<]
TUDelft

Delft University of Technology

Sulfate reducing bacteria applied to domestic wastewater

van den Brand, Tessa; Snip, Laura; Palmen, Luc; Weij, Paul; Sipma, Jan; van Loosdrecht, Mark

DOI
10.2166/WPT.2018.068

Publication date
2018

Document Version
Final published version

Published in
Water Practice and Technology

Citation (APA)

van den Brand, T., Snip, L., Palmen, L., Weij, P., Sipma, J., & van Loosdrecht, M. (2018). Sulfate reducing
bacteria applied to domestic wastewater. Water Practice and Technology, 13(3), 542-554.
https://doi.org/10.2166/WPT.2018.068

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.2166/WPT.2018.068
https://doi.org/10.2166/WPT.2018.068

© IWA Publishing 2018 Water Practice & Technology Vol 13 No 3
542 doi: 10.2166/wpt.2018.068

sulfate reducing bacteria applied to domestic wastewater

Tessa van den Brand?2*, Laura Snip?, Luc Palmen?, Paul Weij?, Jan Sipma¢
and Mark van Loosdrechtad

a8KWR Watercycle Research Institute, Groningenhaven 7, 3433PE Nieuwegein, The Netherlands
b Delfluent Services BV, Peuldreef 4, 2635 BX Den Hoorn, The Netherlands

¢Paques BV, Tjalke de Boerstrjitte 24, 8561 EL Balk, The Netherlands

9TU Delft, van der Maasweg 9, 2629Hz Delft, The Netherlands

*Corresponding author. E-mail: tessa.van.den.brand@kwrwater.nl

Abstract

The application of sulfate reducing bacteria (SRB) to treat municipal wastewater is seldom considered. For
instance, due to low sludge vyield it can reduce the amount of excess sludge produced significantly. Several
studies, mainly at laboratory-scale, revealed that SRB can proliferate in artificial wastewater systems at temp-
eratures of 20°C and lower. So far, the application of SRB in a domestic wastewater treatment plant has
been limited. Therefore, this study evaluates the proliferation of SRB at pilot-scale in a moderate climate.
This study revealed that SRB were present and active in the pilot fed with domestic wastewater at 13°C,
and outcompete methanogens. Stable, smooth and well-settled granule formation occurred, which is ben-
eficial for full-scale application. In the Netherlands the sulfate concentration is usually low (<500 mg/L),
therefore the application of SRB seems challenging as sulfate is limiting. Additional measurements indicated
the presence of other sulfur sources, therefore higher sulfur levels were available, which makes it possible to
remove more than 75% of the chemical oxygen demand (excluding sulfide) based on SRB activity. The ben-
eficial application of SRB to domestic wastewater treatment might therefore be valid for more locations than
initially expected.
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INTRODUCTION

Wastewater treatment plants (WWTPs) make use of different microorganisms to treat the wastewater.
Usually, these microorganisms are aerobic and have a high growth yield (0.5 g volatile suspended
solids (VSS)/g chemical oxygen demand (COD)) which leads to large amounts of sludge (Henze
et al. 2008; Metcalf and Eddy 1991). In conventional systems with aerobic COD removal, the
excess daily sludge can be around 15-100 L/kg five-day biological oxygen demand (BODs) removed
(Metcalf and Eddy 1991). The treatment and disposal of sludge are one of the major operational costs
of WWTPs (Davis & Hall 1997; Spinosa & Vesilind 2001). Therefore, the use of anaerobic micro-
organisms with a lower growth yield than aerobic microorganisms is an interesting option to
treat wastewater.

A group of anaerobic microorganisms that are potentially present in activated sludge are sulfate
reducing microorganisms, which have a growth yield of 0.2 gVSS/g COD (Wang et al. 2009).
These microorganisms can be members of the Bacteria or the Archaea, however it is common practice
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to refer to these microorganisms as sulfate reducing bacteria (SRB) as will be done in this article.
During wastewater treatment, oxidation of organic compounds can occur by SRB.

