carbon source used in
the biosynthesis. Values for AGp; are 3500 kJ/C-mol for autotrophic growth on CO,
with reverse electron transport and 457.1 kJ/C-mol for acetate in the heterotrophic
growth reactions.

The model biomass yields and therefore the stoichiometric parameters are not
modified with temperature and kept at their original estimated values. This is due to the
observation of a very small effect and to the large complexity associated to incorpo-
rating a dynamic stoichiometry matrix in the model function of the dynamic Gibbs
energy values.

2.1 Temperature Effects on Kinetics

The microbial reactions follow conventional Monod type kinetics while biomass decay
rates follow first order kinetics (Henze et al. 2000). The model kinetic parameters such
as maximum growth rate and decay constants are highly dependent on temperature and
this dependency is modeled by the modified Arrhenius correlation.

The following equations represent the maintenance and the maximum uptake rate
as functions of temperature respectively (Heijnen 1999).

4 —69,000 /1 1 max _-max —69,000 /1 1
mo =438 (£l o™ = et R (1 )
mg and q™* are corrected by temperature using an Arrhenius correlation with an
activation energy (E,) of 69 kJ/mol for all reactions except for ammonium and nitrite
oxidizers 65 kJ/mol and 45 kJ/mol have been used respectively (Hellinga et al. 1999).
The E, values are typically obtained empirically by measuring the effect of temperature
on maximum growth rates of microorganisms.

2.2 Temperature Effects on Thermodynamics

It is known that most microbial conversion reactions occurring in activated sludge
systems run far from thermodynamic equilibrium and therefore no temperature effects
on reaction feasibility are observed. However some reactions (e.g. nitrite oxidation and
sulphate reduction) may indeed run close to thermodynamic equilibrium and ultimately
be affected by temperature to the point of approaching thermodynamic equilibrium. In
order to capture this, a thermodynamic based inhibition of the reaction rates is
implemented as suggested in (Kleerebezem and Stams 2000), (Kleerebezem and van
Loosdrecht 2006) such that when the AG crosses a threshold minimum value (AGy;,)

. . AG—AGpin
the rate of reaction decreases according to (1 — ek " )

Model simulation case study. The above model was implemented for an activated
sludge WWTP similar to that in the Al-Wathba 2 plant in Abu-Dhabi. The model was
implemented into three plant compartments, namely a small anoxic pre-chamber,
aerated tank and secondary settler (see Fig. 2).
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b spliter . Mixer

N N

Fig. 2. An overview of the activated sludge system as modelled. InfP is the wastewater influent,
Inf1 and Inf2 are the input streams that are mixed with the recycled streams Fr1 to form the input
Fd1 to the anoxic zone and Fr2 to form the input Fd2 to the aerobic tank respectively. Effl and
Eff2 are the effluent streams of the anoxic zone and the aerobic tank respectively. The streams
generated in the clarifier are the clarified effluent Effc, concentrated flow Fc and the wastage flow
Effw. Both tanks (anoxic and aerobic) are connected to the settler through the recycle streams

3 Model Implementation

An existing model implementation framework (Rodriguez et al. 2009) for simulation of
bioprocess models that uses a combined Matlab-Simulink — Ms Excel interface with the
thermodynamic extension has been used (Fig. 3).

Excel — Sfunction M file based (ExM)

REEFEELEEL>
i
[

D -sdiEeRs D

Stotes. /AR TR S e

An implementation framework for wastewater treatment |
=, ‘models requiring a minimum programming expertise

Bl Rocriguez. G. ¢ remier R Dinsdale and A. 5. Guwy

Fig. 3. Overview of modelling implementation architecture as per (Rodriguez et al. 2009)
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4 Results and Discussion

A steady state simulation of the WWTP model was obtained at six different temper-
atures. The model simulations describe the thermodynamic impact of temperature on
the microbial processes for which only the SRB and NOB appears as close to equi-
librium. Among these the NOB appears to be impacted to the point of themrodynamic
inhibition.

The parameter AG,;, is proposed as the one to be adjusted to capture the exact
temperature at which NOB reaction stops. In this study a AG,,;, of —20 kJ/mol is used
to stop NOB at T = 38 °C as it has been experimentally observed in WWT plants in
Abu Dhabi.

The following graphs clearly illustrate the effect of temperature on the nitrogen
removal processes, especially NOB, and suggest a more detailed explanation needed
for nitrite oxidation inhibition. Biomass concentration and nitrogen removal efficiency
appear impacted by temperature. As temperature increases the maintenance needs
increase which is directly proportional to the decay of biomass and this illustrates the
reduction of biomass at higher temperatures (see Figs. 4 and 5).

mXaob ®mXnob =Xdn mXamx m=Xdnra
3500 mXhet mXsrb mXsob mXi mXs

mSamn ®Sno2 ©Sno3

(3]

(pony

-
(%]

Concentration

-
o

T

!

