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Summary

There has been an increasing interest in wastewater treatment in last decades to reduce human
footprint. Primarily, anaerobic technology focused on treatment and stabilization of sludge,
but now the tendency is to give it a major role in low cost treatment of high/low strength
wastewaters, since anaerobic digestion offers energy generation through gas production.

Anaerobic membrane bioreactors (AnMBR) combine anaerobic digestion with membrane
filtration. They are becoming a feasible option for treating previous unsuitable low-strength
wastewaters, decoupling hydraulic and solid retention times, and providing successful treat-
ment with the benefits of biogas production.

However, the digestion process is optimal at mesophilic or termophilic (35-37 °C), requiring
heating of reactors. The more inexpensive option to treat the wastewater at its ambient tem-
perature is feasible using ANMBR since this type of reactor can offer long sludge retention times.
On the other hand, the digestion equilibrium turns out more sensible and delicate, and per-
forming a proper and robust start-up of AnMBR in ambient temperatures is still challenging.

The aim of the thesis was the successful startup and stabilization of AnMBR systems at ambi-
ent temperature (25 °C) and low organic loading rate (OLR). Reactor operation was moni-
tored, and the most relevant process parameters were considered for the aim.

Two pilot-scale AnNMBR’s (120L) were used with an external membrane configuration. The
experiment was carried out in 100 days. Substrate feeding consisted of synthetic dairy
wastewater with added nutrients solution. The inoculum was provided from a full-scale an-
aerobic plant at a digester of BV dairy (UK) treating dairy wastewater at 30°C.

Main operation parameters were monitored every day, along with gas production and methane
yield. Laboratory tests were performed twice a week with samples of the reactors and efflu-
ent. A number of parameters were analyzed, the most important of which were total solids
content (TSS), alkalinity, fatty acids, biogas content and chemical oxygen demand (COD).

The startup of the two AnMBR’s differed greatly. In System 1, stable conditions were ac-
quired in one month of operation. System 2 failed after 20 days of function, and did not
achieve successful startup. It was not possible to fully recover it during the days of study due
to dramatically slow growth of microorganisms and low stability of the process.

Thus, satisfactory system performance could be achieved but the ambient anaerobic process
was vulnerable to inhibitory conditions. Both systems showed that the delicate process opera-
tion required fast corrective measures to prevent digestion failure. Causes of instability and
failure were: washout of biomass, high content of VFA, low buffering capacity and poor per-
formance of technical equipment and low pH. However, the digestion could stand a lower pH
range than found in literature.

In conclusion, the best parameters to control the startup were pH, alkalinity, methane content,
biomass content and organic removal. In this sense, low buffering capacity of a reactor makes
it vulnerable to inhibition by sudden pH changes, easily solved by systematic addition of a
buffering compound. Finally, the use of simple and fast alkalimetric methodologies can give
satisfactory process overview compared to complex and more precise techniques for alkalinity
measurement.
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AD Anaerobic Digestion

AnMBR Anaerobic Membrane Bioreactor
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1 Introduction

1.1 Background

One of the biggest concerns in recent decades is how the global human can live in a sustaina-
ble society, when energy and resource scarcity arise gradually each year (British Petroleum,
2014; Fritzmann et al., 2007). Thus, contamination of natural environment due to human im-
pact presents a public health risk, polluting rivers and ground water (Obasohan et al., 2010),
especially for the industry (Sanchez et al., 2005).

Together with medical advances, wastewater treatment is directly related to the health benefits
of different human civilizations. With the invention of sewage systems of the Roman Empire,
wastewater was drained from public baths and latrines to sewers outside the cities (Henze et
al., 2008). But it was not until the 17 century, it was discovered that decaying organic matter
produced flammable gases (Ostrem, 2004). From the first full-scale anaerobic digester in
1895, it was observed that it could be useful not only as a biogas producer, but also for
wastewater treatment (Khanal, 2008).

However, lack of knowledge in anaerobic digestion (AD) restricted its use to domestic or iso-
lated farming, far from optimal conditions for biogas production (Ostrem, 2004). This situa-
tion started to change from 1950 and especially after the energy crisis of 1973 and when envi-
ronmental restrictions became a reality (United Nations, 2012), with a substantial increase in
wastewater treatment plants. Figure 1-1 shows the main role of AD in the last decades, which
consisted of sludge reduction and stabilization. The major treatment, though, was carried out
in aerobic digestion, which offered more reliable and mature process compared to AD (Dupla
et al., 2004) and capability to treat low organic loading rates (OLR) with high microorganisms
sludge production (Ho et al., 2007). Focusing on aerobic technology led to high investments
in plants that eluded, at first, possibilities for other technologies that could be more attractive
(Kleerebezem and Macarie, 2003).

Domestic waste
(100) Anaerobic digester (60)

Bar screen, ..
comminutor, Preliminary treatment
grit chamber, etc. (100)
. - 7 Primary
Primary sedimentation l:: > .
y solids (35)
(65)
Activated .
sludge Aerobic treatment

Oxidized to CO,,(30)
Converted to sludge (35)

Secondary sedimentation ——> Secondary
sludge (25)
Effluent (10) ﬂ
Figure 1-1. Role of anaerobic biotechnology in overall waste treatment. Figure from Khanal,
(2008) reproduced with permission from IWA publishing.

Nevertheless, AD appeared to be a very promising technology combining biogas production
with wastewater treatment, and it was gradually implemented in the industrial sector, focused
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on treating high-strength waste (Khanal, 2008). With multiple advantages over conventional
treatments. AD was very attractive in terms of low energy systems, reduced sludge produc-
tion, destruction of dangerous organisms, minimal odor emissions, little use of chemicals,
long-term sustainability and generation of biogas (Ho et al., 2007; Liao et al., 2006; S&nchez
et al., 2005; Smith et al., 2012; Van Lier, 2008). Years of research and development in AD
have been enabling more extended application, where only in Europe the number of plants
increased from 15 in 1995 to 200 in 2010 (De Baere and Mattheeuws, 2011).

Also, another line of work relies on the use of membranes in conventional aerobic bioreactors,
which has a background of research of more than 30 years. Membranes offer an important
improvement for effluent quality, with potential to remove suspended solids, chemical flocks
and other compounds (Hammer Sr. and Hammer Jr., 2011). During the last decade, it has
been an exponential research for developing this technology, thanks to decreasing costs and
materials optimization for the membranes (Yang et al., 2006).

Anaerobic technology combined with membrane filtration represents a cost-effective
wastewater treatment with biogas production (Ghyoot and Verstraete, 1997; Visvanathan and
Abeynayaka, 2012). The system can be potentially used as a way of substitution for primary
and first waste stream treatment. Hence, it has been quite an important topic for research dur-
ing the last two decades (Lin et al., 2013).

The implementation of Anaerobic Membrane Bioreactors (AnMBR) gives a new perspective
of possibilities for any kind of wastewater, improving the effluent quality by offering total
biomass retention thus great removal of suspended solids, compared to other systems (Lin et
al., 2013; Visvanathan and Abeynayaka, 2012). It also permits a long solid retention time
(SRT) with low hydraulic retention time (HRT), which helps microbial growth in smaller re-
actors without being washed out (Liao et al., 2006; Visvanathan and Abeynayaka, 2012).

Despite these advantages, AnMBR’s still carry some bottlenecks inherent to each AD and
membrane technology. There are crucial aspects regarding system performance, operational
parameters and membrane fouling issues that still need development (He et al., 2005). The
poor stability of the reactions and multiple inhibitory substances can affect all the process, if it
is not monitored thoroughly (Vannecke et al., 2014).

Also, AD usually takes place at mesophilic (37°C) or termophilic (55°C) temperatures, be-
cause it is optimal for growth of microorganisms. However, there is still research needed to
evaluate the feasibility of the digestion in unheated wastewaters, at ambient temperature.
There are two main groups of microorganisms especially sensitive to temperature in AD,
methanogenesis and hydrolysis (Smith et al., 2012). These groups need special attention when
operating below their optimal growth temperature because reactions are slowed down. Hence,
a period of acclimation is required to adapt the microorganisms to the new temperature.

There have been successful demonstrations of methanogen microbes development below
mesophilic temperature, achieving successful acclimation with notable biogas production
(Bialek et al., 2012; McKeown et al., 2009). However, most of them are performed at labora-
tory scale, and only evaluate AD without considering membrane technology (O’Reilly et al.,
2009). Furthermore, they focus on the feasibility of the reaction, but omit the importance of
the startup and acclimation period of the process.



Long and delicate startup times are frequently underestimated, provoking system failure if not
monitored in detail, and making almost impossible to recover (Cao et al., 2011; Labatut and
Gooch, 2012; Lahav and Morgan, 2004; Smith et al., 2012). Although startup could be
achievable relatively fast in mesophilic conditions (Griffin et al., 1998), periods of 2 to 4
months are quite common (Khanal, 2008). If started at low temperature, conditions are even
worse, reducing biomass growth and requiring longer SRT to stabilize (Smith et al., 2012).

Low temperature anaerobic digestion has proven its feasibility using membranes in laboratory
and pilot scale (Ho et al., 2007; Smith et al., 2013), enabling a viable digestion with minimum
loss of methanogenic microorganisms to produce sufficient amount of biogas. However, little
is known about start up periods at ambient temperatures in pilot scale experiments, and evalu-
ation of its capacity to develop a competitive alternative to conventional systems (Skouteris et
al., 2012). There are multiple options in reactor configurations and design that require further
experiments to assess the best available technique for developing AnMBR (Smith et al.,
2012).

Strategies to develop a fast and successful startup of AnMBR’s at low temperatures are yet to
be studied, in order to assure that startup of these processes at industries will not fail.

1.2 Aim

The aim of this thesis was to accomplish a successful startup of an AnMBR at room tempera-
ture (25°C) and low OLR while keeping stable process. Additionally, to evaluate the operation
parameters to control the state of the process. This led to the following research questions:

e What is the best operation strategy to perform a stable and successful startup of
AnMBR?

e Does ambient temperature and low OLR affect digestion performance in any way?

e Which are the most important process parameters to monitor the startup period and re-
veal digestion upsets in the AnMBR?

e When an AnMBR s unstable, are corrective measures effective to avoid digester fail-
ure?

1.3 General method

The stability of the process was evaluated using biogas production, biomass content and or-
ganic removal as selected process parameters related to microbial activity. These were in turn
indicators for startup monitoring along with other operational parameters also used.






2 Literature study

2.1 Anaerobic digestion

The word anaerobic comes from the Greek word avagpdfioc which literally means life with-
out air. Indeed, anaerobic digestion (AD) is defined as a biological treatment process where
microorganisms break down organic matter in the absence of oxygen. This phenomenon oc-
curs naturally in places where organic material is available under anaerobic conditions, such
as stomachs of ruminants, sediments of lakes and ditches, sewage or municipal landfills
(Henze et al., 2008).

AD is very effective processing all kinds of feedstock containing organic digestible material,
such as industry, agricultural, sewage and solid waste, with varying degrees of degradation
(Ostrem, 2004), and leaving mineralized compounds like ammonia, phosphate or sulfate in
the solution. It can be applied at any scale and place, producing very small amounts of sludge
and valuable biogas generation in terms of methane and carbon dioxide (Henze et al., 2008).

The full process comprises very complex and multi-step stages that include physicochemical
and biochemical reactions, as illustrated in Figure 2-1. These mechanisms can take place step-
wise and in parallel, and each of them is linked to the rest of intermediate processes. In gen-
eral, there are four distinctive parts of the process: hydrolysis, acidogenesis, acetogenesis and
methanogenesis. Each of them have a physiologically unique microorganism population that
requires disparate environmental conditions (Ostrem, 2004). The feedstock has to undergo all
of these stages to succeed a full digestion.

Organic Feedstock

Disintegration

! ! !

Proteins Carbohydrates Lipids
Hydrolysis Hydrolysis
\ 4 \ 4 \ 4
Aminoacids Sugars Fatty acids

Acidogenesis

Anaerobic oxidation

Fermentation Intermediate products:

Propionate, Butyrate,
Valerate, Lactate, Ethanol,
etc.

A 4

Acetogenesis

> B

hal Ladl
{¢——Homoacetogenesis——P

- Methane v
L . .
Acetoclastic methanogenesis Carbon dioxide Hydrogenotrophic methanogenesis

Figure 2-1. Reaction pathways of AD process. Adapted from Henze et al. (2008); Khanal
(2008) with permission from IWA publishing.
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In the hydrolysis stage, complex molecules are broken down to constituent monomers by en-
zymes excreted by fermentative microorganisms. Acidogenesis is the next stage of the pro-
cess, in which short chain fatty acids and alcohols are formed, as well as hydrogen and carbon
dioxide. It can also be considered as the core of the digestion, including anaerobic fermenta-
tion and oxidation (or respiration as Khanal (2008) refers).

Acetogenesis refers to the process before methane production, when acetate, H> and CO> are
produced through carbohydrate fermentation. Methanogenesis is the last stage, in which ace-
tate or carbon dioxide and hydrogen gas are converted into methane. Approximately 2/3 of the
production is derived from acetate conversion, and the rest corresponds to hydrogen conver-
sion (Henze et al., 2008).

The rate-limiting steps are generally hydrolysis and/or methanogenesis, depending on the type
of substrate and operational conditions (Smith et al., 2012). Hydrolysis can be difficult to de-
velop when the feedstock is very complex organic material, for instance in municipal solid
waste. Methanogenesis can also be limiting because the microbial population is notably more
sensitive to environmental conditions compared to the rest of the global microorganism con-
sortia. Therefore, AD is very susceptible to any abnormal situation like the presence of inhibi-
tory substances, abrupt pH changes or unstable organic loading rates (De Vrieze et al., 2014).