The focus of many studies on SRB has been on the disadvantages of these microorganisms in
WWTPs. Sulfate reduction can lead to the formation of sulfide, which is toxic and may result in cor-
rosion. In addition, H,S can be formed, which causes toxicity and odor problems. As the SRB
compete for substrate with methanogens, the formation of methane can be reduced by the growth
of SRB, decreasing the efficiency of biogas production.

Applying SRB to domestic wastewater can also have benefits (Lens et al. 1998; Lens & Kuenen
2001; Muyzer & Stams 2008; van den Brand et al. 2015c). Firstly, the production of sludge can be
decreased when SRB are used due to a lower growth yield compared to heterotrophic biomass
(Lens et al. 2002). This production can be even further decreased when coupled with autotrophic
denitrification (Wang et al. 2009). Secondly, as sulfide is toxic to coliforms, its formation may lead
to a reduction of coliforms (Abdeen ef al. 2010). Thirdly, sulfide could also precipitate with heavy
metals, leading to decreased concentrations of heavy metals in the effluent (Lewis 2010). Finally,
the SRB are able to grow in granules, which leads to a more compact system compared to the conven-
tional system, decreasing the footprint of the WWTP (Lens ef al. 2002).

Due to a higher focus on the disadvantages of SRB compared to the benefits, limited research has
been performed on treating domestic wastewater with SRB. Most of the studies regarding the appli-
cation of SRB in domestic wastewater treatment have been performed in Hong Kong (Lau et al.
2006; Wang et al. 2009), as in Hong Kong the wastewater contains elevated sulfate levels, due to
use of seawater for toilet flushing. This resulted in the development of the Sulfate reduction, Auto-
trophic denitrification and Nitrification Integrated process (SANI®, HKUST, Hong Kong). This
process makes use of anaerobic and anoxic microorganisms to treat wastewater. A successful
SANI® pilot plant containing SRB was operated for 225 days at an influent flow rate of 10 m®/day
and achieved 87% COD removal efficiency (Lu et al. 2011). In addition, the total observed sludge
yield was 0.02 g VSS/g COD removed, also due to activity of autotrophic bacteria, resulting in a
90% reduction of sludge production.

The conditions in the pilot plant operated in Hong Kong were favorable for the SRB as the sulfate
concentrations in the influent were high (588 mg/L SO3") and the temperature was around 25°C (Lu
et al. 2011). In moderate climates, such as in the Netherlands, the wastewater temperatures are lower
(around 12°C) and the sulfate concentrations are significantly lower (<200 mg/L SO3) (van den
Brand et al. 2015b). This could mean that the actual conditions are not suitable for SRB growth. Sev-
eral laboratory studies have demonstrated the successful treatment of artificial sulfate rich domestic
wastewater by SRB at temperatures of 20°C or lower (van den Brand ef al. 2014a, 2014b, 2015a;
Rubio-Rincoén et al. 2017a, 2017b), but so far, SRB have not been tested for application in moderate
climates with real wastewater at pilot-scale.

The aim of this research was to investigate how SRB perform in a pilot reactor with real domestic
wastewater at low temperatures and limited sulfate levels. At WWTP Harnaschpolder (the Nether-
lands) the sulfate concentration fluctuates between 50-250 mg/L (personal communication),
making it a suitable location for testing. At this WWTP, an upflow anaerobic sludge blanket
(UASB) pilot plant operated to treat the presettled and raw wastewater during a period of 8 months.

MATERIALS AND METHODS

Pilot reactor

The pilot reactor was designed and built by Paques BV and was installed at WWTP Harnaschpolder,
the Netherlands in order to work with real domestic wastewater. The reactor was operated
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continuously from September 2014 until June 2015. The volume of the reactor was 61 L (height 2.4 m,
diameter 0.18 m). A schematic overview of the setup of the pilot reactor is presented in Figure 1.

Before the domestic wastewater reached the pilot reactor, it passed through a settling tank and an
acidification tank. The settling tank contained a sieve in order to remove large substances such as
toilet paper. In addition, it functioned as a primary clarifier. From the settling tank, the clarified waste-
water was pumped into an acidification tank that controlled the pH at 7.6 by dosing either HCI or
NaOH. The influent samples were taken from the acidification tank.