!

|

!

!

5
_E
=

20 26 30 34 38 40 20 26 30 34 38 40
Temperature (°C) Temperature (°C)

Fig. 4. Steady state concentrations of biomass (left) & nitrogen soluble components (right)
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Fig. 5. Gibbs free energies of all the microbial reactions (left). Gibbs energy for the key
components NOB
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5 Conclusions

These preliminary results suggest that a detailed thermodynamic modelling of the
nitrite oxidation process is required to capture properly the effect of temperature and for
a better understanding and description of microbial nitrogen removal processes, in
particualr for nitrite oxidation which appears to occur very close to thermodynamic
equlibrium.
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Abstract. In recirculating aquaria system (RAS), partial water exchange was
performed regularly as a part of aquaria maintenance for maintaining water
quality and aesthetic beauty. To reduce large consumption of water during
maintenance, this study proposed a biological nitrogen removal system consisted
of down-flow hanging sponge (DHS) and an up-flow sludge blanket
(USB) system with combination of ozone (O3) to simultaneously maintain
nitrogen compounds concentration and remove yellow substances that implicate
color in aquaria without performing water exchange. The performance of the
system was evaluated using on site freshwater aquaria at ambient temperature
(20-34 °C). NH;, NO,, and NOj concentration detected was 0.10 £ 0.12,
0.03 £ 0.13 and 6.40 & 7.46 mg N L™" respectively. Color were maintained at
6 color units at phase 2 and 4 when O3 was applied continuously for 8 h per day.
In addition, 16S rRNA gene of microorganisms from the bioreactors were
sequenced to identify the microbial communities present. The analysis revealed
that ammonia oxidizing archaea (AOA) such as Ca. Nitrososphaera played
important role in nitrification and Thauera played important role in denitrifica-
tion. Fish survived throughout the study despite no water exchange was per-
formed for 425 days. The application of Oz in combination with DHS-USB
system appeared to be a promising technology towards less-maintenance aquaria.

Keywords: Recirculating aquaria system - Biological nitrogen removal -
Ozone

1 Introduction

Nitrogenous wastes released from fish respiration, excrement, and feed waste are highly
toxic and harmful for fish in aquaria (Thorarensen et al. 2010). Continual exposure to
high NH;3 concentration can lead fish towards physical impairment, inhibition of growth,
and fatality (Weinstein et al. 1998). Generally, conventional methods such as the use of
sand filter and exchanging 10-20% of water from tank capacity was performed per week
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to maintain water quality and aesthetic beauty in aquaria. However, regular water
exchange stress the fish, and filtration methods use substantial amounts of water during
backwashing to clear filter that became clogged over time (Losordo et al. 1999). As
water is becoming scarce, an effective way to control water quality in aquaria is crucial
to reduce large amount of water usage for maintenance (Asano et al. 2003). Our research
group developed a biological nitrogen removal system consisted of down-flow hanging
sponge (DHS) and up-flow sludge blanket (USB) system for marine aquaria (Furukawa
et al. 2016). The system maintained nitrogenous compounds concentration at low level.
Thus, reduced the necessity to perform water exchange. DHS-USB system achieved
target water quality standard for aquaria by maintaining Total Ammonia Nitrogen
(TAN) and NO; concentration less than 0.1 mg-N L™" and NO; concentration less than
40 mg-N L™" during the study. However, it was still problematic to maintain aesthetic
beauty in aquaria. Accumulation of yellow substances was observed over time, making
water exchange obligatory despite color was innocuous and cause no fatality threat to
aquatic animals. In this study, we considered the application of O3 in combination with
DHS-USB system to eliminate water exchange for aquaria. O3 has capability to prevent
accumulation of yellow substances (Otte et al. 1977, Colberg and Lingg 1978;
Rosenthal and Otte 1979; Schroeder et al. 2011). However, removal of yellow sub-
stances was often hampered in presence of NO;. In addition, competition in NO;
removal between NO, oxidation process and biological nitrogen removal system often
resulted to reduction of biological nitrogen removal system performance (Summerfelt
2003, Schroeder et al. 2011). The focus of this study will be on demonstrating the
suitability of Ozone-DHS-USB system in maintaining aquaria’s water quality within
freshwater breeding standard, NH;: 0.1, NO; : 0.1 and NO5: 10 (mg N L") and aes-
thetic beauty as much as performing 50% water exchange that were usually performed to
reduce color of aquaria water. This study attempts to investigate the potential of
Ozone-DHS-USB system as zero-water exchange system for on-site aquaria at ambient
temperature and long-term operation.