The overall balance of the reactions depends on the equilibrium of all reactants and products
that conform the digestion (Labatut and Gooch, 2012). The most important intermediates of
the digestion are volatile fatty acids (VFA, mainly acetate) and hydrogen, because they repre-
sent the direct precursors to biogas generation through methanogenesis.

Under stable operation, degradation of VFA is developed partly by hydrogen-producing mi-
croorganisms, which are in close relation to hydrogen-oxidizing methanogens (Labatut and
Gooch, 2012). Acetic acid and H» are immediately utilized by the methanogens and converted
to methane (Lahav and Morgan, 2004).

Each group of microorganism community also adapts with certain flexibility to the process
conditions. Some archaea microorganisms (methanosarcinaceae) can withstand high concen-
trations of ammonium and VFA, while others (methanosaetaceae) are present when VFA is
residual (De Vrieze et al., 2014).

2.1.1 Digestion below mesophilic temperature

AD can take place at a wide range of temperatures, but most of the reactors operate generally
at mesophilic (~37°C) or termophilic (~55°C) temperatures, each one with its own group of
characteristic microorganisms. Although psychrophilic (<10°C) digestion has proved to exist
(Smith et al., 2012), the other two temperature regions are most common because they have
optimal growth conditions in AD (Khanal, 2008). However, the energy supplied to maintain
such temperatures makes it unsuitable for a lot of different applications that require low ener-
gy intake (Lin et al., 2013).

In this way, operating without external heating (i.e. at influent temperatures) is an attractive
proposal for broadening AD applications, now limited to warm climate locations (Liao et al.,
2006; Seghezzo et al., 1998) or that require heating.

However, the feasibility of AD at lower temperature depends on the retention of psychroac-
tive biomass (Bialek et al., 2012). When temperature decreases, washout of biomass is inten-
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sified, hydrolysis of solids slows down significantly and viscosity of the liquid increments
(He et al., 2005; Liao et al., 2006; Smith et al., 2012).

In lower temperatures, hydrogen-related AD pathways are favored, due to the higher solubili-
ty of H>. Hence, hydrogenotrophic methanogenesis and homoacetogenesis take protagonism
over aceticlastic methanogenesis (Smith et al., 2012). However, the general growth rate of
microbes slows down (Sanchez et al., 2005). Rate-limiting steps in the digestion can be either
hydrolysis or methanogenesis, depending on substrate and operating conditions.

An increase up to twice as longer solids retention time (SRT) is therefore required to avoid
washout. It is resolved using different techniques, such as type of reactor (Bialek (2012) used
a special reactor at 10°C) or coupling a membrane to the reactor which separates the HRT
from the SRT by the use of the membrane as a physical barrier (Sanchez et al., 2005; Smith et
al., 2012).

The latter option has been of more interest due to the potential efficiency and cost-effective
system compared to special and costly reactor designs. Membrane reactors effectively retain
biomass when integrated into anaerobic digesters (Khanal, 2008).

2.2 Membrane technology

Membranes are selective barriers characterized by a porous material with orifices in their
structure of a determined size. These orifices allow the passage of particles below a certain
size while bigger particles are retained in a solution. From the perspective of this thesis,
membranes are systems designed for microbial biomass immobilization. They can be charac-
terized by different aspects such as pore size, material, building construction and configura-
tion (Smith et al., 2012).

Pore size is generally classified as microfiltration (>0.05um; MF), ultrafiltration (>0.002 pum;
UF) or nanofiltration (below 0.002 um). The type of suitable filtration depends on the desired
quality of the effluent (sewage restrictions, agricultural irrigation or industrial reuse). Pore
size should be as big as possible in order to use a reasonable and cost-effective operation of
the membrane (Visvanathan and Abeynayaka, 2012). Selecting a membrane with a too small
pore size will be more expensive than necessary, and cause more clogging issues. Therefore,
most of membranes used in AnNMBRs are MF or UF (Smith et al., 2012).

Membrane materials are generally ceramic, metallic or polymeric. Although the first two have
a better performance than polymeric, the latter is much more attractive due to the cost of ma-
terial source and building, and is the most commonly used (Lin et al., 2013).

The building construction includes flat sheet, hollow fiber or tubular construction; being the
first two the most used and experimented with (Skouteris et al., 2012). The key elements that
define a membrane performance are the driving force per unit membrane area (i.e. transmem-
brane pressure or TMP), the membrane permeability (in terms of permeate and retentate flux)
and the fouling of membrane.

2.2.1 Membrane Fouling
Fouling consists of the accumulation of inorganic and organic foulants in the internal parts of
the membrane pores and also at the membrane surface (i.e. cake layer). This phenomena is the
result from very complex processes that reduce performance of the filtration process. It reduc-
es flux, increases TMP and provokes less quality and quantity of effluent.
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Membrane fouling is considered as one of the major contributors to the operating cost and
maintenance of membranes (Smith et al., 2012). Therefore, it is a major drawback when con-
sidering AnMBR’s installation, hence very important to consider (Dereli et al., 2014).

The potential foulants can be main biomass solids as well as supernatant substances. They can
be classified as organic or inorganic. Colloidal solids, soluble microbial products (SMP), ex-
tracellular polymeric substances (EPS) and cell debris are examples of organic foulants
(Skouteris et al., 2012). Inorganic foulants include precipitates like struvite, but are less com-
mon than organic ones and only appear in specific wastewaters (Smith et al., 2012).

The process of fouling can reduce or block the pores (internal) or form a biological cake layer
(external) on the membrane surface. Internal fouling is mainly caused by cell debris and col-
loidal particles. They accumulate in pores and reduce surface area for filtration (Liao et al.,
2006). On the other hand, the cake layer is a very heterogeneous structure, and it is formed by
different foulants (Skouteris et al., 2012).

The problem of fouling depends on two aspects. The first is related to operational parameters
such as SRT, loading strengths, fluxes and membrane operation. The second is intrinsically of
presence of foulants in sludge and influent (biomass concentration, presence of EPS or SMP,
and particle size distribution). For instance, Dereli et al. (2014) concluded that suspended sol-
ids have a direct relation with membrane fouling in concentrations above 20 g/l. However,
fouling issues did not differ significantly when operating at SRT of 30 and 50 days.

Due to the complex nature of biofouling as well as reactor types and sources of feed, little is
known about which parameters of operation contribute to fouling (Dereli et al., 2014). There
has been, though, some indicators that may help to enhance knowledge on this issue. For in-
stance, Liao et al. (2006) mentioned that cake deposition is typical in continuous stirred tank
reactors (CSTR). It is also well known that membrane materials lead to different fouling
mechanisms (He et al., 2005; Liao et al., 2006; Skouteris et al., 2012; Smith et al., 2012).

The procedures to revert fouling issues focus on reducing fouling rate and chemical cleaning
procedures. The first procedure includes membrane operation below a certain flux and keep-
ing a high shear across membrane surface, using biogas sparging, backwashing or velocity
gradients (Liao et al., 2006). All these techniques focus on external fouling, because internal
is usually irreversible (Skouteris et al., 2012).

Although more research needs to be performed in order to follow the best procedure, it is pre-
sumable that a combination of fouling control measures is more effective than one method
alone (Smith et al., 2013). When the fouling is critical, it requires a full replacement of the
membrane.

2.3 AnMBR design and control

An AnMBR is basically an anaerobic bioreactor coupled with a filtration membrane. A good
system design and control is basic for a robust and stable operation, preventing process up-
sets. Its design and control measures should be based on influent type and strength, which
determine the type of reactor and membrane to use. The system has to perform at short hy-
draulic retention times (HRT) and high SRT to reduce reactor volume while enabling low
temperature digestion. Last, it should be focused on maximum production of methane and
sufficient chemical oxygen demand (COD) removal. (Smith et al., 2012; Ward et al., 2008).
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2.3.1 Membrane configuration

There are three available configurations of membranes, which can be classified as their loca-
tion in the system (inside or outside the reactor), or the operation according to the driving
force of membrane. Figure 2-2 shows a schematic view of the three designs.
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Figure 2-2. Membrane configurations A) Internal Submerged. B) External cross-flow. C) Ex-
ternal Submerged. Adapted from Visvanathan and Abeynayaka (2012) with permission from
Techno Press.

Cross-flow configuration uses membranes under pressure to produce permeate liquid. The
other two are operated under vacuum driven force or gravity to pull the permeate through the
membrane. Although immersed version has greater performance (Martin-Garcia et al., 2011),
external membranes are most common because they allow maintenance intervention (clean-
ing, replacement or inspection) without affecting the anaerobic reactor (Liao et al., 2006).
Furthermore, vacuum driven configurations is preferred over cross-flow due to less amount of
water required. However, it requires addition of pumping to recirculate the retentate to the
reactor (Smith et al., 2012).

2.3.2 Reactor types

Among all the reactors available, the most common AnMBR is the CSTR coupled with a
membrane, because it has a simple construction and use. However, there are other reactors
available such as the upflow anaerobic sludge blanket (UASB), expanded granular sludge bed
(EGSB) or fluidized bed reactors (Martin-Garcia et al., 2011). These reactors usually have
greater performance in terms of membrane fouling and biomass yield, but they are also more
complex and expensive in all aspects (Liao et al., 2006).
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Without considering the attached membrane, the biomass retention is the characteristic for
differencing the type of reactor. For instance, an UASB reactor is less likely to suffer from
fouling because its design allows better biomass retention, although it is not totally discarded
(Smith et al., 2012). CSTR reactors do not have any biomass retention by themselves, hence
SRT can only be decoupled from HRT with addition of a membrane (Liao et al., 2006).

Reactor location and shape will also determine the temperature of digestion and ensure com-
plete homogenization. All of the designs are cylinder shaped to perform optimal mixing, and
temperature should be orientated to be as stable as possible. Surface coatings, underground
reactors or homogenizing feeding tanks can minimize the energy intake and digester upsets
(Ward et al., 2008).

Depending on the substrate, there are also different configurations more suitable for every
type of wastewater. For instance, domestic wastewater was proved to be more effective using
UASB reactors with either external or immersed membrane configuration (Martin-Garcia et
al., 2011).

2.3.3 Monitoring parameters

Proper system operation relies on a careful process control and monitoring to ensure organic
removal and stable biogas production. But it also prevents the potential instabilities that may
occur. Automation of control devices and on-line measurements can be a very helpful moni-
toring strategy to succeed in operating an AnMBR, especially in short term periods like
startup times or drastic influent changes (Ward et al., 2008).

A poor monitored AnMBR will not operate at full performance, and will have a higher risk of
instability, as it was stated by Labatut and Gooch (2012). These reactors should have all the
appropriate sensors, and also keep a constant revision and checking of the equipment for a
correct measuring. Even the simplest devices can decalibrate and provoke wrong corrections
if not taken into account.

There are different classifications of the parameters to be monitored, depending on the phase
(liquid, gas), complexity, ease of use and cost. Critical parameters such as temperature, pH
and alkalinity (including VFA estimation) can be easily monitored at very low cost; Gas pro-
duction and TMP sensors are more expensive but still very important to check.

Other minor monitoring aspects are related to off-line measurements using laboratory equip-
ment. They cannot be measured constantly or do not require constant measurement, like
chemical oxygen demand (COD) concentration or solids content. However, they offer valua-
ble information of how is the development of the anaerobic digestion, and should be per-
formed frequently.

Other periodic measurements in laboratory are nitrogen, sulfur and phosphorous content in
reactor and influent. The use of determined substrates may contain elevated concentrations of
certain substances like sulfate rich or nitrogen rich wastewaters, and they should be monitored
in order to prevent digester failure.

2.4 Start-up of anaerobic membrane bioreactors

As mentioned in previous chapters, due to the slow growth rate of microbial population in

anaerobic digestion, especially for methanogen archaea, a startup period requires significant

importance. This period extends until a steady state is reached, where nominal parameters are
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achieved with continuous operation. The key elements to understand the startup process are
inoculum characteristics and reactor conditions during this time.

The inoculum is the source biomass that is used as a seed for starting the anaerobic digestion.
It characterizes the composition and organization of the microbial community that will grow
inside the reactor during the first weeks of operation (startup period). Therefore, it is crucial to
characterize which type of substrate influent will feed the digester in order to select the ap-
propriate microorganisms (De Vrieze et al., 2014).

According to Khanal (2008), aerobic systems have a short startup time (1 or 2 weeks) com-
pared to anaerobic, which can take several months and even longer if the reactor operates be-
low mesophilic conditions. This time can be easily reduced if the inoculum amount is in-
creased, which will contain more microorganism population and then require less time to
reach steady state.

Another strategy consists of the selection of diverse microbes that will constitute the inocu-
lum. The richness in different microorganism population will play an important role when
assimilating drastic changes in operating conditions. It will also support high concentration of
toxic substances, and will ensure reactor stability even at abnormal conditions (De Vrieze et
al., 2014).

Low temperatures also may impact the choice of an appropriate inoculum for seeding
AnMBR. In this way, Smith et al. (2013) observed that mesophilic inoculum was suitable for
seeding psychrophilic AnMBR treating low strength wastewater. He concluded that best pro-
cedure is to mix multiple sources of mesophilic and psychrophilic inoculum, especially if the
wastewater will not be heated and temperature will differ seasonally.

In addition, McKeown et al. (2012) suggested the use of pre-acclimated inoculum biomass to
reduce start-up times, because the biomass will already be adapted to the new temperature
conditions.