The pilot reactor was continuously fed from the acidification tank at a rate of 2.5 L/h. The recircu-
lation flow in the pilot reactor was set at 10.8 L/h. In theory, (bio)gas could be formed in the reactor
and therefore an outlet for off gas was created. A small container at the top of the reactor served as a
sampling point for the effluent samples. The biomass samples were collected from the bottom of the
pilot reactor. The temperature of the pilot reactor was not controlled, thus the temperature variation
in the reactor originates from the temperature variations of the influent wastewater. The lowest
temperature measured was 9.9°C and on average the wastewater temperature was 12.9°C.

The settling tank was manually filled and could not be filled at weekends. This resulted in a
decrease of the influent flow rate of the pilot reactor during weekends from 2.5 L/h to 1 L/h. The
weekly average influent flow was 1.96 L/h, which was used for further calculations. The hydraulic
retention time was 24.4 hours during weekdays and 61.0 hours during the weekends, which on aver-
age during the week would be around 48 hours.

During startup, the pilot reactor was inoculated with activated sludge from WWTP Harnaschpolder
and with anaerobic granular sludge from an anaerobic WWTP treating wastewater from several paper
factories in Eerbeek (IndustrieWater Eerbeek, Eerbeek, the Netherlands) with equal volume. These two
different sludge origins ensured a high COD consumption, which prevented toxic COD concentrations
for SRB. The influent of the pilot reactor contained a relatively high VSS concentration (0.5 g/L), which
ensured a continuous inoculum to the pilot, similar to the composition of WWTP Harnaschpolder.
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Figure 1 | Schematic overview of the pilot reactor set-up.

Analytical methods

The influent and effluent composition of the pilot reactor was monitored regularly (3 times a week) by
taking grab samples from the sampling points (Figure 1). From comparisons between grab samples
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and 24-hour-flow-proportional samples, it was concluded that grab samples are representative (results
show in Appendix Table A.1).

To avoid sulfide losses during sampling, the samples (>15 mL) were collected in 1 drop of 1 M
NaOH (Poinapen et al. 2009). The sulfide concentration was measured according to the methylene
blue method (APHA 1995). Sulfate was measured spectrophotometrically with Hach Lange kit
LCK 153 (Hach Lange, Diisseldorf, Germany). Prior to sulfate measurement, the sample was filtrated
with an 0.45 um glass fiber filter in order to remove the biomass. Total COD and the organic substrate
concentration (CODygs) were measured with Hach Lange kit LCK 414 and 514. To measure the
remaining organic substrates (CODvga), sulfide was first was removed via addition of ZnSQO,, after
which the ZnS precipitates were filtered from the sample (Poinapen et al. 2009).

The influent and effluent samples were also analyzed for the following nutrient concentrations:
ammonium, nitrate, nitrite and dissolved phosphate, using LCK304, 339, 341 and 348 respectively.
The samples were filtered with an 0.45 um glass fiber filter prior to analysis.

Samples were taken from the influent, effluent and the pilot reactor to examine the biomass. VSS
and total suspended solids (TSS) measurements were performed as described in standard methods
(APHA 1995). The samples were filtered with 2.7 um glass microfiber filters (Sartorius, FT 3 1101
047, Goettingen, Germany) and incubated at 105°C (for TSS measurements) followed by 550°C
(for VSS measurements). Furthermore, the growth of biomass in the reactor was also studied by
measuring the fixed bed height in the reactor after stopping the recirculation pump and influent
supply for 30 minutes to allow the biomass to settle.

Finally, the morphology of the sludge was analyzed regularly based on its settling velocity and floc
or granule structure. Settling velocity was determined by a random selection of a floc and determi-
nation of the time required to settle 30 cm in a volumetric cylinder filled with tap water. The
evolution of the sludge over time, in terms of shape and diameter, were analyzed microscopically.