2 Materials and Methods

This study was conducted in five phases (Table 1). The aquaria had 600 L top tank and
100 L bottom tank. Ornamental carp (Cyprinus carpio var. Koi) was bred in top tank.
The DHS-USB system was placed at bottom tank. DHS reactor’s volume was 12 L,
based on sponge volume and USB reactor was 8§ L. HRT of DHS and USB was 0.01
and 2.7, respectively. External carbon source was connected to USB reactor to facilitate
denitrification in the reactor. C/N ratio was 1.2 throughout the study. Quantity of
additional carbon source was calculated with Eq. (1) (Hamaguchi et al. 2010). Target
level of nitrogenous compounds are as follows: NH; < 0.1, NO, < 0.1, and NO3 < 10
(mg NL™).

Additional organic matter quantity (mg C L’l)

1
= (gC)/(gN)ratio x inflow NO3 - Nconc. + 0.375 x inflow DO conc. M)
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Table 1. Fish and system details

Start-up | Phase 1 | Phase 2 | Phase 3 | Phase 4
Operational day 0-14 15-248 | 249-494 | 495-557 | 558-600
Fish type Cyprinus carpio var. koi
Fish density (kg m ) 452" |[ND." |3 3.6 N.D.
Feed volume 0.01
(kg food kg fish weight™ day™)
Ozone exposure (h) - - 8 - 8
HRT in DHS (h) 0.01
HRT in USB (h) 2.7
C/N ratio 1.2
External organic matter NaAc®
- HAC! HAC!
“Fish density was decreased from 4.5 kg m > to 2.0 kg m >
"No data

“Sodium acetate
dAcetic acid

Dissolved oxygen (DO) concentration was maintained above 5 mg L™". Short-term
continuous ozonation was operated at Phase 2 and 4 over a period of 8 h at constant O3
concentration of 70 mg-Os h™"'. During the time of study, DHS-USB system remained
on operation and carps were not removed from the aquaria. Yellow substance and
nitrogenous components in aquaria was monitored by routine analysis of samples taken
from aquaria tank. Microbial DNA from sponge and sludge sample at day 370 were
extracted using FastDNA SPIN Kit for Soil (MP Biomedicals, Santa Ana, CA) fol-
lowed the manufacturer protocols. PCR amplification was performed using the 515F
and 806R primer set and Premix Ex Taq Hot Start Version (Takara Bio Inc., Shiga,
Japan) at conditions as follows: 1 cycle of initial complete denaturation at 94 °C
(3 min), 25 cycles of 94 °CC (45 s), 50 °CC (60 s), 72 °CC (90 s), and final extension
at 72 °CC (10 min). PCR products were sequenced using a MiSeq Reagent Kit v2 with
MiSeq System (Illumina Inc., San Diego, CA, USA) and sequences were analyzed
using Quantitative Insights into Microbial Ecology (QIIME v.1.9.1).

3 Results and Discussions

NH; NO,, and NO5 concentration in aquaria was maintained within standard level for
fish breeding (Fig. 1). NH; and NO; removal in aquaria was steady throughout the
study with average concentration at 0.10 #+ 0.12 and 0.03 & 0.13 mg N L™ respec-
tively. Fluctuation of NO; concentration was observed at early phase 2 and during
phase 3 but average NO3 concentration was still maintained below attainment level for
freshwater breeding at 6.40 + 7.46 mg N L™'. The fluctuation was due to improper
management of the reactor such as absence of carbon source in the organic matter tank.
USB reactor’s performance recovered when carbon source was restored. Changes in
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Fig. 1. Temperature (°C), pH and nitrogenous compounds versus time

color and turbidity in aquaria water was observed from ending of phase 2 to phase 4
(Fig. 2). Average color obtained in aquaria water was 7.3 £ 0.5, 9.3 £ 2.18 and
5.5 % 0.6 (color units) for phase 2, 3 and 4 respectively. Phase 3 (no ozonation) has the
highest color unit among all phases. Maximum color reading of 13 NTU was obtained
at the end of the phase. After seven days of Oj re-application (phase 4) in the aquaria,
color dropped to 6, equivalent to reduction about 50% from maximum color reading
obtained at the end of phase 3. The result demonstrated that O; can reduced and
maintained color as much as performing water exchange. In addition, water exchange
was not performed for 425 days since ozonation was applied in aquaria. O5 is harmful
to humans and highly toxic to aquatic organisms. It is important to maintain low Oj
concentration in aquaria. 0.01 mg O3 L™" was reported lethal to fish (Summerfelt and
Hochheimer 1997). In this study, no abnormal behavior and health effect on carps were
observed at 0.03 mg O L™'. This suggested that carp might have higher tolerance to
ozone toxicity.