Furthermore, other reactor conditions can set the proper ambient of microbes development,
and they also affect start-up times. The most important is to know what are these optimal
conditions (mainly pH, loading rates or wastewater strength), and control them in order to
facilitate the microbial comfort. After a steady state is reached, long-term reactor conditions
can be set and a new period of transition will happen to acclimatize the microbial population
(Smith et al., 2012).

For instance, Cao et al. (2011) observed a fast start-up in UASB reactors using alkalinity con-
centrations of 1500 mg/l. After the startup, it could operate stable with less concentration
(500mg/l). Also, an OLR start of 2 kg-m= d* reduced startup times compared to starting at
0.25 kg-m™ d*, with a COD influent of 2000 mg/I.

Last, it is crucial that influent fluctuations remain constant during startup times. After the in-
oculation, fluctuations should be avoided until a steady state is reached because biomass may
not adapt itself to it (Skouteris et al., 2012).

2.5 AnMBR operation and inhibition factors

Given the complexity stated in previous chapters, a proper knowledge and expertise in the
maintenance of AnNMBR is required to succeed in a correct functioning and avoid failures.
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Labatut and Gooch (2012) studied the operation of some anaerobic digesters, and found that
inadequate operation of the systems lead to low efficiency in the digestion and half of the po-
tential power capacity was obtained.

Perturbations in the system are expressed by a loss of equilibrium in anaerobic reactions.
They may occur by the alteration of substrate characteristics, or by a change in environmental
conditions. Therefore, concentration of main intermediates of AD are one of the most relevant
parameters when detecting process upsets. The core principle when operating an AnMBR is
to keep the parameters to constant values.

There are also other key indicators that reveal system stability; some of them are related to
reactor conditions (temperature, pH, flux and TMP). Others imply substance concentrations,
either from biomass (suspended solids, biogas content or OLR) or inhibitory compounds
(ammonia, sulfate, phosphate or VFA).

Toxicity is generally discussed in terms of concentration rather than specific compounds, be-
cause the presence of any compound in a considered high concentration can cause inhibition
(Skouteris et al., 2012).

2.5.1 Temperature of the reactor

The temperature of operation is one of the most delicate parameters that can negatively affect
the efficiency of AnMBR. Microbial population require relative long periods of acclimation in
order to develop under a certain temperature. Also, if the temperature is changed, it needs to
be gradually adapted to provide good acclimation, which can take several days. If the process
is not monitored correctly, or sudden temperatures changes occur, it can provoke digester
failure.

There are system designs such as surface coatings and underground locations that minimize
temperature changes. However, if no heating is added to the substrate, a good quality inocu-
lum is required to allow fast adaptation of microbes to new temperatures.

Skouteris et al. (2012) observed that the temperature of operation affected the COD removal
efficiencies. A reduction from 95% to 85% COD removal was observed reducing temperature
from 25°C to 15°C.

2.5.2 pH and alkalinity

Although the tolerance of global AD microbes is very big, the optimal pH for methanogens is
quite narrow, between 6.8 and 7.2, although it is possible to operate the anaerobic digester
with a wider range of 6.5 — 7.6 (Khanal, 2008). However, under pH 6.4 the methanogenesis
is totally inhibited (Ward et al., 2008). Because not all of the microorganisms have the same
optimal pH range, it is important to determine the limiting reactions in the anaerobic process,
according to the influent characteristics and reactor conditions.

The pH is not only important by its own inhibition, but also because of presence of other in-
hibitory compounds. In general, only the non-ionized forms of possible toxic compounds are
responsible for inhibition. The proportion of ionized and non-ionized is determined by the pH
of the system. Therefore, the pH can affect indirectly the potential toxicity of other substances
(Ward et al., 2008). For instance, VFA can affect the methanogens at pH below 7 but, on the
other hand, ammonia is toxic above pH 7 (Dupla et al., 2004).
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In terms of routine monitoring, pH measurement cannot form the sole indication of imminent
failure, because in medium or well-buffered waters high VFA concentration would have to
form in order to cause a detectable drop in pH (Lahav and Morgan, 2004). Another related
parameter is needed for the evaluation: alkalinity.

The alkalinity (also known as buffering capacity) represents the equilibrium of ions present in
a solution that may interfere to changes in pH. It shows the pH response when the system is
affected by other low or high pH substances. Hence, alkalinity is an extension of the pH
measure, because it informs of the presence of other substances. For instance, the accumula-
tion of fatty acids can reduce the alkalinity before the pH is affected. Therefore, alkalinity
plays an important role in the evaluation of system stability and strength.

The buffering capacity can be controlled using different techniques. Addition of buffering
solutions like bicarbonate, carbonate salts or strong bases affect direct or indirectly to the car-
bonate equilibrium of the system. Also, reducing organic loading rates can increase the alka-
linity by reducing concentrations of acid intermediates (Ward et al., 2008).

In normal AD systems with neutral pH, the main source of buffering capacity is bicarbonate
ion (HCOz3), and its concentration is related to the percent of CO: in the gas phase (Labatut
and Gooch, 2012). However, if the concentration of other buffering compounds is high, they
gain importance over the carbonate ions. Examples of buffering compounds are fatty acids,
phosphates, sulfates and ammonium.

By taking into account these factors, the pH of the system can be adjusted to balance the
speed of all the reactions, promoting the limiting step above the rest. For instance, it is best to
keep the pH around 6.5 if the hydrolysis is the limiting factor in the process, because the op-
timal reactions of it take place between 5.5 and 6.5 (Ward et al., 2008).

The recommended levels of alkalinity have to be able to withstand moderate shock loads of
VFA, as it is one of the first compounds that accumulate when methanogens stop producing
methane. A good indicator is the ratio alkalinity/VFA, which represents reactor sensitivity to
pH change. Literature studied proposed alkalinity levels around 1000 mg/l as CaCOs (Dupla
et al., 2004; Sanchez et al., 2005). The addition of buffering substances such as sodium bicar-
bonate can help maintain a proper alkalinity.

2.5.3 Alkalinity tests

Despite its accepted and wide use, alkalinity still remains uncertain as for what is the best
available technique (BAT) for how to perform the analysis. The APHA (APHA et al., 1999)
standard methods is one of the major references for water and wastewater analysis, and its
standardized methodology is widespread around all the research and industry sector. Howev-
er, the standardized procedure of alkalinity applied to anaerobic digesters has been proved the
least precise compared to other methods (Lahav and Morgan, 2004).

There are different conditions to use the BAT for each case. For instance, fast and cost-
effective methods could be applied when regular monitoring is done, focusing on inexpensive
techniques rather than precise. On the other hand, more attention should be paid in delicate
periods such as startup times or when changing operational conditions in order to obtain accu-
rate analysis.
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Moreover, there could be situations in which no BAT is possible due to lack of laboratory
resources or other reasons. In those cases, information about how reliable is the method se-
lected should be taken into account to correctly operate an anaerobic reactor.

Among all the different techniques, titration methodologies have been established as the more
suitable for a wide range of circumstances. The debate lies on which titration methods should
be used in order to recognize total, carbonate and/or VFA types of alkalinity.

2.5.4 Long and short chain fatty acids (volatile fatty acids)

Fatty acids are key intermediates in the anaerobic digestion, because they represent the direct
source of substrate for methanogen microbes. Roughly 2/3 of the biogas production comes
from this reactants, while the rest corresponds to hydrogen (Labatut and Gooch, 2012). How-
ever, the methanogenesis can be inhibited by means of concentration of VFA’s or indirect pH
alteration, as stated before.

High concentrations of VFA (above 4g/l) or long chain fatty acids (LCFA) can totally inhibit
methanogens (Ward et al., 2008). Lipids are an inhibition factor according to Demirel et al.,
(2005) and Kushwabha et al. (2011) in terms of long chain fatty acids. Dereli et al. (2014) suf-
fered from LCFA inhibition due to high lipid content of wastewater, obliging to reduce OLR.

The type of substrate that is going to feed the reactor plays a role in revealing the amount of
fatty acids that the reactor will have to digest. The previous stages of methanogenesis could
reveal the concentration of intermediates, according to the fast or poor degradation of the
feedstock during the first stages of the anaerobic digestion, such as hydrolysis.

VFA concentration is more sensitive compared to other indicators (Labatut and Gooch, 2012)
and it encompasses a group of 6 acids (acetic, propionic, butyric, valeric, caproic and enan-
thic). The main fatty acid present in the digestion is usually acetic acid, but propionic and
butyric acid are inhibitory to methanogenesis at lower concentrations than acetic acid
(Weiland, 2010).

During a correct operation, VFA concentration is lower than 500mg/l, and between 1500 and
2000 the biogas production is reduced (Labatut and Gooch, 2012). However, what is more
important is the sudden change in VFA concentration that reveals digestion stress.

2.5.5 Ammonia and sulfide

Ammonia is produced in the degradation of nitrogenous, protein-rich substrates. Ammonia
can inhibit the digestion process and decrease its overall performance, mainly affecting meth-
anogenesis. The ammonia diffuses through the cell membrane of the microorganisms and in-
terferes with proton transport across the membrane and/or causes potassium deficiencies
(Chen et al., 2008).

Because the two principal forms of inorganic ammonia in a solution are ammonia and ammo-
nium, the effect is studied as the sum of both (total ammonia nitrogen, TAN), although free
ammonia is the main cause of inhibition (Chen et al., 2008). Concentrations over 1500 mg N/I
as TAN have been reported to be totally inhibitory at pH above 7.4 (Labatut and Gooch,
2012). However, depending on the reactor conditions and the degree of acclimation of the
microbial community, the inhibition can start from 100 mg N/l or more (Chen et al., 2008; De
Vrieze et al., 2014; Vidal et al., 2000).
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Lower temperatures and presence of other ions such as sodium, magnesium and potassium
can reduce the inhibition of ammonia. On the other hand, the presence of ammonia in low
concentrations is beneficial to anaerobic process, since nitrogen is an essential nutrient for
anaerobes. (Chen et al., 2008)

Sulfide has a relevant presence in industrial wastewaters. In the digester, it is reduced to sul-
fate by the sulfate reducing bacteria (SRB). The inhibition from sulfide may be present by
direct high concentration, or indirectly. SRB bacteria compete with methanogens for common
organic and inorganic substrates, and can cause inhibition for lack of available feed sources
(Chen et al., 2008).

Sulfide inhibition concentration was reported to have an effect above pH 7 in the unionized
form, at levels of 90-250 mg S/I as H2S. The optimal levels of sulfide vary from 1 to 25 mg
S/l (Chen et al., 2008; Lens et al., 1998)

2.5.6 Suspended and volatile solids

The content of solids is a representation of the organic matter present in the reactor. They are
a good indicator of biomass present in the anaerobic reactor. A well operating AnMBR tends
to accumulate biomass solids depending on the SRT.

The accumulation is positive when the reactor is starting up, but should be controlled in stable
operation, because suspended solids can contribute to membrane fouling at high concentra-
tions, as stated before (Dereli et al., 2014).

2.5.7 Membrane operation

When considering membrane operation, several aspects should be considered, all of them
oriented on minimizing fouling. A good combination of filtration and relaxation modes is
essential to produce effluent quality while controlling fouling issues in long-term operation.

Membranes can be operated under constant fluxes or constant TMP. The concept of critical
flux is defined as the flux where irreversible fouling appears. Although it is preferable to op-
erate below a determined critical flux, it is likely impossible that no fouling will appear in the
long-term periods (He et al., 2005). Therefore, frequent cleaning and mitigation procedures
might be adequate to success in keeping a good membrane performance.

However, the best conditions for minimizing fouling do not necessarily coincide with optimal
conditions for best sludge filterability. Hence, a compromise between membrane and overall
system performance has to be found (Dereli et al., 2014).

2.5.8 Hydraulic and Solids Retention Times

HRT and SRT are important operational parameters that impact treatment performance and
affect membrane fouling. HRT does not appear to have much influence on AnMBR operation
by itself, hence setting a low HRT will not affect very much the performance even in low
temperatures. However, under 10°C it does may have an impact in COD removal efficiency
(Smith et al., 2012).

HRT values have been studied from 2 hours to a few days (Skouteris et al., 2012). The de-

crease of HRT significantly reduces reactor volume, hence capital cost of a new AnMBR
(Liao et al., 2006). On the other hand, a low HRT enhances growth of biomass leading to ac-
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cumulation of SMP which accelerates membrane fouling, causing particle deposition and cake
formation (Skouteris et al., 2012).

In AnMBRs, HRT can be decoupled of SRT. There has been SRT reported from 20 days to
more than a year, and theoretical infinite values. When the microbial growth rate is positive,
the higher SRT, the more biomass concentration is in the reactor. Therefore, better stabiliza-
tion of organic matter takes place with more biogas produced. However, it also accumulates
organic and inorganic products and precipitates in the system (Dereli et al., 2014).

It is important to consider a high SRT/HRT ratio, rather than relying on absolute independent
values, because it will ensure operational feasibility at low temperatures, reasonable low vol-
ume reactors and avoid washout of slow-growing microorganisms (Khanal, 2008; Smith et
al., 2012).

Conversely, increasing the ratio may result in greater risk of membrane fouling, because of
more suspended biomass (SMP and EPS). Therefore, a good ratio of operation may be studied
to properly mitigate membrane fouling without compromising reactor performance (Smith et
al., 2012).

2.6 Applications of AnMBR

AnMBR offer a wide range of applications in wastewater treatment, depending on the type of
wastewater to be treated and the effluent destination. It has been historically focused on high
rate wastewaters, but in the last years there has been more interest in using AnMBR as an
alternative strategy for low strength wastewaters at low loading rates and temperatures, such
as domestic wastewater (Smith et al., 2012).

