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ABSTRACT

The presence of suitable carbon sources for entdnolgical phosphorus removal (EBPR)
plays a key role in phosphorus removal from wastema urban WWTP. For wastewaters
with low VFAs content, an external carbon additismecessary. As methanol is the most
commonly external carbon source used for deni#iion it could bea priori a promising
alternative, but previous attempts to use it foPEBhave failed. This study is the first
successful report of methanol utilization as exdeaarbon source for EBPR. Since a direct
replacement strategy (i.e. supply of methanol ssl@carbon source to a propionic-fed PAO-
enriched sludge) failed, a novel process was dedignd implemented successfully:
development of a consortium with anaerobic bionaagsPAOs. Methanol-degrading
acetogens were i) selected against other anaeradiitanol degraders from an anaerobic
sludge, ii) subjected to conventional EBPR condgi¢anaerobic + aerobic) and iii)
bioaugmented with PAOs. EBPR with methanol as a satbon source was sustained in a

mid-term basis with this procedure.

KEYWORDS
Enhanced biological phosphorus removal (EBPR), araih acetogens, polyphosphate
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1. INTRODUCTION

Enhanced biological phosphorus removal (EBPR)astlost sustainable technology to
remove phosphorus from wastewater since it doesewd any chemical addition. EBPR is
based on the enrichment of activated sludge witipgbhosphate accumulating organisms
(PAOs). PAOs can take up carbon sources undera@maeonditions and store them as poly-
B-hydroxyalkanoates (PHA). This storage requiresggnprovided by the hydrolysis of poly-
phosphate (Poly-P) and reduction power obtainet fytycogen utilization. The release of
phosphate produced under anaerobic conditionspensated by its aerobic uptake, leading
to net P-removal. Volatile fatty acids (VFASs) ag@c and propionic are the most suitable and
commonly studied carbon sources for EBPR (Pigiaa., 2004; Zenget al, 2003), but other
compounds such as glucose (Jeon and Park, 2088hat(Puiget al, 2008), butyrate,

lactate, or valerate have also been used (Oeletn&n 2007). Glycerol is another promising
carbon source that has been recently demonstrategpable to maintain PAOs activity
(Guerrercet al, 2012), although extended anaerobic conditiongweguired for glycerol
fermentation to VFAs. Given the limited range oftman sources valid for PAOs, the
presence of VFAs in the influent wastewater plaieyarole for EBPR success in urban
WWTP. For wastewaters with low VFAs content, thida#tion of sludge prefermentation to
produce these compounds (Tong and Chen, 2010}emeak carbon addition may be
necessary. The latter is usually not economicaifsible and it increases the overall plant
carbon footprint (Isaacs and Henze, 1995; Yeiaal.,2010). Moreover, when choosing a
possible external organic matter, both the econsaia the selective use of the carbon
source by PAOs against glycogen accumulating osgas(GAOs, the PAOs competitors)

has to be considered (Pwagal, 2008).



Denitrification is another biological process thay require external carbon addition and
hence, it would be very practical to find a carlsonrce suitable for both processes. Methanol
is the most commonly used external carbon sourceditrification (e.g. Purtschest al,
1996) and, as such, its utilization to make EBPBsjide seema priori a promising
alternative. Moreover, the current research on arethproduction from non-fossil sources
(i.e. bio-methanol) may upgrade the process sw#tdity. However, so far, it has been shown
that methanol is inappropriate for biological phosus removal. Randadt al, (1997)
showed that methanol could not be used as carhowes;m a SBR cultivated with glucose
fermentation products. Cho and Molof (2004) invgetied the use of a combined carbon
source (methanol and acetic acid) for simultanensgen and phosphorus removal. They
found the highest P removal when all the influe®Cwas acetic acid, indicating that
methanol was not used for P removal purposes. &ilyilLouzieroet al. (2002) studied the
effect of methanol on the simultaneous biologieahoval of N and P and concluded that
despite methanol was probably not utilized by PA®@sthanol addition was critical, since it
depleted the available nitrate and thus allowed EBPtake place. Puigt al. (2008) studied
methanol utilization in an ethanol-acclimated EBsrRIge and observed that methanol was
not a suitable carbon source in short-term testeerGhis limited research, further
investigation is required to assess whether metrandd be used by PAOs during long-term
EBPR operation.