To further understand the nitrogen removal process in the reactor, microbial
community in the reactor was analyzed based on the 16S rRNA gene sequence. The
most abundant phyla detected in the DHS and USB reactor was Proteobacteria with
average total sequence reads of 27% and 49.8% respectively (Fig. 3). AOB was not
detected, even though high ratio of Proteobacteria was detected in DHS reactor.
Interestingly, ammonia oxidizing archaea (AOA) from genera Ca. Nitrososphaera
seems to play the important role in ammonia removal in DHS reactor. Nitrite oxidizing
bacteria (NOB) such as Nitrospira moscoviensis was also detected. This species favor
low salinity water and grow best at temperatures between 28-30 °C (Off et al. 2010).
Therefore, they were frequently detected in breeding systems associated with carp and
goldfish (Sugita et al. 2005). Heterotrophic denitrifier, Thauera was the most dominant
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Fig. 3. Predominant microbial community detected in DHS and USB reactor at phyla level

genera with denitrification abilities detected in USB reactor. Thauera also favor low
salinity condition. In addition, Thauera has capability to utilize acetate in anoxic
condition (Liu et al. 2015, Ginige et al. 2005, Furukawa et al. 2016). The use of sodium
acetate as carbon source and freshwater condition in aquaria might explained high
detection of Thauera in USB reactor.

4 Conclusions

The presence of beneficial AOA, NOB and denitrifying bacteria seemed to play major
role in nitrogen removal process in DHS-USB system. NH; NO;, and NO3 con-
centration was maintained within the attainment level at 0.10 &= 0.12, 0.03 & 0.13 and
640 + 746 mgN L' respectively at on-site aquaria influenced by ambient
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temperature during long-term operation. Continuous O3 exposure for 8 h per day was
sufficient to maintain clear water in aquaria below 10 color unit. Re-application of O3
reduced about 50% color unit from previous reading. This showed that O; can reduce
color as much as performing water exchange. Reduction in DHS reactor performance
was not observed despite competition for NO, were reported often impacted the
system performance. 0.03 mg L' dissolved O; was detected in the water but fish
survived without performing water exchange for 425 days. Ozone-DHS-USB system
was suggested to have high potential towards zero-water exchange system for aquaria.
Aquaria and fish breeding industry will benefit greatly from Ozone-DHS-USB system.
Elimination of water exchange necessity on regular basis, can reduce maintenance cost,
provide water security and lead to maintenance-free system for aquaria.
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Abstract. This study investigates the impact of lower temperature on short
term and long term (down to 10 °C) on a completely anoxic anammox granular
sludge process. This is the first time granular sludge Anammox is operated in
pure anoxic condition in SBR and at low temperature. Conversion performance,
kinetic parameters, sludge characteristics and microbial community were
analyzed.

Keywords: Mainstream anammox - Low temperature - Granular sludge

1 Introduction

Partial nitritation/anammox (PN/A) is an autotrophic biological nitrogen removal
process which allows to reduce oxygen consumption, remove the need for organic
carbon and reduce sludge production. It can thus present a more energy-, carbon- and
cost-efficient treatment compared to the conventional nitrification/denitrification pro-
cess (Vlaeminck et al. 2014). The main roadblocks for PN/A implementation on pre-
treated sewage, so-called mainstream PN/A, are robust tools to suppress nitrite
oxidizing bacteria (NOB) and promote anammox bacteria (AnAOB) under relatively
low influent nitrogen concentrations (40-80 mg NH,"-N/L), non-negligible amounts
of biodegradable organic carbon and relatively low temperatures (10-30 °C). Due to
the various potential economic and ecologic advantages to come from applications of
anammox in mainstream N-removal processes, increasingly more research is being
conducted to adapt anammox biomass to lower temperatures in various set-ups
(SBR/MBBR) with flocs, granules or carriers, fed with synthetic or real wastewater.

© Springer International Publishing AG 2017
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2 Materials and Methods

2.1 Short Term Batch Experiments

For the short-term temperature effects, the specific anammox activity (SAA) was
determined in 500 mL Schott bottles at five different temperatures (10-30 °C). Four
different types (referred to as LISBP, CDA, LSD and LRO) of biomass from
anammox-based processes were tested using a synthetic medium with 30 mg N/L
(NH,*-N/NO; -N ratio was 1/1.32), without added COD and incubated under anoxic
conditions. The NH,", NO; and NOj concentrations were measured throughout the
experiment (which lasted between 9 and 150 h depending on the imposed temperature).

2.2 Long Term Experiments with SBR Reactors

Two anoxic lab-scale SBR reactors have been operated on synthetic influent for over ten
months. Both reactors were inoculated with the same biomass and operated identically
for the first two months. After this, operating conditions in the reference reactor (SBR .f)
were kept constant throughout the entire experiment while in the test reactor (SBR.g)
operating conditions (temperature and corresponding loading rate) were gradually
changed to examine the long term effect of decreasing temperature on its performance.
The respective anammox kinetics were determined for each reactor by monitoring the
in situ NH,*, NO; and NOj concentrations all along one reaction phase.