Other type of available wastewaters could be from food processing industry, manures, slaugh-
terhouse, chemical and industrial types. Each one of them are characterized for very different
organic strengths and require different strategies of operation as well. For instance, waste
streams with high solids content are characterized by slow biodegradability of feedstock,
hence hydrolysis may likely to be the rate limiting step. This information is very useful when
planning an AnMBR installation. (Liao et al., 2006)

With respect to effluent characteristics, AnMBR treatment does not remove nutrients and
therefore additional treatment may be required in some cases where there are sewage re-
strictions. For instance, municipal wastewaters may be adequate using AnNMBR as the main
treatment with an aerobic reactor for nutrients removal. Conversely, the nutrient richness of
the AnMBR effluent may be positive in agricultural irrigation without post-treatment (Smith
etal., 2013).
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3

The

Materials and methods

study assessed the startup of two identical AnMBR’s during 100 days of operation. Main

reactor parameters were monitored, and laboratory analysis of reactor, effluent and gas sam-

ples

were performed. Additionally, maintenance tasks such as equipment cleaning and system

improvements were carried out frequently. All of these will be described in detail in the next

secti

3.1

The
tion.

ons.

Equipment description

equipment consisted of two independent AnMBR’s with external membrane configura-
Figure 3-1 shows the main elements of each system, including the reactor, the mem-

brane, the feeding tank, all the streams (Substrate, sludge, biogas and effluent), inlets and out-
lets (arrow streams) and all the pumps. The following list includes most important parts:

CSTR reactor (180L).

Feeding tank (270L) to prepare daily substrate for the system.

Flat sheet membrane (PVDF material, 0.2um pore size, 8 layers with total surface of
0.5168 m?) submerged in an external filtration chamber (35L).

Permeate regulator resistance to keep constant outlet flow.

3 liquid flow pumps and 1 gas pump.

Control panel unit.

Other elements such as connections, valves, hoses and sensors.

Flow meter (gas) | Gasoutlet
Substrate

e Sludge D
e Biogas
e Effluent DEd
—®  Sample points
Substrate feeding
Elndic}

% on

Filtration pump Effluent pump

Feed tank éé
Flow meter
G eg v le
Resistance
Mix pump Substrate pump Gas pump
Figure 3-1. Schematic diagram of the system.
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Figure 3-2 shows all the system with reactor 1 (left) and reactor 2 (right). Each reactor was
equipped with an internal magnetic stirrer (the electric motor can be seen at the bottom of
reactor in Figure 3-2). The feeding tank had a centrifuge pump to mix the substrate.

The membrane configuration was external, where the membrane was submerged into the reac-
tor liquid. It had gas, sludge and effluent connections as well as an upper lid for maintenance
operation. The gas pump recirculated constantly the biogas inside the system between the
membrane chamber and the reactor. The biogas was driven over the membrane for self-
cleaning purposes with gas sparging.

The pipe circuit had 3 different sample points (see Figure 3-1), one for each type of sample:
reactor, effluent and gas. All the liquid circulation system was carried out with Quattroflow®
fluid pumps, allowing wide ranges of speed and ease of operation.

The systems were located at the department of Chemical Engineering (VA-Teknik), Lund
University. Conditions of temperature (approx. 23°C) and humidity were assumed constant.

Figure 3-2. Image from all the system except substrate tanks. Reactor 1 (left), 2 (right), mem-
brane filtration unit and filtration and biogas pumps (center).

3.1.1 Equipment improvements

During the days of study, some minor parts of the AnMBR’s were adjusted or changed to im-
prove consistency of the experiments and ease of operation. The most remarkable included
pump configurations that increased performance, metal pipe connections for better sealing
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from outside air, and better substrate mixing. It is assumed that these enhancements did not
affect the results of the experiments.

3.2 Programmed tasks

Figure 3-3 presents a schematic view of all the tasks programmed during the experiment.
These tasks were set gradually from the beginning of the experiment, because there was little
knowledge on how the system would develop during operation.

3 times a day

{ Data collection ‘ « Control panel, manual sheets & computer

*Prepared every day

{ Substrate feeding ‘ * Nutrients prepared every two weeks

‘ *Every day

{ Sample withdrawal «Sludge, gas & effluent

« Performed two times a week

{ Laboratory analysis ‘ +Gas content was performed every day

*Once a week
{ Substrate cleaning | +Substrate tanks and conducts cleaned for microbes removal
«Pump parts revised for any clogging and cleaned

»Once a month or when deterioration signs appeared
{ System maintenance = +Leak detection
«Cleaning of level indicators and membranes (if needed)

Figure 3-3. Programmed tasks for the experiment

3.3 Inoculum and substrate

The anaerobic microbiological inoculum was taken from a full-scale anaerobic digester of BV
dairy (UK) treating dairy wastewater at 30°C. It was diluted with water to get a concentration
of roughly 8000 mg VSS/L.

The feeding substrate was intended to simulate wastewater from the dairy industry. The full
substrate included synthetic dairy wastewater, micro and macro nutrients, and a buffer com-
pound for pH correction.

Substrate was prepared every day, and was applied to both reactors following the same sched-
ule.

3.3.1 Substrate preparation

To prepare the synthetic wastewater, an average concentration of 112g of milk powder
(Nestlé Nido®) per 100L of tap water was prepared. Additionally, a number of specific nutri-
ents were added to the substrate, according to Shelton and Tiedje (1984). The concentration of
nutrients in the substrate was 1 ml of macronutrients stock solution per liter of tap water, and
0.01 ml of micronutrients per liter of tap water. See Table 3-1 for full list of macronutrients
and Table 3-2 for micronutrients). The nutrients were used as a mineral source for anaerobic
feeding.
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Table 3-1. List of macronutrients for Table 3-2. List of micronutrients for

substrate preparation. substrate preparation.

Macronutrient Concentration Micronutrient Concentration

Compound (9/1 of stock bottle) Compound (mg/l of stock bottle)
KH2PO4 2.7 MnCl, 50
K2HPO, 3.5 HsBO;3 5
NH.CI 5.3 ZnCl, 5
CaClz:2H,0 0.75 CuCl,
MgCl-6H20 1 NaMoy-2H20 1
FeClz-6H.0* 0.28 CoCl,-6H,0 50
NaHCOs3 1.2 NiCl,-6H,0 5
*Note: FeCls was used instead of FeCl, for Na,SeOs 5

availability issues.

Due to pH degradation for microbial activity in the feeding tank, an extra 30g of Na>COz3 per
100L of feeding wastewater were added as a buffer compound to keep substrate pH constant.

In System 2, there were punctual situations where substrate was prepared without adding milk
powder, to allow a pH increase in the system. These periods are further mentioned as recovery
modes. From day 70, half the concentration of milk powder was used in this system for
demonstrating better pH stabilization.

3.3.2 Analysis test

Samples of the inoculum and the substrate preparation was taken to perform analysis. Table
3-3 shows the main results. The substrate analysis was performed right after its preparation,
using a different concentration of milk powder (759/1001) compared to the one used for eve-
ryday substrate preparation (112g/100l). The temperature of the tap water used was also dif-
ferent (the average temperature in the feeding tanks was 20°C). The buffer compound was not
added to this substrate analysis, which elevated the pH to 10.

Table 3-3. Main parameters for inoculum and substrate samples.

Parameter Inoculum Substrate
Temperature (°C) 29 7.1
pH 7.06 7.91
COD (total / soluble) (mg/l) 91600 / 2460 1190/ 402
Total Carbon / Total Organic Carbon (mg/l) 1159/730 337.9/333.4
Total Nitrogen (TNb)* (mg N/I) 1060000 28.8
Total Phosphate** (mg P/I) 157000 6.22
Total alkalinity (mg CaCOs/l) 7620 421.9

*Total nitrogen bound: Includes organic, inorganic, ammonium, nitrate and nitrite nitrogen.
** PQy, PO3, PO, and other phosphate ions.
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3.4 Operational conditions

The two reactors were started with the same operational parameters, which are shown in Ta-
ble 3-4. These values were kept constant for all the study, except for the substrate strength in
System 2, which was reduced during some periods of the experiment to equilibrate the sys-
tem.

Table 3-4. Main operational parameters used in AnMBR’s

Parameter Units Value
Flux I/m?*h 8
Hydraulic Retention Time (HRT) h 53
COD concentration substrate mg O/ 1700
Effluent (permeate) flow I/h 411
Gas sparging (scouring rate) m3/m?*h 0.5
Total active volume (reactor and filtration unit) I 150
Influent flow I/day 71
Organic Loading Rate Kg COD/m®/day 0.72

The operation time was in continuous mode, with cycles of 14 minutes: 10 minutes of filtra-
tion mode and 4 minutes of relaxation. During relaxation mode, the feeding and permeate
pumps were put in standby, and there was no membrane filtration to allow transmembrane
pressure recovery. The feeding section was completely stopped every day at a certain time
during half an hour for new substrate preparation and tank filling.

3.5 Maintenance

The AnMBR’s required periodical checking and adjustments to ensure desired performance at
the operational conditions above mentioned. Maintenance was adapted according to the evo-
lution of the response in performance of the systems. This was applied specifically on pipes,
pumps, level indicators, substrate tanks and, most important, membranes.

3.5.1 Pumps and substrate tank

Pumping system required practical checking of performance frequently, as it was considered a
critical point in the system to ensure full operation. Wearing parts were replaced in some of
the pumps, and other ones were thoroughly cleaned at least once.

Substrate tanks were cleaned every week with generic dishwasher detergent to wash out any
undesired aerobic microbes that could grow with air (oxygen) available, and alter the sub-
strate conditions such as pH and temperature.

3.5.2 Membrane cleaning

The membranes used in the experiments were prototypes provided by Alfa Laval. They re-
quired a pre-cleaning before installation in the filtration unit, in order to remove the glycerin
used as a protective coat during fabrication and transport. The pre-cleaning consisted in sub-
merging the membranes in a basic solution (at pH=10 with NaOH) at 30°C for 1 hour.
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During the study, chemical cleanings of the membranes were also performed, in order to re-
move sludge particles that could block the pores of the membrane (i.e. membrane fouling).
The transmembrane pressure (TMP) was used as a signal for this phenomenon, and mem-
branes were cleaned when the TMP was above 100 mbar.

To start the cleaning process, the system was stopped, and two chemical solutions were pre-
pared. The first was with hydrochloric acid solution (at pH=1.5) at 30 °C; the acid solution
removed any scales, metal dioxides or salts like CaCOs3 present in the fouling. The second
was a basic solution of pH=11 at 30 °C, with Ultrasil® 10 detergent, acting as a surfactant
ideal for milk waste proteins and fat. Each solution was flushed one hour in backwash, with
an average water column pressure of 30 cm.

3.6 System monitoring

The AnMBR’s were monitored and controlled in three main ways. The first was the Control
Panel Unit, which displayed the data of level sensors, TMP sensors, flow meter (permeate)
and pumps speed. The same panel was used for adjusting pumps speed (including the gas
pump). Figure 3-4 shows the control panel for each AnMBR displaying all mentioned param-
eters in a schematic view of the system, the screens were touch sensitive to edit values.

Figure 3-4. Control panels of both systems. Note that the left panel has red buttons and the
right has green ones. These colors were alternated informing of filtration or relaxation mode.

The second consisted of a thermal mass flow meter from Vogtlin for measuring gas flow. It
was calibrated for a gas composition of 60% CHa4 and 40% CO; and a maximum flow of
600ml/min. It was connected to a computer with a dedicated software (Red-y) that informed
about the flow and temperature of the gas output in normal liters (NL).

The third type was a manual procedure. The pH and temperature (pH-T) were measured daily
in place, using the sample points and a portable pH meter in the room. The pH meter was also
used to measure pH-T of the feeding tanks. According to the tanks dimensions, a roller meter
was used to measure the quantity of substrate added to the systems.
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3.7 Sample analysis

Samples were collected from the sampling points indicated in Figure 3-3. Every type of sam-
ple had its own parameters to analyze, as well as the frequency of it. For everyday analysis,
pH and temperature of the reactors and substrate were measured using a WTW Sentix ® port-
able digital pH meter (model 3110 with electrode num. 41). The pH meter was calibrated once
every two weeks based on 2-point calibration (pH=4 & pH=7).

The other samples were taken to the laboratories next to AnMBR’s location, in the same de-
partment (chemical engineering) for further analysis. Reactor, effluent and gas samples were
analyzed. A description of each one is presented as follows.

3.7.1 Reactor samples

Samples were collected manually using closed recipients. They were immediately analyzed
for minimum alteration of the values. Table 3-5 shows the full list of parameters analyzed and
the method used.

The majority of them were tested with Hach Lange Cuvettes®. The prepared cuvettes were
analyzed in a Hach Lange spectrophotometer (model DR 2800). Not all the methods were
used at first, due to availability issues. Also, some dilutions were made to ensure range of
detection, using precision tools. For some analysis, samples were centrifuged at 10.000G for
10 minutes. See Appendix | & I1 for the laboratory procedures and calculations.

VFA was measured with a Gas Chromatograph Agilent 6850 Series equipped with a flame
ionization detector (FID) and a column with dimensions: 25 m x 0.32 um x 0.5 um. For the
TSS & VSS, Munktell filter papers of 1.6 um were used along with a 105°C and 550°C oven.