Short-term batch activity tests

Short-term batch activity tests were performed using synthetic wastewater in order to maintain con-
stant conditions throughout the different tests with sludge from 55 and 121 days of operation. The
synthetic wastewater was composed according to the method mentioned in van den Brand ef al.
(2015d) and consisted of 2.68 mM NaCH3COO-3H,0, 1.15 mM NaCsHs0, (300 mg CODvyga/L in
total), 0.09 mM K,HPO,, 0.04 mM KH,PO,, 2.89 mM NH,4CI, 0.34 mM MgCL,-6H,0O, 0.39 mM
CaCl, and 1 mL/L trace elements solution (Lau et al. 2006). A sulfate concentration of 500 mg/L
was obtained by adding 7.3 g/L aquarium salt (Reef Crystals™). This ensured that there would be
no sulfate limiting conditions during the activity tests. The SBR activity tests were carried out in three-
fold in 100 mL serum-bottles containing 50 mL of synthetic wastewater and 30 mL sludge from the
pilot reactor. The bottles were closed with rubber stoppers and prior to each test flushed with N,
gas to ensure anaerobic conditions. The temperature was controlled at 15°C. The activity of SRB
was expressed as the rate of accumulation of sulfide in time per gram biomass.

RESULTS AND DISCUSSION
Mass balances

The reactor was operated for 8 months without significant operational problems. The average results
of the sulfur and CODvyga measurements from the influent and effluent samples are displayed in
Table 1. The effluent concentrations of sulfate were below the detection limit (<15 mg/L). The for-
mation of sulfide and removal of sulfate indicated that SRB were active in the pilot reactor. On
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Table 1 | Average concentrations of sulfate, sulfide and COD for the influent and effluent of the pilot reactor during the period
of September 2014 until April 2015

Component Influent Effluent Consumption or production
Sulfate (mg/L) 71+ 41 Below detection limit (<15 mg/L) 71

Sulfide (mg/L) 11+9 82+ 75 71

COD total (mg/L) 512 + 180 1,079 + 313 567

CODVFA (mg/L) 208 + 51 29 + 12 179

average 71 mg of SO /L was removed while 71 mg S?*~/L was formed (Table 1). The theoretical stoi-
chiometry for SRB activity (neglecting biomass formation) shows that the removal of 100 mg COD
requires 150 mg sulfate and produces 50 mg sulfide (Thauer et al. 1977). The formation of 71 mg
S?~ would require 213 mg SOF~ mg, based on molar ratio, which was not available in the influent
throughout operation of the pilot (Figure 2). Thus these results indicate a sulfur imbalance with a
higher sulfur concentration measured in the effluent than in the influent.
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Figure 2 | Sulfate concentration () in the influent of the pilot reactor. Sulfate in effluent below detection limit (<15 mg/L).

Several possible explanations can be proposed for this imbalance in the sulfur (S) mass balance.
Firstly, the measurements performed could neglect to take all S compounds present in the wastewater
into account, for instance the presence of gypsum (CaSO,). Additional tests showed that the filtration
step prior measuring resulted in a significant decrease (>50%) in the measured sulfate concentration
(data not shown), indicating that some of the sulfate was captured in particulates. However, the high
biomass content in the effluent also required filtration of the sample. Furthermore, total S measure-
ments indicated that more S was present than solely measured by sulfate (Table 2), which might
have been present in the form of gypsum. The mentioned possible explanations jointly suggest that
the actual sulfur content in the influent was higher than measured. As the sulfide analyses have
shown to be reliable in this type of matrices (data not shown) further results and discussion are
based on sulfide measurements.
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Table 2 | Comparison of sulfate and total S measurements of samples

sample Sulfate (mg S/L) Total S (mg S/L)
Influent pilot 161 +3 31+4
Effluent pilot Below detection limit (<15 mg/L) 735+ 15
Tap water at Harnaschpolder 17.1 + 0.5 165+ 0.5
SRB activity