Hence, the purpose of this study was to investitiegossibility of using methanol as
external carbon source for EBPR as an alternativednventional VFAs (i.e. acetate and
propionate). Two different approaches were condlicm the one hand, methanol was
supplied as sole carbon source to a PAO-enrichetlslwhich was fed with propionic acid
during 30 days. This was a successful acclimatupr@ach similar to that conducted in a

previous study with glycerol as sole carbon so@seerrercet al, 2012), but never applied
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before to achieve methanol-driven EBPR. On therdtaad, and given the fact that this
direct replacemenapproach was likely to fail, the utilization osgntrophic consortium was
also planned. The initial idea was to develop asodium with conventional anaerobic
biomass and PAOs. Then, the anaerobic fractior(¢isdly, acetogens) would degrade
methanol, while PAOs would live off the degradatinyproducts enabling EBPR. For this
aim, a first step was necessary where an anaeshliige was enriched in methanol-
degrading acetogens selected against other metlagders (essentially methanogens).
Methanogens were absolutely undesired in this atinso since they could either use
methanol or acetate for methanogenesis becomimgcitrapetitors to PAOs and acetogens.
This selection was conducted according to the djuiele presented in the works of Florencio

et al.(1993a, b and 1995).

2. MATERIALS AND METHODS

2.1 Equipment

Three different sequencing batch reactors (SBRgwseed. Prior to this study, SBR-A and
SBR-B (10 L each) were used for obtaining and naaiimg a PAO-enriched sludge with
propionic acid as sole carbon source. The activsltgthe, obtained from a municipal WWTP
(Granollers, Spain), was enriched in PAOs usingimrc acid to avoidCompetibacter

GAOs growth (Pijuaret al. 2004) and thus, to obtain a highly PAO-enrichedigé.

Moreover, propionic-fed PAOs can easily switchd@asume other carbon sources as acetic
acid without any acclimation period (Pijuahal, 2009). Then in this study, SBR-A was used
to test the feasibility of a direct replacemenpuadpionic acid for methanol, while SBR-B was
used as source of PAO-enriched sludge for a bioantation strategy. Both SBRs were fully
monitored for oxygen (Hamilton Oxyferm 120 probeh (Hamilton polilyte Pro120 probe),

ORP and temperature. A PLC (SIMATIC-226, Siemens) controlled the equipment and
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phase configuration. The SBRs were operated witycles per day with a controlled
temperature of 25 + 1°C. HCI (1M) and NaOH (1M) wadded to control the pH at 7.50 +
0.05. Acid and base were pumped using precisetakicsdosage pumps (Watson Marlow
400 FS/M1 OEM). Each cycle consisted of 2 h anaenplbase, 3.5 h aerobic phase, 25 min
of settling and 5 min to extract 5 L of the sup¢éan& A fixed nitrogen gas flow was sparged
during anaerobic phase to maintain strict anaerotmclitions. Dissolved oxygen (DO) was
maintained from 3.5 to 4.5 nig" in the aerobic phase to avoid oxygen limitatighsolume
of 5 L (synthetic wastewater + concentrated cadmdation) was added during the first 5
minutes of the cycle, resulting in a HRT of 12 heTsynthetic wastewater solution (4.97 L)
consisted of (mg-Lin reverse osmosis water): 110.5 43, 83.7 KHPO,, 100 NHCI,

43.9 MgSQ: 7H,0, 160 MgC}- 6H,0, 42 Cadl- 2H,0, 50 allylthiourea (ATU) to inhibit
nitrification and 30 mL of nutrient solution. Thaitial phosphorus concentration was 20 mg
P-PQ>- L™ The nutrient solution (g-1) consisted of: 1.5g Fe§6H,O, 0.15g HBOs;, 0.03g
CuSQ-5H,0, 0.18g Kl, 0.12g MnGl4H,0, 0.06g NaMoO44H,0, 0.12g ZnS®7H,0,

0.15g CoCJ-6H,0 and 68.5 mL EDTA 0.5M. 0.03 L of carbon sourckison (either
propionic acid or methanol) was added from a sépa@ncentrated solution to obtain the
desired initial concentration in the reactor. Thelge residence time (SRT) was maintained
at 20 days by periodic wastage at the end of thebaephase in SBR-B during all the
operational period and in SBR-A when operating witbpionic acid. SBR-A was not purged
during the methanol-fed period to avoid biomasshwasand consequently, SRT increased
during this period.