Table 3-5. List of analysis in the laboratory for reactor samples

Parameter Units Centrifugation Dilution Method
Total COD mg O/l v Hach Lange
Soluble COD mg O/l v Hach Lange
Conductivity uS/em WTW conductivity meter
Alkalinity mg CaCOx/I Various method (see 3.7.4)
Volatile Fatty Acids (VFA) mg COD/I v GC _FID
gotal Carbon / Total Organic mg C/I v Shimadzu TOC analyzer
arbon
Total Nitrogen (TNb*) mg N/I v Hach Lange
Total Phosphate** mg P/I v Hach Lange
Ammonium mg N/I 4 Hach Lange
Phosphate (PO.,) mg P/I v Hach Lange
Sulfate mg SO/l v v Hach Lange
Sulfide mg S/I v Hach Lange
Total Suspended Solids (TSS) & mg/l Standard methods (SS-
Volatile Suspended Solids (VSS) EN12879 & SS-EN12880)

*Total nitrogen bound: Includes organic, inorganic, ammonium, nitrate and nitrite nitrogen.
** PQy4, PO3;, PO and other phosphate ions.
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3.7.2 Effluent samples
Along with reactor samples, the effluent was also sampled with 50 ml bottles. The analysis
performed for the effluent was turbidity, VFA, COD (in HL LCK-614) and conductivity.

3.7.3 Biogas samples

For measuring gas content, samples were taken through sample point with a rubber septum in
the output line. A standard micro syringe of 500 pl (500 mm Bevelled 1) was used to take the
gas samples to the Varian 3800 gas chromatograph, equipped with a thermal conductivity
detector (TCD) and a column with dimensions: 2.0 m x % inch x 2.0 mm.

A reference signal of 100% CHa was used to be compared with the samples. The program was
set to measure CHas, CO2 and O..

3.7.4 Alkalinity tests

Different tests were performed as a way to evaluate best available technique (BAT) to meas-
ure alkalinity (including total alkalinity, VFA alkalinity or carbonate alkalinity when availa-
ble). Total alkalinity from Standard Methods (APHA), Jenkins et al. (1983), Ripley et al.
(1986), and finally Moosbrugger et al. (1993) were assessed to find strong and weak points
for a practical and reliable analysis of AnMBR’s alkalinity.

All methods include only titration procedures, which were performed with a BRAND digital
burette 111, using hydrochloric acid at 0.05 N and WTW Sentix ® pH meter. The down points
for annotation were collected from all methods to be done at once, and they were 6.7, 5.9,
5.75,5.2,45 & 4.3.

For the calculations, see Appendix Il. Moosbrugger et al. (1993) utilized a dedicated MS-2
program. However, Chris Brouckaert developed an MS Excel version of the program
(Vannecke et al., 2014). This excel version was used in the experiment for calculating alkalin-

ity.
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4 Results and discussion

The start-up of two pilot-scale AnMBR reactors in equal conditions was evaluated performing
laboratory analysis and monitoring operational parameters. Despite the identic start point
from both systems, they followed substantially different performance. System one achieved a
successful operation, while the second did not develop a satisfactory functioning.

The key factors of this contrast were compared in the next sections to draw clear indicators of
what went wrong, and the necessary steps to fulfill a successful startup. Additionally, results
from other similar experiments were compared with this study to give a better scope on the
aim of this work.

4.1 General performance of AnMBR

The summary of the performance of both reactors can be seen in Table 4-1. COD removal
refers to the ratio between COD in effluent compared to the inlet. Methane yield and content
define the real performance of an AnMBR. Flux and OLR are characteristic for its importance
in membrane operation and organic strength of the feed, respectively. Volatile suspended sol-
ids (VSS) represent the average biomass content in the reactor.

Comparing each system, removal rate of COD was excellent in System 1, while the second
did not achieve an average above 80%. AnMBR tend to perform at reasonably high COD re-
movals; hence, values below 80% may indicate a sign of operational problems, according to
Lier et al. (2008).

Table 4-1. Summary of AnMBR s performance. Values are the mean + StDev

Parameter System 1 System 2
COD removal (%) 95.6 (£3.5) 76.4 (£5.5)
Flux (LMH) 7.66 (£0.82) 7.58 (£0.88)
Methane yield (m® CH4/kg CODremoved) 0.26 (+0.16) 0.04 (+0,17)
Methane content (%) 62.8 (x12.1) 9.7 (£14.0)
OLR (kg COD/m?-day)* 0.67 (x0.22) 0.51 (+0.35) / 0.29 (x0.07)
VSS (mg/l) 8729 (+1626) 7939 (£2100)

*The OLR of System 2 was changed once.

In terms of equipment stability, flux was close to the operational setting (8 LMH), as well as
OLR (0.72 kg COD/m3-day). Note that System 2 had recovery periods (i.e. periods when only
feeding the system with water and nutrient mixture), which explains the high deviation. Also
in System 2, a new lower OLR was set at the last weeks of experiment (0.36 kg
COD/m?®.day). This new OLR had much less deviation compared to the first OLR setting,
meaning a better influent stability.

As for biogas yield, System 1 developed a good operation, although being under the theoreti-

cal maximum yield (0,350 m® CHa/kg COD removed). In System 2, there was almost imper-
ceptible gas production (deviation is much higher than the average low value).

25



The biomass content (VSS) of both systems were in average similar to the starting point of the
reactors (8000 mg/l). There is substantial deviation in the results (higher in System 2 than in
1). In general, higher concentration was expected than the obtained at the end of the experi-
ments. The low growth rate of microbial population could be the reason for this small VSS
increase. Concretely, System 2 suffered from biomass leakage and lost an important part of
V/SS during the experiment.

It is important to state that operational performance did not develop with clear stability, show-
ing more changes during the first weeks of the study. This applies especially to VSS content,
COD removal rate and gas yield. Therefore, more attention to these parameters in this period
might have helped to apply corrective measures.

Biogas production in terms of its methane generation is presented in Figure 4-1. It shows the
cumulative methane production of System 1, System 2, and an expected production of 32
NL/day. The expected series was calculated based on operational values (OLR setting and
reactor volume), and an estimated 80% degradation of the theoretical production of 350
NL/kg COD according to Speece (1996).
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Figure 4-1. Comparison between expected and each system on CH4 cumulative produc-
tion.

Data was disregarded from the first days due to incomplete biogas content analysis. Accord-
ing to the setting parameters, System 1 produced roughly 60% of the daily 32 NL CH4 that
was expected. Although being far from expected, methane yield in System 1 follows a steady
linear trend (0.99 R? regression). Causes for the lower production were related to an actual
less COD degradation than expected, less biomass yield due to ambient temperature, or dis-
solved methane in reactor. Dissolved methane corresponded up to 10% of methane produc-
tion. Smith et al. (2013) experienced dissolved methane as a major problem operating a reac-
tor at 15°C. This issue was more pronounced when decreasing temperature below mesophilic.
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In System 2 there was hardly any amount of methane generation, being incapable of produc-
ing almost any from day 40. This demonstrates the failure of System 2 in one of the major
aspects of AnMBR, which is biogas production from wastewater. In this regard, it is im-
portant to remark that System 2 did apparently work at least the first days. The very first data
available is similar to System 1, but short after it stopped producing methane. Therefore, it is
presumable that the two reactors did not have the same operational conditions, and that sys-
tem two suffered from digestion upsets. A thorough analysis of other indicators is presented
below to enlighten any issues of System 2.

One of the more sensitive parameters that was affected by these issues was the organic load-
ing rate (OLR). As stated before, while OLR setting in System 1 was kept constant, in System
2 there were adjustments to enhance reactor performance. Some recovery periods (periods
without milk powder feeding, i.e. without organic loading rate) were applied in order to bal-
ance the buffering capacity of the reactor. This phenomena is described in more depth in the
stability section.

Figure 4-2 shows daily OLR for each system, including recovery modes, the two OLR set-
tings and the date when new OLR setting (half the amount of original OLR) was applied in
System 2. Recovery data points were also marked in the figure.
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Figure 4-2. Changes in the organic loading rate during the study.

The OLR set lines correspond to the desired values that were intended to keep. Using these set
lines as reference, it can be seen how many loading shocks affected each system. As men-
tioned before, recovery modes were used in System 2 as well as half loading rate from day 70
to recover pH stability. All of these phenomena were marked in Figure 4-2.

Until day 40, System 1 was more close to the set line compared to System 2, where values are
more dispersed. This means that it suffered from unstable loading rates during these days. The
high variability of OLR was caused by the poor performance of the pumping system. The
design of the pumps was vulnerable to solids present in the influent. These solids could block
the pumps and affect their performance. The OLR was sometimes increased in order to keep a
constant daily flow, but detrimental as organic shock loads were applied.
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After day 70, there is significant difference between the values from the first days, showing a
more stable OLR in both systems. This is coincidental with a better maintenance of the
equipment (cleaning schedules and less presence of solids), which allowed better stability in
the digestion.

Daily biogas production is another clear indicator of reactor balance. High variance in the
values may reflect alteration of reactor volume (loss or overload). It also can reflect loading
shocks in second place (excessive development of different microorganisms). If there is an
overload in the reactor, the liquid gas equilibrium breaks and causes an abnormal overproduc-
tion of biogas. Conversely, when reactor volume goes down, there is no gas outlet due to the
slight suction effect of an emptying reactor.

Alteration of the reactor volume could have caused more stress in the active biomass, as well
as an increasing risk of air intrusion in the systems. When reactor volume is reduced, a nega-
tive pressure is generated (below atmospheric pressure) and it may facilitate the intrusion of
oxygen inside the reactor and break the anaerobic conditions, therefore causing inhibition of
the methanogens.
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Figure 4-3. Daily gas production in each system (Normal Liters).

The gas production is shown in Figure 4-3. Both of reactors had very disperse values during
the first half of the experiment time. More concretely, there was no biogas production in Sys-
tem 2 during the first days. The last days of experiment show a more stable biogas production
in both cases, with clear advantage of System 1 over System 2.

The combination of organic loading rates and biogas production reveals that there were unfa-
vorable conditions to develop a satisfactory startup, especially in System 2. Although System
1 could overtake this conditions, frequent maladjustments might have affected a successful
startup of System 2, such as sudden loss of reactor volume (up to 75%) and organic shock
loads, as mentioned before.
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Figure 4-4. Gas composition of System 1 (left) and System 2 (right).

Biogas content is shown in Figure 4-4 for every reactor. As mentioned before, each system
followed totally different evolution during the study.

The methane content in System 1 was stable until day 60, with around 70% CH4 and 20% of
CO2 and almost no air (shown as nitrogen gas). From day 60, methane proportion dropped to
50% and recovered a 10% in 30 days to a new stable state at 60% with same content of CO..
This showed a considerable slow recovery compared to other literature (Dupla et al., 2004),
especially considering that operational parameters did not change. The methane content drop
happened at the same time as a biomass loss, which could have washed out methanogens.
This effect was reflected in a higher effluent COD and decrease of VSS in System 1.

In System 2, a stable period can be deduced from the first values (day 0 to 20). However,
from day 30 methane content was totally lost until the end of the experiment. Only in the very
last days it started to rise timidly again, as a consequence for a regained process after recovery
periods and low stable OLR.
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Figure 4-5. COD removal rates (effluent COD vs influent COD) in each system.

Figure 4-5 shows the COD removal rates of the systems. The COD removal is a ratio that
compares how much COD is left in the effluent compared to the influent. It presents the rela-
tive efficacy of the AnMBR in removing organic matter from the liquid. This rate was signifi-
cantly stable mostly at high values for System 1, whereas System 2 varied from 70% to 85%
removal capacity. It also performed with abrupt variations during the intermediate periods
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(days 20 to 70), mostly because of digestion upsets and membrane performance. Also, the
recovery periods and lower OLR could have affected the ratio. Overall, the removal rate was a
factor dependent on the stability of the digestion process. And its results explained the success
of anaerobic digestion.

In Figure 4-6, a representation of the effluent quality is presented (COD and VFA in effluent).

It also showed significant difference between systems. While System 1 kept most of the days
an effluent COD below 100 mg/l, System 2 had concentrations of 200 — 500 mg/I.
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Figure 4-6. Effluent COD & effluent VFA

Note that after day 60 there is a temporary increase of effluent COD in System 1, which coin-
cides with the loss of methane proportion in Figure 4-4 (left), and therefore supporting the
hypothesis of biomass washout through effluent.

It is worth mentioning that in both systems, COD and VFA in effluent followed the same var-
iation, as Figure 4-6 shows. This is because an important portion of the effluent COD corre-
sponded to VFA, between 40 to 70%. Sanchez et al. (2005) also experienced this relation.

The effluent levels in System 1 were considered acceptable for the reactor characteristics,
with similar concentrations of 30 — 240 mg COD/I in literature (Ho et al., 2007; Liao et al.,
2006; Lin et al., 2013; Skouteris et al., 2012; Visvanathan and Abeynayaka, 2012). However,
the concentrations in System 2 were higher than literature (300 — 400 mg CODI/I).

4.2 Stability parameters of reaction process

The following sections describe the effect of pH, VFA, alkalinity and suspended solids (TSS
& VSS) as the main indicators for evaluating a stable operation of the AnMBR. The monitor-
ing of all these parameters provides good information of the process stability and perfor-
mance.

4.2.1 Effect of VFA and alkalinity on pH
One of the important parameters that enables reaction stability is pH of the reactor. While the
majority of anaerobic microbes can live in a relative wide range of pH, methanogens develop
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best in a range between 6.8 and 7.4. Under values of 6.4 the methanogens are mostly inhibited
(Khanal, 2008). Therefore, aiming to a neutral pH operation is desirable in normal AnMBR.