3 Results

3.1 Batch Tests

In the short-term temperature effect experiments, a decrease in temperature resulted in a
decrease in specific anammox activity (SAA; expressed in mg NH,"-N/g VSS/d) for all
four types of biomass, results are shown in Fig. 1. This response was variable
depending on the initial biomass and variability was stronger for lower temperatures
(15 °C-10 °C). One single temperature coefficient (Arrhenius 0-value) was not suffi-
cient to accurately describe the SAA response for the entire temperature range (30 °C—
10 °C). To see if the difference in temperature dependency could be explained by
physical or microbiological factors, assays were performed after specific disaggregation
and the microbial community composition was analyzed.

3.2 Reactor Performance

For the long-term reactor tests, the volumetric activity of the control reactor SBR ¢
has continuously increased upon inoculation and reached about six times its initial
value up to 11 mg NH,*/L/h. In SBRy, the decrease in temperature resulted in a
decrease of volumetric activity. This effect was most pronounced when temperature
decreased from 30 to 20 °C, resulting in a 3-fold drop in activity (due to biomass
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Fig. 1. Specific anammox activities for the different biomasses at different temperatures

selection and sludge loss). Activity recovered throughout the next two months; the
temperature was then further decreased. The impact of these decreases in temperature
was smaller, the relative loss in activity was lower (20 and 35% for 15 °C and 12.5 °C
respectively) and each time activity recovered within the month, even when operated at
10 © (after a 75% drop in activity). Results from FISH analyses and 16S rRNA
amplicon sequencing will be used to compare the evolution in microbial diversity in
both reactors and get an indication of the level of anammox enrichment (Fig. 2).
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Fig. 2. Volumetric activities related to operating temperature for SBR_ref (black, diamonds)
and SBR_test (grey, squares) throughout the experiment
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During reactor operation, the biomass evolved from a dark brownish and very
heterogeneous, hybrid sludge (the inoculum) containing flocs, granules and suspended
biomass to a bright red, predominantly granular sludge. Even at 10 °C, the granules
demonstrated very good settling properties due to their size and density. Larger
granules seem to be observed (2-6 mm diameter) which could show that lowering the
specific growth rate can even improve the granulation process. Analyses of the particle
size distribution (PSD) and image analysis are being completed for confirming or
informing that observation.

3.3 Long Term vs. Short Term Temperature Effect

The SAA observed at start of the reactor operation (30 °C) was 51.6 mg NH,*-
N/gVSS/d which was comparable to the activities observed during most of the batch
tests at the same temperature (Table 1). Throughout the experiment, SAA increased in
both SBR,.¢ (30 °C) and SBR . (10 °C), reaching values of 824.8 and 99.8 mg NH,*-
N/gVSS/d respectively at day 286. The SAA observed in SBR at 10 °C was around
seven to ten times higher than the values obtained during the short term test at the same
temperature. After 286 days, SAA observed at 10 °C was 12% of the activity observed
at 30 °C which is comparable to the results found for the CDA and LSD sludge (9 and
14% respectively). The SAA found at 10 °C is the highest value ever reported at that
temperature. The observed increases in specific anammox activity during the long term
experiment can be correlated to an enrichment and/or adaptation of the anammox
sludge. FISH analyses and 16S rRNA amplicon sequencing results will provide more
insight. These findings will be useful for the design of future low temperature
applications.

Table 1. Comparison of specific anammox activities (expressed in mg NH,*-N/gVSS/d) for
short and long term experiments

Short term Long term
CDA LSD LRO LISBP SBRyer | SBRrer | SBRiegt
d1 d286 d286
SAA 30°C |56.8 4+ 139|532+ 165|154 +1.2|42.8+£9.6|51.6 824.8 -
SAA10°C |5+24 75+39 [424+06 |[13.1£29]|- - 99.8
Ratio 10 ° 9% 14% 27% 31% - - 12%*
C/30 °C

“ratio SBR_test/SBR_ref on d286

The SAA values obtained in this study at 10 °C under optimal conditions (purely
anoxic, no substrate limitation) are considerably higher than values previously reported
in literature, this is illustrated in Table 2.
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Table 2. List of specific anammox activities in other low temperature studies

Set-up Temperature | Specific anammox activity | Reference

(mg NH,*-N/gVSS/d)
Anoxic batch test 10 °C 0-11 Lotti et al. 2013
(short term)
PN/A SBAR 10 °C 22 Lotti et al. 2014
PN/A SBR 10 °C 16 Hu et al. 2013
PN/A gaslift SBR 10 °C 13-19 Hendrickx et al. 2014
Anoxic SBR 10 °C 99.8 This study