On the other hand, SBR-C was used to grow the gyhic consortium for simultaneous
methanol and phosphorus removal. SBR-C (13 L) mdylminor differences with respect to
SBR-A or SBR-B. Initial anaerobic sludge inoculurasaobtained from the anaerobic

digester of a municipal WWTP (Granollers, Spainjribg the anaerobic phase, no nitrogen
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was sparged to avoid possible methanol lossesodexaporation. When aerobic conditions
were required, DO was maintained from 1.5 to 2.6Lmgvith an on/off controller. pH was
also controlled at 7.5 + 0.1 using HCI (1M) anddimonate (1M). Bicarbonate was used as
pH-increaser instead of NaOH because it is a reduio-substrate in the acetogenic
breakdown of methanol (Florenaab al, 1993a). A volume of 4 L of synthetic wastewater
was added during the first 5 min of each cycleefiling phase took place at the end of each
cycle, followed by 10 min to extract 4 L of the supatant. SBR-C was operated under
different configurations during this work, whicheasummarized in Table I. The synthetic
media was similar to the media described above thiglonly difference of cobalt addition
(0.2 mg- * CoCh-6H,0) to avoid its limitation for acetogenic bacteff@orencioet al,
1993a). SRT in this reactor was kept at 20 d.

2.2 Batch experiments

Off-line batch experiments were performed in a netigally stirred vessel (2 L). Each batch
experiment mimicked a SBR-B cycle with a first aimdéc phase (by nitrogen sparging) and a
subsequent aerobic phase (by air sparging). TheAsSFHWV Sentix 81) and DO (WTW CellOx
325) probes were connected to its multiparamegriminal which was in turn connected via
RS232 to a PC allowing for data monitoring andaget The software also manipulated a
high precision microdispenser (Crison Multiburé&) for pH control with acid/base

addition. Biomass (2 L) was withdrawn at the enthefaerobic phase of the SBR-A and was
placed in the stirred vessel under anaerobic ciomdit The experiment started with a pulse of
concentrated feed with the desired propionic anai R concentration.

Formaldehyde as a possible carbon source for PA&Bdested in a batch experiment by
mimicking a typical EBPR cycle with 2h-anaerobid&ih-aerobic phases. A pulse of 100
mg- L* of formaldehyde was introduced at the beginninthefexperiment and P and

formaldehyde concentrations were monitored.
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Finally, some batch experiments were performed watherobic sludge in a 1L vessel where
a pulse of 600 mg-t.of methanol was added and the acetic acid praztueind methanol
degradation were monitored.

2.3 Sample preparation, chemical analyses and halogical quantification.

Representative samples of the mixed liquor werkectad periodically for monitoring the
SBRs cycles and the batch experiments. Solids djgatibn was performed with samples
obtained at the end of the anaerobic and aerolasisgsh Chemical analyses were performed in
0.22um filtered samples (Millipore Millex-GP filters), mile Millipore Glass fiber Prefilters
were used for solids quantification.

Methanol concentration was determined by using gileAt Technologies 7820 A GC
equipped with a Innowax column (30m x 0.53mm xuinQlength x internal diameter x film
thickness) and a flame ionization detector (FIDkample of Jul was injected at a
temperature of 50°C under pulsed split conditidiipéi). The carrier gas was helium with a
split ratio of 20:1 at 1.2 psi, the column temperatwas set at 45°C for the first 5 minutes,
followed by an increase of 20°C- riinintil the stable value of 110°C was reached. A
cleaning step at 230°C during 5 min was used t@vemany residue in the column. The run
time was 20 min and the detector temperature waet 890°C. Phosphorus concentration (as
mg P-PQ*-L?) in filtered samples was measured by a phospimatgzer (Hach Lange 115
VAC Phosphax sc) based on the vanadomolybdateweatiethod, where a two-beam
photometer with LEDS measured the phosphate spa@fiow color. Organic matter as

COD, mixed liquor total suspended solids (TSS) minced liquor volatile suspended solids
(VSS) were analyzed according to APHA (1995).