From the very first days of operation, pH never reached neutral values in any of the systems,
and it was mainly around pH of 6.5. Figure 4-7 and Figure 4-8 show the evolution of pH and
temperature during the experiment. Again, each system followed a different pattern, as well as
different operational modes. However, both systems had a constant temperature of 25+1 °C.

7 40
o .
65 19 e ..A.WO PY By
° '0.’,% oo ® Sy, e
=
2
LA A
A AN MAAMMGLL A LA A, M A £
5,5 PASAAYAY - r 25 -
A Ay
5 T T T T 20
0 20 40 60 80 100
Time (days)

® pH A Temperature

Figure 4-7. pH and temperature evolution during the experiment in System 1.

Although being under pH 6.4 in some periods, System 1 maintained a relatively constant pH
of 6.5 without any special intervention. These data reveal that no relation can be found be-
tween the pH of System 1 and an inhibition of methanogenesis.

The inhibition would have caused drastic reduction of biogas generation or COD removal
rates, as well as an abrupt diminution of pH values. Therefore, the lower pH tolerance (6.4)
was actually more flexible than stated in literature (Khanal, 2008). The pH range of System 1
was between 6.2 and 6.8 with successful operation.

On the other hand, System 2 did have sudden pH drops, which caused inhibitory periods. The
evolution of pH was similar to System 1 until day 24. The pH went below 6 in two occasions
after, as it can be seen in Figure 4-8.

7 Searseanaa 40
65— @ ey & g o.._‘:&-“‘ ey 35 §
I 6 £
T o
[}
N £
A
55 A —A o : P
Recovery F Half COD conc.
5 T T T T 20
0 20 40 60 80 100
Time (days)
® pH A Temperature

Figure 4-8. pH and Temperature evolution during the experiment in System 2.
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As mentioned before, recovery modes (“Recovery” areas in Figure 4-8) were applied to im-
prove methanogen activity. The recovery consisted of influent periods with only water and
essential nutrients for microbial development. Therefore, no OLR was introduced in the di-
gestion, and the excess of VFA in System 2 (see Figure 4-9) was either extracted within the
effluent or consumed by methanogens. High concentrations of VFA can lead to lower pH
values, because it acidifies the reactor liquid, like Sanchez et al. (2005) suggested.

Dissolved CO; also plays a role in the acid-base balance. A small proportion of the gas reacts
with water to form carbonic acid, and it tends to lower the pH. Therefore, the presence of dis-
solved CO2 might have been influential to pH in this experiment, due to the higher solubility
of CO2 when temperature is decreased. However, this cause was not specifically studied.

Another cause of low pH was from substrate degradation in the substrate tank, caused by the
development of aerobic microorganisms. This microbes would have favorable conditions due
to accidental aeration when mixing the substrate. Furthermore, constant mixing caused an
increase of substrate temperature, which would facilitate aerobic reactions and form fatty ac-
ids.

The substrate pH could go from pH 10 to 6 in 24h depending on substrate tank temperatures
(i.e. mixing time) and the aeration (bubbling of the mixing). Also, if no Na,COs was added, it
could drop down to pH 5. This influence was very important in the first days of the experi-
ment, when none of the substrate conditions was rectified for a higher pH.

Between days 23 and 30, results were disregarded due to an erroneous calibration of the pH
meter. After the new calibration was done, results from day 31 showed quite different values
from days before (deviations showed pH = 7 when it was actually 6 or less). Since the feeding
tank and the reactor were measured with the same pH meter, both of them could have been at
pH under 6 for several days. Therefore, System 2 might had been exposed to total inhibition
of methanogens during a week. Furthermore, granulation of milk fat and proteins occurred in
the feeding tank at low pH, causing disturbances in the influent pumps (clogging).

Conversely, System 1 did not have a pH drop below 6, although the results were equally dis-
regarded as like System 2. System 1 was capable to keep a pH that allowed normal operation,
mostly because there was less risk of acidification caused by VFA concentration. System 2
had substantially higher VFA levels compared to System 1.

After this experience, from day 35 the substrate was prepared with systematic addition of
buffering agent (sodium carbonate). Furthermore, mixing times were reduced to minimize
temperature increase in the substrate tanks. Also, the mixing was adapted to produce the least
aeration possible, in order to minimize growth of aerobic microbes. The tanks were cleaned
once a week to remove any rests of aerobic microorganisms attached to the tank surface.

These measures improved substantially the pH stability from substrate tanks. However, alt-
hough they were applied gradually, it was found much more effective when all of them were
used. At the end, substrate pH was increased to 10 to help neutralize pH of reactors.

The concentration of fatty acids in the reactors is shown in Figure 4-9. The only data point
that matched in both systems is the first one. This point could suggest a normal concentration
of the digestion since the starting day. However, no earlier data is available (VFA was added
the 2" day of laboratory analysis) and nothing can be stated from previous days. From the
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second data point, System 2 became unstable and VFA concentration started to increase,
whereas System 1 achieved a steady trend at very low VFA concentration.
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Figure 4-9. Total VFA in reactors.

However, a more deep evaluation of VFA influence is required to state its importance in pH
of the systems. The concentration of VFA can be compared to the alkalinity of the reactor to
assess how much VFA influenced the buffering capacity, and cause pH decrease. Alkalinity
can determine the buffering capacity of the reactor, and how it can absorb the acidification of
the fatty acids. A good indicator of this is the TVFA — Alkalinity ratio.

According to Sanchez et al. (2005), a well-functioning reactor is characterized by TVFA-
alkalinity ratios lower than 0.3-0.4. If the reactor is above these values there is risk of acidifi-
cation, and corrective measures should be applied. From ratios above 0.8, there will be total
inhibition for methanogenesis, with significant acidification of pH that disable microbial de-
velopment.

Figure 4-10 represents the TVFA:Alkalinity ratio during the days of experiments in both sys-
tems. As it is observed in the figure, unstable conditions in System 2 appeared from day 30
until the end of analysis (no data is available in the last 20 days due to instrumental problems
in laboratory analysis). There was not sufficient buffer capacity to balance the excess of VFA,
because the ratio exceeded 0.5 frequently. Hence, the reactor suffered from acidification.
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Figure 4-10. Total Volatile Fatty Acids (TVFA — in equivalents of Hac): Total alkalinity
(equivalents of CaCO:s) ratio.
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As for System 1, the ratio was stabilized under values of 0.1, ensuring minimum affection of
VFA acidification on pH as exposed in previous figures. Comparing the pH and TVFA-
alkalinity ratio of both systems, there was no increment of pH above 6.5 regardless of VFA
concentration in System 1, even though the excess of VFA could decrease pH in System 2. A
possible influence of dissolved CO- over pH could have caused the low pH.

Although it is important to follow the TVFA — Alkalinity ratio rather than alkalinity itself
(Appels et al., 2008), the levels of alkalinity should be assessed with the pH of reactor, and it
should be high enough to balance the potential acidification from a sudden increase in VFA.

4.2.2 TSSand VSS

The total and volatile suspended solids represent the amount of microbial population in the
system. Therefore, suspended solids are a good indicator of biomass presence in the reactor.
The evolution of TSS and VSS are shown in Figure 4-11 and Figure 4-12 for System 1 and 2,
respectively. VSS/TSS ratio was also plotted to evaluate sludge age and biomass quality.

18000 1
16000 A A A A 0,95
14000 A A A A 4 0,9
= A A A WA A
< 12000 A 0,85
Eo [ [ ] [ ] A A A A A -g
£ A LI A ©
10000 s m A = 08
9 - u n n [ 9
Y mE N [ ] ¥ [ ] -
> 8000 = u Em - 0,75 &£
n ] ] a
A 6000 0,7 >
4000 0,65
2000 0,6
0 0,55
0 20 40 60 80 100
Time (days)

A TSS (System 1) mVSS (System 1) VSS/TSS

Figure 4-11. Total Suspended Solids and Volatile Suspended Solids in System 1.

Biomass development in System 1 was characterized by slowly increasing until day 50, fol-
lowed by a sudden decrease. This decrease happened in the same period of the loss of perfor-
mance mentioned before in System 1, in terms of methane content and COD in effluent. Less
amount of VSS is directly related to less methanogen activity, knowing that approximately
90% of VSS corresponds to active biomass (Tchobanoglous et al., 2003). The remaining 10%
is attributed to dead cell debris and non-biodegradable volatile solids.

Given the biomass immobilization characteristic in AnNMBR, an increasing trend would be
expected in VSS concentration, showing a good health of microbial population. In this per-
spective, a more stable period was experienced until the end of the experiments. The overall
VSS slowly increased from 8000 mg/l to 9000 mg/l (11%). On the other hand, sample with-
drawal supposed a reduction of 8% of total suspended solids in all the experiment time (100
days). That means a removal of ~1g TSS per day.

As like other indicators, the evolution of TSS and VSS in System 2 seen in Figure 4-12 is
quite different from System 1. Until day 20, System 2 seemed to develop even better than 1 in
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regards to biomass growth. However, a constant decrease of VSS was experienced until day
55, losing about 50% VSS (from 12000 mg/l to 6000 mg/l). The biomass loss was very prob-
ably the trigger for a cascading failure of other parameters: low methane production, VFA
overload, pH decrease and high COD effluent.

The biomass leakage was caused by an intermittent failure of the membrane gaskets, allowing
a direct escape of the reactor fluid without passing through the membrane. The leakage started
on day 20, just before methanogen activity decreased in terms of low methane production and
VFA overload. Right after, pH dropped down below 6, causing total inhibition of methano-
genic archaea.
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Figure 4-12. Total Suspended Solids and Volatile Suspended Solids in System 2.

After the decrease period, the biomass leakage was fixed on day 53 by the substitution of gas-
kets for bigger ones, improving insulation of the membrane when filtrating effluent. A stable
VSS concentration remained until the end of experiment, at around 6000 mg/l, with very little
biomass recovery. This situation was not a surprise, considering that even at a higher VVSS
concentrations there was hardly any biogas production.

On the other hand, the VSS/TSS ratio increased constantly in both reactors. Values from 0.7
to 0.85 are considered normal to operation, and they show a good reflect of biomass growth
and quality (Rizvi et al., 2013).

4.3 Alkalinity tests

In this experiment, the APHA (1999) method for total alkalinity measurement was compared
to Moosbrugger et al. (1993) method. The method of Jenkins et al. (1983) and Ripley et al.
(1986), were also compared to Moosbrugger et al. (1993).

The last two are also capable of measure carbonate and VFA alkalinity (partial and intermedi-
ate alkalinity). However, they differ in the calculations, as the Moosbrugger et al. ( 1993) uti-
lizes more complex equations and complementary deviations compared to Jenkins et al.
(1983).
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Figure 4-13. Total alkalinity measured with APHA and Moosbrugger. System 1 (left) and 2
(right).

In Figure 4-13, total alkalinity was found to be truly similar when monitoring system one. The
APHA and Moosbrugger methods gave roughly the same results, with deviation less than 5%.
However, a slight difference was shown when comparing data from System 2. It could be
explained by the effect of interferences with other compounds, especially VFA, none of which
are considered in the APHA method.

It is worth mentioning the increasing trend during the last days, where systematic addition of
buffering compound was done, in order to stabilize pH of reactors and substrate.

In any case, the deviation between methods was not severe, and patterns of alkalinity change
were identical. This fact is the most important one, rather than the absolute value of alkalinity.
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Figure 4-14. Carbonate alkalinity measured with Jenkins and Moosbrugger methods.
System 1 (left) and System 2 (right).

Carbonate alkalinity measured the influence of carbonate species in the reactor. They repre-
sent the main compounds that cause buffer capacity of the system, as it can be seen for Sys-
tem 1 in Figure 4-14 (left) values compared to Figure 4-13 (left), which are similar.
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The same cannot be said of System 2, where carbonate species represent approximately half
of the total alkalinity. This indicates a clear sign of process failure, and the vulnerability of
System 2 to a sudden change in pH, concretely caused by VFA concentration. The pH had
similar evolution as alkalinity in low (and disparate) values. pH also stabilized at 6.5 when
carbonate alkalinity started to increase from day 60 due to buffer addition.

As for the comparison of the methods, they also give very similar results. Again, System 1 is
almost identical for both methods, and System 2 also gives fairly the same results.
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Figure 4-15. VFA alkalinity. Ripley and Moosbrugger methods. System 1 (left) and System 2 (right)

The last comparison is about VFA alkalinity. This measurement is the most differential be-
tween the methods compared. In System 1 (Figure 4-15 left), all the values have bigger differ-
ences between methods due to very low concentration, which reduced precision. Figure 4-15
right shows System 2 values, where both Ripley and Moosbrugger methods showed similar
results. Note that the effect of VFA over total alkalinity is substantial in System 2, as men-
tioned when showing Figure 4-14 right, suggesting a digestion upset.

The overall results of the alkalinity experiments are summarized in Table 4-2. As it was seen
in the previous figures, most of the alkalinity parameters had the same results using one or
another method. According to Lahav and Morgan (2004) and Vannecke et al. (2014),
Moosbrugger et al. (1993) have the most accurate titration method among the others. Indeed,
the advantages of this method are characterized by the incorporation of other substances that
may participate in the alkalinity results, such as ammonia or sulfate concentration as buffers.
In this study, interfering substances did not play an important role in alkalinity due to their
low concentration in the reactor liquid. Only VFA was of remarkable concentration in System
2, but this parameter is already included in Jenkins, S.R., Morgan, J.M. (1983) and Ripley et
al. (1986) methods.