4 Conclusions

This study gives new insights concerning Anammox operation at low temperature:

e Long term compared to short term experiments allows much higher SAA at 10 °C,
but the decrease in SAA due to temperature reduction was finally in the same order
of magnitude.

e Reactor was successfully operated for over 300 days, activity was maintained even
at 10 °C

e Long term adaptation/enrichment increased SAA at 10 °C by 7-10 fold compared
to batch tests. This is the highest SAA reported at 10 °C for granular sludge
corresponding to the optimal conditions for Anammox growth: purely Anoxic and
no substrate limitation.

e Granular sludge with excellent settling properties and large granules was formed
and maintained at 10 °C indicating that lowering the growth rate can even improve
the granulation process
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Abstract. This study investigated phosphorus recovery from activated sludge
through ozonation and microwave treatment with acid and alkali pre-treatments.
Three main groups (pH treatment & ozonation, pH treatment & microwave, pH
treatment & ozonation & microwave) were studied for COD and P release.
Results of batch experiments have shown that, optimum pH for sludge disin-
tegration and phosphorus release is 10 according to *OH radical formation. Also
studying at low pH levels gives an advantage due to effect of acidic condition on
cell lysis. Besides, according to results of phosphorus fraction experiments in
raw sludge, the other advantage of low pH levels is releasing of apatite (bound
to calcium) phosphorus. Both ozonation and microwave treatments were
effective for sludge disintegration, the highest COD release was observed after
microwave treatment of ozonated samples. However, microwave was much
more effective than ozonation on phosphorus, significant amount of phosphorus
released into the bulk solution in both ozonation and microwave treatments.
Despite of COD release, microwave and ozonation & microwave have similar
efficiencies on phosphorus release, ozonation might be negligible before
microwave due to high production cost. On the other hand, after analyses of
struvite samples, pH = 8.5 and 2 days reaction time was determined as the
optimum conditions for struvite purity.

Keywords: Phosphorus recovery + Sludge ozonation - Microwave treatment

1 Introduction

Activated sludge process has been employed to treat a wide variety of wastewater.
Activated sludge has a content rich in phosphorus which is an essential element for
living organisms. Recovery of phosphorus from waste activated sludge as struvite
(NH4MgPO,4.6H,0) or calcium phosphate (Ca3(POy),) is a good alternative while
considering the phosphorus depletion. However, disintegration of bacterial cell for the
release of phosphorus is the most challenging step. It should be efficient, economical
and applicable. In this study, ozonation and microwave treatment with acid or alkaline
pre-treatments were applied to enhance phosphorus recovery from excess sludge and
the results were compared to reach most efficient process.

© Springer International Publishing AG 2017
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2 Materials and Methods

Batch experiments were carried out to study the relationship between treatment and
phosphorus recovery. Before sludge disintegration studies, soluble and solid phos-
phorus fractions in different pH levels were determined according to Xu et al. (2015) to
obtain phosphorus potential of the sludge.

Three main groups (pH treatment & ozonation, pH treatment & microwave, pH
treatment & ozonation & microwave) were studied for COD and P release. Before
ozonation and microwave treatment, pH of sludge was adjusted to 2, 4 or 10 and mixed
at 100 rpm for 30 min. Ozone gas was given for 30 and 60 min of contact time to the
sludge for ozonation. The microwave treatment was applied to the sludge samples from
pre-treatment and each contact time of ozonation for 45 min at 95°C and supplied
power of 1600 W. PO,*", NH,4, COD, TSS and VSS were determined on Standard
Methods (APHA, 20th edition). Mg and Ca were measured by atomic absorption
spectrophotometry. Results of experiments were analysed with SPSS 23 software.
Sludge solubilisation degree was calculated in terms of COD release;

lubleCOD — solubleCODjy;tiy
COD Release(%) = (solu eCQ solubleCODyiia) x 100 (1)
particulateCOD),;.

After sludge disintegration, supernatant had been taken from sludge and if it is
necessary MgCl,.6H,O and (NH4),SO,4 solutions were added to achieve Mg: PO437:
NH,4 molar ratio as 1:1.4:1 as mentioned in Bi et al. (2014). Different alkaline pH
conditions in the range of 8.5-11.5 were chosen to check Mg and Ca amounts in
struvite precipitates. Struvite samples were analysed by SEM and XRD.