Fluorescencen situ hybridization (FISH) technique (Amann, 1995) caghwith confocal
microscopy was used to quantify the biomass digiob. Hybridizations were performed

with Cy3-labelled specific probes and Cy5-labell@dBMIX for most bacteria (Daimst al,
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1999). PAOs were hybridized with PAOMIX probes aBAOs with GAOMIX, DF1MIX
and DF2MIX probes as described in Guisasslal. (2009). The distribution of PAOMIX,
GAOMIX, DF1MIX and DF2MIX-labelled was quantifiedsing image analysis as detailed in
Jubanyet al. (2009), where 40 randomly chosen CLSM fields frdifierent x, y, and z

coordinates were imaged (600x magnification) fraohesample.

3. RESULTS AND DISCUSSION

3.1 Direct replacement of propionic acid for metblan

Methanol could not be used as an extra carbon edar&EBPR purposes in previous studies.
Therefore, our first approach was a direct replaadmof the usual carbon source of SBR-A
(200 mg COD- [* of propionic acid) by methanol to avoid any altéivecarbon source for
PAOs. A low initial concentration of 50 mg*lof methanol was used to ensure its
consumption only under anaerobic conditions, bexausthanol presence during the aerobic
phase can affect the composition of the microlmahmunity in a mid-term basis, as it can
favor other aerobic methanol degraders. In thiseseminimizing the electron donor presence
in the aerobic phase is a key factor to achievadygs highly enriched in PAOs. Given the
low amount of COD added, SBR-A was not purged dytims period to avoid biomass
washout. Figure 1 summarizes the experimentaltesbtained during this period (30 days):
the upper figures show the experimental phosphait) @nd methanol (Right) profiles
obtained in nine different cycles. Methanol constiarpwas negligible in the first day but
anaerobic and aerobic methanol degradation waadlrebserved on day 3, indicating that
the microbial community needed an adaptation petiutteased anaerobic methanol
consumption was observed during the first 12 déygperation, although some methanol was
still available under aerobic conditions. The alitoncentration of methanol was decreased

to 20 mg- [* to ensure complete anaerobic methanol depletion.
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With respect to the experimental P profiles, anierB-release was not observed despite the
methanol consumption. However, some aerobic P-epiads still maintained the first 5 days
of operation. From day 8, neither anaerobic P-sele®r aerobic P-uptake occurred, despite
the existing anaerobic methanol consumption. Tdgk bf EBPR activity proved that a
propionate-fed PAO-enriched community was not &blgrow on methanol as sole carbon
source under the usual operating conditions of @BRhese results corroborated the
reported data that stated that methanol could ealifectly taken up by bio-P sludge (Randall
et al, 1997; Louzeireet al, 2002) even if the sludge was previously acclimatéh another
short chain alcohol as ethanol (Peigal, 2008).

Figure 1 (Down) shows a gradual VSS decrease dthiagperiod, indicating that biomass
was decaying as a consequence of the lack of @béeiicarbon source. Over the 29 days of
this experiment, the TSS and VSS decreased by 9tP8@00, respectively. The VSS profile
was fitted to equation 1 obtaining a decay coeffitiof b = 0.074 d (R*=0.95).

dX
L =bX 1)

The comparison of this decay rate with the valep®rted in the literature confirms that PAO
biomass was virtually under starvation conditions tb the negligible utilization of methanol
during this period. Lopeet al (2006) studied the endogenous processes of PAMDwd
long-term (3—4 weeks) aerobic and anaerobic starvathey obtained an aerobic decay
value of 0.15 @ which is higher than the one obtained in our studhere starvation

conditions alternate anaerobic and aerobic conditidhis observation agrees with the results
observed in Lt al. (2007),who studied the endogenous PAOs metabolism under
intermittent aerobic-anaerobic conditions for aquebof 8 days. They concluded that

predominantly anaerobic conditions (15 min aerageary 6h) resulted in negligible cell

decay rates and slower glycogen and poly-P utitimatyilmazet al (2007) concluded that
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an alternating anaerobic and aerobic phase was effective in maintaining biomass activity
than aerobic conditions since PAOs were given Blgteonditions to perform their normal
anaerobic and aerobic metabolism.

The phosphorus content in the solids (G'PF§S, Figure 1 Down) was approximated using
equation 2, which assumes that the cell salts obigemainly poly-P (Mg33Ko.33PO;,
Brdjanovicet al, 1996; Marcelineet al, 2009). The constant value of 3.23 comes from
dividing the poly-P molecular weight (100 g- mpby the phosphorus molecular weight (31
g-mol%). The P-cell content started at 0.04 gPT§S and increased to 0.076 g PT$HS 8
days after methanol introduction as sole carbomcgoThis increase is possibly due to the
absence of an adequate carbon source and toltteetitie aerobic P-storage processes, as
observed in the P profile (Figure 1 Left). When thaximum P-cell content was reached, it
started to decrease rapidly because PAOs processesio longer active, as observed in the
flat profiles of P (Figure 1 Left). After 29 dayaternal phosphorus content was almost
depleted (0.003 g P*grSS).