Altogether, Moosbrugger et al. (1993) does not appear to give improved results compared to
the others. Furthermore, it requires to analyze concentration of other compounds that may
provoke alkalinity deviations. Considering the scope of this study, it would be recommended
to utilize this method only in high strength or sulfate rich wastewaters, for instance.
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Moreover, even if the deviation occurs, the patterns of alkalinity change were followed in
both systems, so that basic alkalinity methods could also be useful for any change of stability
in the reactors operation. Therefore, APHA method was appropriate to be used in this experi-
ment to give enough information about alkalinity, and Jenkins & Ripley methods for VFA
and Carbonate alkalinity.

Table 4-2. Matrix of alkalinity values measuring total, carbonate or VFA within the different
methods, for each system.

Method Total Carbonate VFA

S1 S2 Sl S2 S1 S2
Moosbrugger (1993) 362 (+60) 337 (62) 331 (x64) 162 (x61) 24 (x17) 171 (33)
APHA (1999) 350 (£55) 328 (x110) n/a n/a n/a n/a
Jenkins (1983)

& Ripley (1986) 383 (¥96) 296 (¥103) 327 (¥61) 205 (x77) 95(x19) 152 (+28)

Values are the mean + StDev in mg as CaCOs/l.

4.4 Membrane performance

Like in all AnMBR’s operation, membranes are responsible for biomass retention, and play a
major role on providing a high quality effluent. However, membranes are vulnerable to foul-
ing, by blocking and clogging the pores internal or externally.

Among other parameters explained in literature, fouling depends on the operating flux that
passes through the membrane. The flux relates directly to the driving force, which is the
transmembrane pressure (TMP). The critical flux (the highest flux at which no increase
transmembrane pressure is observed (Martin-Garcia et al., 2011)) is a useful value that helps
deciding a range of membrane operation (Chang, 2014).

However, although being a wide term extended among researchers and industry, some exper-
iments questioned the existence of a real limit for TMP, because it will always increase until
the physical failure of the membrane material (Andreottola and Guglielmi, 2003).

Both parameters (flux and TMP) were taken into account to evaluate the membrane perfor-
mance. The flux was set to 8 liters per m? per hour (LMH) during filtration mode, based on
Smith et al. (2012).

Figure 4-16 shows the flow vs TMP values over time in System 1, and one period of mem-
brane chemical cleaning. In general, this membrane operated well without rapid signs of
membrane fouling. The TMP slowly increased from day 0 until the cleaning day. The only
cleaning was performed to prevent any risk of sudden TMP increase during Christmas vaca-
tion period, because TMP was 80 mbar and close to the limit (100 mbar).

38



7 L 4 140

6 * = 120
- 'S .' * | -
E 5 . Y 100 €
@ . @ b
5 4 o * 80 ;

w
£ JDwe ®e g N0 st o = . e
T 3 o » L S .}'—.—..—l’ A 60 =
13 v [ ] n .
Ea - m u N B an " T 'g
= 2 .i- i ﬁ ] a 40 =
g B -f Em H .-_- g
i o m—
< ] (]
g 0 ; ; ; Lo E
5 1] 20 0 80 100
o Time (days)
@ Permeate Flow ®TMP = Period of cleaning membranes

Figure 4-16. Flow vs maximum TMP in System 1.

If the first and last days of the experiment are compared in Figure 4-16, high variability in
permeate flow lead to uncontrolled TMP during the first days, causing a lot of stress to the
membrane. However, improvements in the equipment operation allowed a more precise flow,
which resulted in a much more stable TMP. This was especially noted in the last days of the
study.
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Figure 4-17. Flow vs maximum TMP in System 2.

Figure 4-17 shows that membrane performance in System 2 appeared to be totally different
from System 1. During the first 10 days, one cleaning had to be performed. From day 10 to
40, there was a relative stable operation, followed by a sudden increase in TMP that obliged a
second cleaning. From there, the membrane become increasingly sensible to fouling over
time. Three more cleaning procedures were performed until the end of the study.

Considering that TSS concentration was similar in both reactors during the first days, no rela-
tion can be found in the first fouling of membrane 2. Also, TMP increased from 20 to over
100 in 2 days, with no other parameters changed. On the other hand, a technical problem with
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the filtration pump left the filtration tank sucked dry for hours on day 9. In this regard, mem-
brane was most likely affected by this issue, and it presumably had a negative effect on foul-
ing for rest of the experiment.

The problems affecting the membrane in System 2 may be a cause for its reduced effluent
quality, with a higher COD compared to System 1. However, it was previously stated that an
important proportion of the COD effluent was from VFA. Precisely, Zacharof and Lovitt
(2012) assured that only nanofiltration is capable of VFA retention, although other non-
physical factors can help in retention like charge and iso-electric points of the compounds as
well as pH and temperature. All in all, both membranes did not retain any VFA, as it had very
similar levels in reactor and effluent samples.

Finally, keeping a steady and successful operation helped in reducing the number of cleanings
in System 1. On the other hand, it is out of the scope of this thesis to analyze in depth which
where the causes for excessive and frequent fouling in System 2, although the most plausible
cause was the membrane drying. Also, the chemical cleaning of membranes offered satisfac-
tory results when put back to operation, showing an effective reduction of TMP.

4.5 Inhibitory conditions

Inhibition refers to the microbial inactivity of any part of the anaerobic digestion (normally
methanogenesis, but also hydrolysis or acetogenesis), caused by conditions like toxic concen-
tration of a determined compound and/or external factors as pH and temperature.

Actually, temperature does not intrinsically inhibit methanogen activity (Bialek et al., 2012;
O’Reilly et al., 2009; Smith et al., 2013). However, it reduces the reaction rate and slows
down the process requiring a longer period of acclimation to adapt the biomass. This period
was accomplished by both reactors, with stable operation in System 1 after the first weeks
since startup at temperature of 25+1°C. In System 2, other conditions were responsible for
failure, and temperature was not a cause for inhibition.

The pH was a limiting step for methanogenic reactions, as mentioned before. Considering that
pH was below 6 for several days in System 2, it could have affected microbial recovery dur-
ing the experiment. In System 1, the pH averaged 6.3 — 6.5 with no direct relation of inhibi-
tion, conversely to what Khanal (2008) stated about total inhibition under pH 6.4.

Dissolved oxygen (DO) in the influent may have also been a source of inhibition, introducing
aerobic conditions in the reactor. According to Henry’s law, the potential concentration of DO
was 9.1 mg/l in influent (atmospheric pressure, 20°C). Indeed, Lettinga (1995) mentioned that
elevated concentrations of DO were common in low-strength wastewaters, up to 10 mg/l.
However, there is no serious risk of inhibition and methanogens remain active. On the other
hand, aerobic organisms would grow and consume available oxygen, causing a deterioration
of granular sludge but protecting methanogens from DO. Additionally, an improper mixing
could enhance accidental aeration in the substrate tanks, also promoting aerobic microbial
growth.

Short chain fatty acids (VFA) can also inhibit methanogens at high levels. They represent a
key intermediate in the anaerobic digestion, and its increase in the reactor can represent an
overload of organic loading. Acetic acid (acetate ions) is usually present in higher concentra-
tion than other VFA (Weiland, 2010). In both reactors, however, the concentration of acetate
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was similar to propionate. Overall, VFA concentration was not as high as to cause direct inhi-
bition, usually between 2 — 4 g/l in the reactor (Ward et al., 2008)

However, even if the fatty acids concentration was not hazardous, it was high enough in Sys-
tem 2, compared to System 1, to lower the pH and inhibit methanogens. Buffering capacity
was crucial to control this undesired effect, at which alkalinity values in both reactors was low
(under 1000 mg/l as CaCOs) in comparison to other literature, above 1500 mg/l as CaCO3
(Dupla et al., 2004; Sanchez et al., 2005). Low pH conditions in both reactors could likely be
explained by this effect.

Ammonia and sulfide are also indicators of inhibition at a certain concentration. Although
dairy wastewater is characterized by containing ammonia close to inhibition levels (80 mg N/I
as TAN) (Vidal et al., 2000), it ranged roughly between 20 — 40 mg N/l as TAN in both reac-
tors. Also, sulfide was not detectable at the first days of the study, but during the last days it
was detected in lower concentrations than inhibition, at approximately 250 mg S/I (Chen et
al., 2008; Lens et al., 1998). At the end of the experiment, an error in sulfate analysis was
detected, after which revealed a much lower concentration of sulfate in the reactor.

Because the OLR was maintained at a low level with synthetic substrate, other typical inhibi-
tory substances were not hazardous for the anaerobic digestion. For instance, concentrations
of phosphate, light and heavy metals were under toxic values or assumed trivial (Chen et al.,
2008). In the analysis results section more information is given in regards to substance con-
centrations.

4.6 Mass and COD balances

Unlike aerobic digestion, it is relatively simple to do a COD balance in anaerobic systems.
Most of the organic compounds are digested and broken down to intermediates and eventually
CHs4 and CO.. Therefore, a complete mass balance in terms of COD can be used as a tool for
monitoring AnMBR.

Traceability of the COD must be assessed to understand which elements are necessary to in-
clude in the balance. To facilitate the concept of the inputs and outputs of the balance in the
reactor, Figure 4-18 shows a basic schematic version of the AnMBR type with the balance
fractions.
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Figure 4-18. System boundaries for the COD balance.
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Table 4-3 summarizes the majority of the fractions in the COD balance. In Figure 4-18, dis-
solved methane in effluent was not included in the figure to stress the most remarkable frac-
tions. All of the fractions were calculated according to the operational parameters in reactors,
except dissolved methane, which was calculated using methane solubility in water.

Table 4-3. Daily amount and proportional fraction of each part of the COD balance*.

Type S1(g COD/day)  Fraction (%) S2 (g COD/day)  Fraction (%)
Influent (in) 97.3 (31.4) 100 58.5 (43.6) 100
Biogas (out) 59.9 (42.1) 61.6 4.8 (12.6) 8.2
Permeate (out) 3.1(2.7) 3.2 19.0 (9.1) 32.4
Sample (out) 1.7 (0.4) 1.7 1.6 (0.3) 2.7
Dissolved CH. (out) 2.9 (0.9) 3 2.8(1.1) 4.8
Balance (should be 0) 29.7 30.5 30.3 51.9

*Values in parenthesis are StDev.

The most remarkable COD fraction was the biogas in System 1 and permeate in System 2.
The rest represented less than 15% together. The influence of COD accumulation in the reac-
tors represented 0.1 g COD/day, considering total COD and VSS content. H>S production
from sulphate reducing bacteria was also minimal, according to sulphate concentration found
in reactors, representing 0.4 g COD/day.

Permeate was calculated using data from two sensors, level indicator and permeate flow sen-
sor. That is to minimize error when calculating the daily amount of permeate produced.
Cleaning procedures for level indicator revealed that there was up to 30% of deviation from
the real values. Also, the variability in permeate flow made it difficult to calculate a daily av-
erage. For this reason, the results from each sensor were combined when calculating the per-
meate fraction.

In Figure 4-19, a 24h COD balance is shown for each reactor. The inlet was set as 100% ref-
erence, and data points correspond to the sum of all outlets mentioned before (on a daily 24h
basis). In this regard, both systems had high variability in the balance, showing important
gaps that do not close the COD balance. Furthermore, there was an overbalance to 100% in
some cases. In the last days of experiment, the COD balance matched better in a stable period,
more close to 100% than the first values.
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Figure 4-19. COD balance on 24h basis: System 1 (left) and System 2 (right)
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A first interpretation of Figure 4-19 should consider severe gaps in both reactors. For in-
stance, important influence from other electron acceptors rather than sulfate already men-
tioned (oxygen from aerobic microorganisms, nitrate or iron). However, none of these had
relevant presence in the reactor, because other indicators would already point at them too (re-
actor performance or gas production). A different scope is needed to use the COD balance
results.

Making a raw mass balance can reveal the most probable reason for the differences in the
COD balance. Figure 4-20 shows the comparison between effluent outlet calculated from re-
actor level (considering the inlet) and the flow sensor, in terms of reactor volume accumula-
tion. It can be seen that there were frequent accumulation levels of up to 40 L. Also, the aver-
age variation of System 1 (15 L) and System 2 (10 L), with similar standard deviations, was
noticeable.
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Figure 4-20. Comparison of daily reactor accumulation between sensor flow and level indicator.
System 1 (left) and System 2 (right).

These two aspects could explain the big COD gaps exposed in the previous balance, because
they affect daily biogas production and effluent production with unstable values. Therefore, a
24h basis COD balance was not suitable to evaluate with certainty what was the unknown
COD fraction in the balance, if any. Additionally, it is worth mentioning that both Figure 4-19
and Figure 4-20 in each reactor tend to approach to nominal expected values of 100% balance
and less volume accumulation, respectively.

A better approach of the COD balance can be seen in Figure 4-21 and Figure 4-22 for each
reactor, with much more clear interpretation that can be done to assess the balances. From
reactor one, two noticeable periods can be seen that do form a COD gap. Similarly to Figure
4-1, on days 50 and 60 there was a slight difference in the balance that produced the gap, due
mainly to the null gas production (flat data points marked in Figure 4-21). After, the COD gap
gradually increased until the end of the experiment.
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Figure 4-21. Cumulative COD balance of System 1.

If the other parameters during the days of the COD gap are analyzed, they reveal, for instance,
a decrease in the biomass fraction (VSS in Figure 4-11) as well as %CHa reduction in the bio-
gas (in Figure 4-4). A slight increase in VFA is also notable, especially on day 60 (Figure
4-9), as well as OLR stress (shocking loads three days before and after day 60, in Figure 4-2).
Last, the level indicator showed a deviation of 30% from real reactor volume in day 50.