3 Results

Sludge disintegration results in terms of COD release are given in Fig. 1. In ozonation
experiments, the highest sludge solubilisation was observed at pH = 10 samples as
19% with a significant difference (p = 0.037), this might be related to oxidation effect
of hydroxyl radicals which were formed during ozonation as represented in Eq. 2
(Gunten 2003);

O3+OH7—>HO27+02 O3+HO; —>.OH+O;7+02 (2)

Beside this, ozonation at pH = 2 experiments resulted in slightly higher sludge
solubilisation than pH =4 as 12.3 and 10.9% (p = 0.051). COD releases after
microwave treatment of pre-treated sludge samples had shown a similar distribution
with ozonation (Fig. 2). These results have shown the effect of acidic and alkaline
conditions on cell lysis in addition to ozonation and microwave. As shown in Fig. 3,
higher sludge solubilisations were obtained by microwave treatment of ozonated sludge
samples as 36, 32 and 41.3% for pH = 2, pH = 4 and pH = 10 samples (p = 0.05,
p =0.061 and p = 0.037). As an interesting result; a slight increase in total COD
concentration was observed after microwave treatment (Fig. 4). A similar situation was
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reported by Wang et al. (2016) too. This might be caused by the release of materials
such as intracellular substances like proteins and sugars and extracellular polysac-
charides. Also a high mineralization occurred during ozonation due to oxidation of

soluble COD.

As shown in Fig. 5, the highest increase in phosphorus concentration in terms of
mgPO4-P/gSSiniia Was observed in pH = 10 samples for ozonation (p = 0.042,
p = 0.016, p = 0.018). Microwave treatment was much more effective for phosphorus
release than ozonation. 5.4 mgPO,4-P/gSS;, phosphorus was obtained by ozonation of
pH = 10 samples, this concentration has reached to 11.5 in microwave treatment after
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pH = 10 pre-treatment experiments while initial concentration of phosphorus was 1.6

mgPO,4-P/gSS;, (Fig. 6).

After microwave treatment of ozonated sludge samples, all experiments were
resulted with the similar results around 12 mgPOy4-P/gSS;, (Fig. 7). Ozonation can be
commented as unnecessary according to these results by considering the cost analysis.
According to solid phosphorus fraction (Fig. 8), this might be commented that solu-
bilisation of apatite phosphorus at low pH levels is another reason of phosphorus

release beside the cell lysis.

Phosphorus, which got into reactive phase by sludge disintegration experiments
was obtained as struvite as shown in Fig. 9. The optimum pH for struvite purity was
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Fig. 9. XRD analysis of a struvite sample

determined as 8.5 with a low mixing rate as 30 rpm and long reaction time as 2 days,
but still there is a need for studying for purification according to NaNOj; and NaCl
contaminations.
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Abstract. In the present research, both direct and co-metabolic biodegradation
of 2,4-dichlorophenol by mixed activated sludge cultures are investigated by
performing respirometric experiments. Firstly, the biomass inhibition due to the
toxic pollutant is studied by performing a respirometric toxicity detection
experiment. A lag phase for the activity of the biomass showed up because of
2,4-dichlorophenol. The length of the lag phase increased by increasing the
concentration of 2,4-dichlorophenol. At higher concentrations, the micro-
organisms required more adaption time to the presence of the toxic pollutant.
Remarkably, the biomass restored its activity partially. Furthermore, respiro-
metric experiments are performed for several days to investigate biomass
acclimation towards the repeated addition of 2,4-dichlorophenol. A significant
decrease of the reaction time needed was obtained by biomass acclimation.
Immediately after the second addition, an increase of the biomass activity
combined with both COD and 2,4-dichlorophenol degradation were observed.
The biomass was able to adapt and even to degrade the toxic pollutant. At the
second addition, this acclimation period was not necessary.

Keywords: Chlorophenol - Cometabolic biodegradation - Respirometry

1 Introduction

The presence of recalcitrant organic matter in industrial wastewaters is regarded as a
serious threat to the environment. Increased knowledge on the consequences of water
pollution and diminishing water resources have created the need for regulations to
prevent pollution, to promote sustainable water usage and to protect the environment
(Tabrizi and Mehrvar 2004). Hence, the European commission and US Environmental
Protection Agency published a list of priority substances, including chlorophenols.
Hence, the proper treatment of chlorophenolic wastewaters is critical and appli-
cability depends on its effectiveness, profitability and side effects. Several technologies
are already investigated for their removal from wastewater (Armenante et al. 1999;
Jung et al. 2001; Al Momani et al. 2004). Some of these techniques are based on the
phase transfer, which requires further treatment. Furthermore, chemical oxidation
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methods are usually not economically feasible and biological processes do not always
achieve satisfactory results. However, biological degradation often occurs after bio-
mass acclimation. Micro-organisms adapt to such pollutants and obtain the degradation
capacity as time proceeds.

Pomiés et al. (2013) described two biodegradation pathways, i.e., direct biodegra-
dation by a fraction of the total biomass and co-metabolism. Direct biodegradation
implies the development and maintenance of specific biomass by using the pollutants as
carbon and energy source, while co-metabolism is based on the simultaneous degra-
dation of a co-substrate and the pollutant. The co-substrate is necessarily present
because it serves as growth-substrate while non-specific enzymes of bacteria transforms
the non-growth-substrate. The synthesis of these enzymes is only induced by the
growth-substrate (Aktas 2012).