The sulfate influent and sulfide influent and effluent concentrations are depicted in Figures 2 and 3,
respectively. Considerable variations in concentrations in influent of the reactor were the result of the
fluctuations of the influent composition of the WWTP (Butler ef al. 1995). The effluent sulfide concen-
trations rose during the first 70 days of pilot operation, indicating that SRB activity was increasing.
After 70 days, high concentrations of sulfide (~200 mg/L on average) in the effluent were observed,
however these concentrations fluctuated considerably from 30 to 310 mg/L (Figure 3). Additional
measurements of samples prior to filtration demonstrated that there was no sorbed sulfide present
in the influent and therefore the sulfide measured in the effluent could be considered as the result
of SRB activity.
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Figure 3 | Sulfide concentration in the influent (@) and the effluent (o) of the pilot reactor.

A decrease in temperature did not have any effect on sulfide formation, indicating that SRB activity
was not influenced to such an extent that different effluent quality was achieved. This is in accordance
with the laboratory study of van den Brand et al. 2014b, which reported that the effluent quality was
not affected by a temperature decrease from 20 to 10°C; though the sulfide production rate decreased
significantly (factor 1.9).

CODyga removal

The data shown in Figure 4 demonstrate that the CODy s was consumed from the start-up of the pilot
reactor as the effluent concentration was below 50 mg/L from the beginning. As the SRB activity
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Figure 4 | CODyea cOncentration in the influent (@) and the effluent (o) of the pilot reactor during the period of September 2014
until April 2015.

started to increase after 70 days, it is likely that the CODyga was consumed by other microorganisms
present in the inoculum in this start-up phase. Auto fluorescence examination revealed (data not
shown) that methanogens were present in the inoculum and they could have been the cause of the
CODvyrga consumption.

On average the VFA COD removal was 179 mg CODyga/L, while 71 mg S* /L was formed
(Table 2). The formation of 71 mg S /L would require 213 mg SO7 /L, which would correspond
to a consumption of 142 mg CODyga/L as stoichiometric conversion of SRB is 0.67 g COD/g
SO3~ (Thauer et al. 1977; Oude Elferink et al. 1994). This would imply that 37 mg/L CODypa wWas
consumed by other organisms than SRB and would result in a 79% CODygas removal caused by
SRB activity based on sulfate reduction. However, as it is likely that other sulfur compounds besides
sulfate were also used by the present SRB (see paragraph on mass balances), the actual COD removal
resulting from SRB activity was different.

No gas production was detected, therefore minimal activity of methanogens is expected, but since
methane can remain dissolved, methane formation cannot be excluded. This was confirmed by a
decrease in autofluorescence signal from sludge from the pilot over time compared to its inoculum,
indicating that the methanogens were outcompeted. As SRB usually outcompete methanogens in
excessive amounts of sulfate (Harada et al. 1994; Mizuno et al. 1994; Omil et al. 1998), this indicates
that another sulfur compound should be present to create a sulfate excess. Especially since additional
nutrient analyses have indicated that marginal removal of ammonium, nitrate, nitrite or dissolved
phosphate occurred within the pilot, suggesting that heterotrophs and autotrophs were not active
in the pilot and could therefore not contribute to the removal of CODyga.

The SRB activity was investigated in more detail with short-term batch experiments at 15°C in
which the sulfate concentration was not limiting (as seemed to be the case in the pilot reactor).
After 55 days of operation, when a high productivity of sulfide by SRB in the pilot reactor was noticed
(Figure 3), short-term batch activity tests were performed. The rate of accumulation of sulfide was
6.09 mg S/g VSS/h. Within 24 hours complete CODyga removal was achieved and a maximum sul-
fide concentration of 122 mg/L was produced. The production of 122 mg/L sulfide required 243 mg/L
COD which indicates that 81% of the CODyga was consumed by SRB, a similar removal as obtained
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in the pilot. The percentage of CODyga removal by SRB was increased when the biomass from the
pilot reactor set-up was tested 121 days after startup. The sulfide concentration reached 141 mg/L
which requires 281 mg/L COD and indicates that 94% of the COD present was consumed by SRB.
The higher sulfide concentration was also reached faster by sludge from day 121 compared to the bio-
mass tested after 55 days of operation as clearly depicted in Figure 5. The rate of sulfide production
was 26.3 mg S/gVSS/h for the sludge taken 121 days after start-up. The sulfide production rate of the
sludge from the pilot (15°C) was in between the rates observed for 10 and 20°C in a laboratory study
by van den Brand et al. 2014b. This indicates that the use of domestic wastewater results in similar
SRB performance as when adapted to artificial wastewater feeding.
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Figure 5 | Sulfide concentration from SRB activity tests with biomass of 55 days after start-up (0) and 121 days after start-up (®).