All in all, the events mentioned above along with instrumental imprecisions or errors in
measurements could be the major reasons for the COD gaps. Another source of COD outlet
could be other oxidizable gas compounds and the accumulation of milk fats or Long Chain
Fatty Acids (LCFA) in the system (Lier et al., 2008).

As for System 2, there was more important COD gaps than in System 1. They also revealed
the recovery periods of the system (marked in Figure 4-22). The COD balance was stable un-
til day 40 (no available data from 32 to 38). From there, the gap between inlet and outlet COD
started to increase. After the recovery periods, the balance gradually increased its COD gap.
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Figure 4-22. Cumulative COD balance of System 2.
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According to the other monitoring parameters, the periods of COD gaping correspond to hard-
ly any activity in the anaerobic methanogens. During this time, most of the parameters stabi-
lized after an important decrease in terms of VSS and methane production levels. On the other
hand, VFA was increased and stayed at high levels in the effluent and in the reactor.

Each time the reactor was fed again with organic matter (inlet), there was no response ob-
served in biogas or effluent COD. All of the organic load pointed to other sources of exit or
accumulation in reactor. The most important COD gap happened between days 60 and 73,
where it was tried to recover the system using default OLR.

Due to the late implementation of analysis of sulfate, and the lack of information about other
possible electron acceptors in the intermediates of anaerobic digestion, the COD gaps can
only be explained similarly as System 1, with instrumental imprecisions or errors in meas-
urements, not analyzed oxidizable gas compounds and accumulation of biomass in the mem-
branes. This accumulation could be acute in System 2 knowing that it suffered from fouling
more frequently.
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5 Conclusions

A successful startup of AnMBR at room temperature and low OLR while keeping stable pro-
cess was accomplished in the first system, but the second failed to stabilize. In order to find a
method to evaluate all the important process parameters that are crucial for a stable startup,
the following conclusions were drawn according to the aim and results obtained:

Both reactors showed a delicate stability at 25 °C and low OLR, especially during the
first weeks of startup. The temperature did not affect methanogen activity, as it was
stated in literature.

Even short-term changes of stability indicators can lead to system failure during
startup. Corrective measures are necessary to fix a digester upset as soon as possible.

The process was totally inhibited under pH of 6.0, but it could work above it. There-
fore, the normal pH limits reviewed in literature are actually more flexible than ex-
pected, at least in an AnMBR at ambient temperature and low OLR.

Failure of System 2 was provoked by multiple causes of inhibition: washout of bio-
mass, high content in VFA from the beginning of operation, low alkalinity and poor
performance of the technical equipment.

In a more general scope of AnMBRs, the following conclusions were outlined:

The most relevant parameters for an evaluation of startup are pH, alkalinity (including
VFA alkalinity), methane content, biomass content (TSS & VSS), effluent quality and
biogas production rate. Almost all degradation steps of the digestion can be supervised
by one of the mentioned parameters, hence it is crucial to monitor them to detect any
alteration of the process.

Low buffering capacity of a reactor makes it vulnerable to inhibition caused by sudden
pH changes. Special attention to the substrate conditions is important to increase buff-
er capacity. Systematic addition of buffering compounds contribute to strengthen the
constant pH conditions when the substrate has a low pH or high concentration of pH
lowering compounds.

There was hardly any recovery of System 2 after its failure. A much faster, measure is
to re-start the AnMBR. If it is available, inoculum from other similar reactors can fa-
cilitate the restart and stabilization.

Although a COD balance in AD is simpler than aerobic, the fractions to make the bal-
ance need to rely on very solid data in order to close the balance. Otherwise there will
be high disparity in the balance.

Membrane performance is dependent on reactor stability. Chemical cleaning combined
with gas sparging seems to offer a reliable operation during all the experiment.

Simple alkalimetric tests are as good as complex ones when measuring buffering ca-
pacity of the reactors, if the concentration of interfering compounds is not significant.
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6 Future studies

Successful and reliable operation of AnMBR’s is still a field with lots of potential to be dis-
covered. More investigations should be made in terms of lower temperature (20°C) applied in
pilot scale reactors. The equipment utilized in this experiment could have incorporated specif-
ic temperature control to test performance under different temperatures and test acclimation
periods.

A more thorough analysis should have been performed, taking into account unknown sub-
stances such as EPS or other gas contents (mainly H>S). Analysis of dissolved methane in
reactor and effluent is proposed, as it can be an important factor for COD balance. Moreover,
centrifuge methods for measuring soluble COD and other analysis should be compared to
filtration procedures, testing different pore sizes to calculate the margin errors for using a less
precise technique.

Further investigation of operation at higher OLRs and/or fluxes is suggested. However, great
attention should be paid when breaking stable conditions, performing more frequent analysis
to rapidly evaluate reactor response.

Membrane performance could also be improved if different biogas gassing rates are tested,
along with change in filtration/relaxation periods.

Testing with substrates containing real wastewater could help in the design and operation of
full-scale digesters, based on the results in this experiment.

Also, it would be interesting to perform optimization tests with advanced software, combining
the previous operational variables and finding the most appropriate combination for best per-
formance.
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Appendix I

Table a-1 summarizes the average values of relevant parameters measured in laboratory, from
reactor samples. The high standard deviation in some values is either due to their low concen-
tration or change during the experiment.

Table a-1. Average values of parameters measured in laboratory.

Parameter System 1 System 2
Total COD (mg/l) 13682 (+2862) 14080 (+3018)
Soluble COD (mg/l) 1253 (+536) 1105 (x318)
Total Organic Carbon (TOC) (mg/l) 4882 (+1245) 4566 (£1113)
Total Inorganic Carbon (TIC) (mg/l) 100 (£27) 60 (£40)
Total Nitrogen (mg TNb/I) 700 (x182) 550 (x161)
Total Phosphate (mg P/1) 646 (+166) 602 (x227)
Soluble Phosphate (mg P/I) 9.6 (£2.2) 10.4 (2.4)
Conductivity (uS/cm) 799 (91) 700 (£112)
Sulfate (mg SO4/1) 239 (£32) 143 (x31)
Sulfide (mg S#/I) 1.63 (+1.06) 0.87 (£0.67)
Total Ammonia Nitrogen (TAN) (mg/l) 33.2 (x4.5) 27.7 (£9.8)
Total Suspended Solids (mg/l) 12556 (£2524) 11529 (£3657)
Volatile Suspended Solids (mg/l) 8729 (+1626) 7939 (£2100)
Total alkalinity (mg CaCOs/l)* 368 (£63) 337 (x62)
Volatile Fatty Acids (VFA) (mg COD/I) 43.7 (2£29.6) 218.1 (+64.6)

Values are the mean + StDev. *Using 5 point titration
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Figure 1-a collects the evolution of the most relevant parameters from table a-1 analyzed in
laboratory.
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Figure a-1. A) & B) Total Organic and Inorganic Carbon (TOC / TIC). C) & D) Total and Soluble
COD. E) & F) Total Phosphate and TAN. System one values on left and System two on right.

Total and soluble COD increased in reactor one until the middle of the study, then it remained
around 14 g/l. Reactor two had a more unstable COD during all the experiment. Total COD
increased in the first days, but decayed until day 60 to start increasing again.

Likewise, TOC analysis followed similar results as COD. TOC are considered secondary
measurements of COD for monitoring organic matter content (Henze et al., 2008). Last, Total
phosphate and TAN remained fairly constant in System 1. As for System 2, a clear decrease
was found until day 50, more acutely in phosphate. At the end these parameters also stabi-
lized.
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Appendix I1

In laboratory analysis, samples were centrifuged at around 10.000 G for some of the tests. The
general equation to calculate the RPM of centrifugation is:

G = R+*1,118¢7° * RPM?

Where:

G = The centrifuged force (10.000)

R = Radius of the centrifugation instrument
RPM = speed setting for the centrifugation

Dilutions of reactor samples that were not centrifuged were made with piston-driven pipettes
and graduated cylinders as tools of acceptable precision. They were:

- 1/10 for total COD test.
- 1/20 for TC/TOC test.
- 1/100 for TNb & TP test.

Procedure for TSS and VSS analyses were done using the standard methods. For TSS, a sam-
ple of 4 ml was filtrated using a glass fiber filter previously weighted. The filter was then
placed in an oven at 105 °C for 24 hours. After this, the container was weighted again, and
following next equation to calculate TSS. For the VSS, the same sample as TSS was then
burned at 550 °C for two hours, and weighted again:

TSS (?) _ ;m"
VSS (#) _ my —Vmsso

Where:

m = mass weighted after the oven 105 °C
mo = mass weighted before filration

msso = mass weighted after oven 550 °C
V = volume of sample used

For the calculation of TAN, the concentration of ammonia was used along with pH and tem-
perature according to Anthonisen et al. (1976)

10PH

TAN = [NHs] + [NH/] [NHs] = [NH{] *

Where:

[NHs] = Concentration of ammonia
[NH4"] = Concentration of ammonium
pH = pH of the sample

T = Temperature of the sample
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As for alkalinity, the calculation for total alkalinity as standard method is:

V*N=50=*1000
Vo

Alkalinity (as mg CaC03/l) =

Where:

Vo = volume of sample (usually 50 ml)
V = Volume of titration down to pH 4.5
N = Normality of the acid compound.

The excel sheet used for calculation of alkalinity with Moosbrugger method is shown in fig-

ure a-2.
Sample Data Titration Data
(diluted or undiluted) |undiluted Initial pH 6,7 6,505| 0,05|Acid normality
Volumes before dilution 50 23(Temperature °C
(ml) After dilution 50 Titration
Conductivity Correlation FSA (mgN/L) 22,84 mL Acid pH Corrected pH
lonic strength /EC25  |Temp coeff OrthoP (mgP/L) 7,44 0 6,7 6,505
7,22E-05 0,0198]Sulphide (mgs/L) 0,457 2,71 59 5,705
EC; (mS/m) 75,5 4,43 5,2 5,005
ECys (mS/m) 78,61|lonic strength 0,005676 6,39 43 4,105
-0,195
Fill in all the input data (blue cells), then click the Calculate button.
Results
Molalities Alkalinities (mg CaC03/1) VFA
0.7 0,005847375|Carbonate+H20 175,80 212,9178|(mg/L as acetate) |
NH_,+ 0,001630613| Ammonia 0,14
PO_,'3 0,000240201| Phosphate 2,44 Colour key
HS' 1,42519E-05|Sulphide 0,18 Inputs Caleulat
CH,COO 0,003548156|VFA 174,69 Outputs
Total 353,25 Status

H* 0,008679662

Could not correct for pH error |

This calculation deviates from the original TITRAS in two respects:

1) The initial pH is assumed to that of the un-diluted sample, whereas the original applied the same dilution factor to all pH values.
However, both options are availalble by entering the keywords "diluted" or "undiluted". The keyword applies to the initial pH only.
For the other pH values, if there was no dilution, set the volumes before and after dilution the same.

2) The lonic strength is calculated from the measured conductivity (EC; mS/m) according to the correlation provided by Bhuiyan et al. {2009).
In the original TITRAS, ionic strength was estimated from TDS, with an option to calculate TDS from conductivity.
However, the ariginal correlation was not specific to anaerobic digestion liguors.
The algorithm here uses the ionic strength value in E9, irrespective of how it gets calculated.

Reference: Bhuiyan IH, Mavinic DS and Beckie RD, Determination of Temperature dependence of electrical conductivity
and its relationship with ionic strength of anaerobic digester supernatant, for struvite precipitation.
Journal of Environmental Engineering 2009 135:1221-1226

Figure a-2. Screenshot of the excel programme for Moosbrugger alkalinity from Chris
Brouckaert.
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Popular science article

Mission impossible: starting up anaerobic membrane bioreactors (AnMBR)

Why should we keep polluting rivers and lakes when we have AnMBR? Those fantastic sys-
tems with microbes that eat waste, produce biogas and leave a cleaned water. They don’t even
use air to live! It is a good idea, if starting up one of these engineering wonders was as easy as
riding a bicycle. Actually, it is like riding a bicycle, but on ice.

AnMBR have lead the research in wastewater treatments for the last decades, but there has
been hardly any approach into the start up period. This period is very sensible when the reac-
tor works without temperature control, because those microbes love warmer waters. The idea
was to setup two AnMBRs and try to make a successful startup and stable operation, but at
ambient temperature and low polluted water: challenge accepted.

Imagine that you are one of those microbes. You live in a warm and poor country but you are
offered a new job in the northern Europe. You definitely go for it, but you realize it is cold up
there and you need some time of acclimation, not to mention the lack of food available. Well
we found that 100 days of full operation were enough to say that one of our AnMBR friends
did a good job and managed to work. Sadly, the other mate couldn’t stand the new conditions
and decided to strike after a few weeks from start until the end.

But what really made the second AnMBR fail were other working conditions apart from tem-
perature or food. The insufferable acid pH, the excess of toxic species and the low perfor-
mance of filtration were the real strong reasons for unpleased microbes. The AnMBR can
retain most of the solids and provide a good place to live for the microbes. But these solids
also block the filtration slowly and the water can be less clean over time.

We have learned that for a Good (AnMBR) Samaritan, the bible of starting up includes: good
monitoring of pH and biogas, how cleaned is the water compared to the wastewater, and how
pleased are microbes in the reactor. The excess of different toxic species is also risky, because
microbes may have an indigestion. But what will happen if we give the microbes a good
meal? A more polluted water will make them happier?
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