Major topics in the biodegradation of these pollutants are the use of specific cul-
tures, co-metabolic degradation and novel biological processes such as biomass
immobilization. Conversely, only a few studies report the use of mixed cultures and
biomass acclimation (Aktas 2012). Also, the treatment feasibility is most frequently
evaluated based on global and specific degradation efficiencies only. In this study, both
direct and cometabolic biodegradation of 2,4-dichlorophenol (2,4-DCP) by mixed
activated sludge cultures are investigated by performing respirometric experiments.
Respirometry is a useful method to measure the activity and viability of micro-
organisms present in aerobic activated sludge (Oller et al. 2011).

2 Materials and Methods

2.1 Materials

2,4-DCP (99%) and phenol ( > 99%, unstabilized) were obtained from Alfa Aesar and
Sigma Aldrich, respectively. Sodium Acetate (99+%, extra pure, anhydrous) and
methanol (HPLC grade) were purchased from Acros organics. Activated sludge was
obtained from a municipal treatment plant (Aquafin, Mechelen-Noord, Belgium). The
sludge sample was taken at the sludge recycle, located between the secondary settler
and the aeration basin. Prior to the respirometric measurements, the activated sludge is
continuously aerated for 12 h to degrade remaining biodegradable products and to
assure endogenous respiration of the biomass.

2.2 Respiration Procedure

The apparatus consists of six glass batch reactors (1.0 L) at constant temperature (20 °C).
Each reactor consists of a static liquid phase and a static gas phase, both thoroughly
stirred by a magnetic mixer. The oxygen concentration is monitored by dissolved oxygen
sensors (Visiferm LDO, Hamilton) and controlled between 3 mgO,/L and 5 mgO,/L.
The danger of oxygen shortage (below 2 mgO,/L) in the system is solved by repeated
aeration for a short period of time. The oxygen concentration in the system will decrease
during the un-aerated periods because of the biodegradation of organic compounds and
the endogenous respiration of the activated sludge. From each obtained decrease in
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oxygen concentration, the Oxygen Uptake Rate (OUR) is calculated with Least Squares
Fitting. When dividing the obtained OUR values by the MLVSS concentration, Specific
Oxygen Uptake Rates (SOUR), expressed as mgO,/(gMLVSS.h), can be calculated. In
each reactor, the biomass concentration was 3.00 gMLSS/L (MLVSS = £+2.04 g/L). At
the start of each experiment, the biomass is aerated in the absence of substrate such that
the endogenous respiration rate can be determined.

2.3 Toxicity Assessment

A respirometric toxicity detection method is used based on the OECD method 209.
Instead of the synthetic sewage, sodium acetate (NaAc) is utilized as the reference
substrate (Ricco et al. 2004). The respiration rate of the biomass under specific con-
ditions is evaluated by the oxygen concentration profile in the liquid phase. The
respirometric reactor, described in the previous paragraph, is used. The NaAc con-
centration in each experiment was 500 mg/L. This excess concentration is necessary to
reach the maximum respiration rate.

2.4 Analytical Techniques

The COD measurements are carried out by using LCK test tubes (Hach, conform ISO
6060:1989). The 2,4-DCP and phenol concentration in the samples is analyzed by
HPLC using an Agilent 1100 HPLC system equipped with an Agilent G1314A UV
detector at a wavelength of 240 nm and an Agilent Eclipse Plus C18 column at 30 °C.
The mobile phase is composed of a methanol-water mixture (60/40 in volume) and has
a flow rate of 1 mL/min.

3 Results and Discussion

3.1 Determination of Toxicity Effects

The SOUR profiles obtained by adding NaAc and different 2,4-DCP concentrations to
the biomass are presented in Fig. 1. The mentioned concentrations are the ones in the
respirometric reactor and the vertical grey line represents the time at which NaAc and
2,4-DCP were added. At the left of the vertical line, the endogenous respiration rate is
shown. Because the same biomass was used in each experiment, similar endogenous
SOUR-values were observed.

For the 2,4-DCP concentrations of 40 mg/L. and 50 mg/L, the SOUR-values
remained approximately at the endogenous SOUR-value for almost 24.2 h and 27.1 h,
respectively. A first significant SOUR-increase was observed after these periods and,
furthermore, the maximum SOUR-value was only reached after 31.2 h and 34.2 h,
respectively. In contrast, when only NaAc ([2,4-DCP] = 0 mg/L) was dosed to the
activated sludge, an immediately increase of the biomass activity occurred. A lag phase
for the biological activity of the biomass showed up as a consequence of the 