Biomass growth

The biomass growth was assessed by monitoring the VSS and TSS concentrations in the influent,
sludge samples from the bottom of the pilot and effluent as well as by monitoring the bed height
after settling. The results of the samples taken are shown in Table 3.

As shown in Figure 4, the CODyga concentration in the influent was higher than in the effluent
(208 vs. 29 mg/L). In contrast, the total COD concentration in the influent was lower than in the efflu-
ent (1,079 vs. 512 mg/L, Table 1). This corresponds to the high VSS concentration (3.42 g/L) found in

Table 3 | Average concentrations of VSS and TSS in the influent, the pilot reactor and the effluent during the period of Septem-
ber 2014 until April 20152

Component Influent Effluent Pilot®

VSS (g/L) 0.40 + 0.39 3.42 + 2.30 2.55 + 2.38
TSS (g/L) 0.48 + 0.44 5.03 + 3.48 3.32 + 3.27
VSS/TSS (%) 16 32 23

@No well-mixed samples could be obtained from the reactor; the granules settle easy and as sampling occurred at the bottom from the reactor the VSS and TSS
values are higher than expected.
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the effluent (Table 3). The average daily COD consumption with weekly influent flow rate of 1.96 L/h
would be 8.4 g (179 mg/L * 1.96 L/h * 24 h/day). When assuming a standard conversion of 1.32 g
COD/g biomass, the high production of VSS (4.55 g/L) would indicate that 283 g COD/day was
flushed out on average (4.55g VSS/L *1.96 L/h * 1.32g COD/g VSS * 24 h/day). A washout of
283 g CODvygra/day would lead to a complete flush-out of biomass from the reactor; which was
obviously not the case as shown in Figure 6 which depicts a stabilized volume of 15 L biomass. Fur-
thermore, the continuing CODyga consumption and sulfide formation suggested that biomass was
still present and active in the pilot reactor. An explanation for the high VSS, TSS and total COD con-
centrations in the effluent (see Tables 1 and 3) could be the configuration of sampling point in the
pilot reactor. As depicted in Figure 1, the sampling point was a small container at the top of the reac-
tor which contained a high concentration of solids. It is likely that the presence of CODyg, in the
effluent along with the biomass led to biomass growth in the container, which affected the represen-
tativeness of the samples for the pilot reactor. Furthermore, this effect is amplified by the fact that
settling of biomass can occur in this sample bucket.
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Figure 6 | The biomass volume (®) and temperature (0) within the pilot reactor.

The monitoring of the biomass volume in the pilot reactor showed a sudden increase after 100 days
of operation (Figure 6), possibly caused by a change in the floc structure of the biomass, which is vis-
ible in the top of the bed. This change could not only affect the compactness of the biomass bed, it
could also influence the assessment of the bed height in the reactor.

Morphology

SRB have been shown to granulate easily (Lens ef al. 2002; van den Brand et al. 2015b. Application of
granular sludge is an effective way to increase volumetric capacity and decrease reactor footprint
(Nicolella et al. 2000), while remaining sufficiently biologically efficient. The fact that the sludge
remained in a smooth and dense floc structure throughout operation of the pilot fed by domestic
wastewater, as indicated in Figure 7, is therefore beneficial for lowering the environmental impact
of a full-scale system. The fact that sludge sampling occurred at the bottom of the pilot will have influ-
enced the type of granules selected for this experiment. The change in floc structure observed after
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— 500 pm

Figure 7 | Floc structure of sludge in the pilot.

100 days is only for the top part of the bed, and therefore did not affect the selected granules, which
could only be taken from the bottom of the reactor.

The settling velocity of the sludge decreased slightly (20%), which could be explained by the slight
decrease in temperature of tap water in which the experiment was performed (Figure 8). Nonetheless,
there was no deterioration of floc structure or settleability during the entire operation. A lower temp-
erature therefore did not affect the floc structure or settleability in a negative way. The settling velocity
(~100 m/hour), is much higher than the upflow velocity in the pilot (~0.5 m/hour), which illustrates
that the sludge was not washed out easily.
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Figure 8 | Settleability of sludge (@) and temperature (O) in the pilot over time.

Outlook

This study has shown the potential of SRB activity in domestic wastewater, and its ability to remove
CODyga. In order to move from science to practice, several research directions should be covered in
follow-up studies. For instance, the ability of SRB to perform in a broader perspective, such as at even
lower temperatures (<5 °C) in, for example, Scandinavia (Sallanko & Pekkala 2008) as well as up-
scaling to full-scale operation.
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In order to understand more about the underlying processes occurring in the pilot reactor, it is
important to gain more clarity about the origin of sulfur in the wastewater that is converted by
SRB. This is of importance to the CODyga consumption, which can vary with the sulfur source avail-
able. A possibility to further investigate the CODyga consumption during growth of SRB is by aerating
a sample in which sulfur is completely converted into sulfate. Furthermore, SRB can also be influ-
enced by nutrients and conditions specific for certain process steps within WWTP, such as the
formation of nitrate and nitrite (van den Brand et al. 2015d; Rubio-Rincén et al. 2017a). SRB activity
can also affect other crucial microbial processes, such as phosphorus removal (Rubio-Rincén et al.
2017b) or the effectiveness of the digester. This additional research will contribute to design a com-
plete and optimal wastewater treatment technology including SRB, or to the activity of SRB in
conventional aerated wastewater treatment and will give direction to up-scaling activities.

Before applying SRB to domestic WWTPs, it is advisable to examine the growth yield of SRB in
more detail, to determine the effectiveness of the decrease in sludge production. The benefits from
using microorganisms with a low growth yield to treat wastewater could be maximized if SRBs are
combined with autotrophic denitrification, as is the case in the SANI process (Wang et al. 2009).
Other promising technologies to achieve nitrogen removal are the Anammox® (Strous & Jetten
2004) or Sharon processes (Hellinga et al. 1998), of which combinations with SRB could be explored
as well. In addition, other intended benefits of SRB to treat (domestic) wastewater, such as coliform
reduction and the potential to remove heavy metals, should be established and quantified.

CONCLUSIONS

Based on the operation of the unaerated pilot reactor fed with domestic wastewater at an average
temperature of 13°C for 8 months continuously at WWTP Harnaschpolder, the following conclusions
can be drawn:

* The pilot study clearly confirms that SRB were active in domestic wastewater at temperatures below
15°C. CODyga removal occurred dominantly by SRB activity.

* SRB can outcompete methanogens at low temperatures in domestic wastewater treatment at these
specific conditions.

» SRB are capable of thriving in wastewater under conditions that are less favorable compared to the
conditions of the pilot reactor in Hong Kong (30°C and excessive amounts of sulfate), expanding the
expected range in which SRB can be applied.

» The sludge in the pilot study formed a stable and smooth granule, resulting in sufficient sludge
settling characteristics.

¢ In order to achieve maximum benefit from the advantages of applying SRB in domestic wastewater
treatment, additional research regarding the specific processes of coliform reduction, removal of
heavy metals and micropollutants are required.

* A limiting sulfate concentration was expected, however additional measurements revealed the pres-
ence of an unknown sulfur source, therefore SRB could remain active. Therefore the beneficial
application of SRB in domestic WWTP could be reconsidered for all locations were insufficient sul-
fate levels were expected.
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