P-cellcontent= TSS_VSSD 1 (2)

TSS 3.23

In order to gain more insight into the process, RBftivity was monitored using batch tests
with propionic acid as carbon source (Figure 2}eAL2 days of methanol feeding, the P-
release rate was only 20 % lower than the refererperiment (conducted before methanol
feeding started). In contrast, aerobic P-uptake datreased 67 % after 12 days of starvation.
After 22 days of methanol-feed conditions, no Palpttook place and only a small amount
of P was released. At day 33, neither P-releas®ngrtake was observed, as a consequence
of the important decrease in PAO biomass. Figwskdvs that the aerobic P-uptake
metabolism was more affected than the P-releasbapty because the remaining active

PAOs still had an important amount of stored Paly-P
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These results confirm that the direct applicatibmethanol to a PAO-enriched sludge was
not a proper strategy to achieve simultaneous mettaamd P removal. Nevertheless, this
strategy was successfully applied in a previouskwsing glycerol as a sole carbon source
(Guerrercet al, 2012). Whether direct application of fermentatlestrates could work with
bio-P sludge depends on the presence of the reama&erobic microorganisms able to
transform those substrates into VFAs ready to lee by PAOs. When direct application is
not feasible, as in the case of methanol, a syhicopnsortium strategy could be required.

3.2 Methanol-driven EBPR using a syntrophic corngort

The purpose of this consortium was to obtain a areihbased EBPR sludge with methanol-
degrading acetogens converting methanol to VFAs;twim turn would be used by PAOs as
carbon source for biological removal purposes. Shigrophic consortium was obtained in
two steps. In a first step, an anaerobic sludgesubgected to conditions so that anaerobic
methanol degradation via acetogenesis was favg@idst methanogenesis. Then, in a
second step, this acetogenic-enriched sludge systeniioaugmented with PAO-enriched
sludge so that PAOs live off the acetogenesis ptsdu

3.2.1 Selection of methanol-degrading acetogens

The initial consortium from a conventional anaecOMWTP digester contained the classical
anaerobic digestion microfauna (fermentative, agéhs, acetogens, methanogens...). Among
these, we wanted to enrich our sludge with methaansuming acetogens in order to
produce VFAs. Methanol-degrading acetogenesis mexlt}-CO, or acetate (Paulet al,

2003). We aimed at PAOs growing on this acetatdymed. Conversely, several species of
methanogens and acetogens are able to utilize natha carbon and energy source for
growth without a previous step of acetogenesis¢land Kalmokoff, 1988), which is not
desired in this study. In our case, methanogenicigcneeds to be suppressed for three

reasons: i) methanogens could compete for methaittolacetogens, ii) methanogens could
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compete for acetate with PAOs and iii) methanogensd use hydrogen as electron donor.
This would indirectly decrease acetate formatiamfimethanol since conversion of methanol
to Ho/CO; is very sensitive to thetpartial pressure (Conrad al, 1986).

If methanol is added as carbon source, substrat@etition between methanogens and
acetogens during the degradation of methanol wdlio and several factors such as inorganic
carbon, cobalt, methanol concentration or undisdediVFAS concentration can play a key
role in this competition. The work of Floren@bal. (1993a,b and 1995) set the guidelines to
understand this competition. In short, acetogerns®gpected to predominate if the methanol
concentration is high (>1000 mg*), exogenous inorganic carbon is supplied, colalie@st
0.2 mg- %) is available and methanogens are inhibited. fHtitition can be caused either

by a high amount of undissociated VFAs, by the gmes of inhibitors like
bromoethanesulfonic acid (BESA) or by specific tsxof methanogens such as
dichloromethane and chloroform. Temperature is atsomportant feature (Kotsyurbenkb

al., 1996, 2001; Speece, 1996); while acetogens atldamagens are equally active at a
medium temperature range (around 25 °C), acetogetiigty dominates at lower
temperatures (< 15 °C) and methanogens are mave atthigher temperatures (>30°C).
Kalle et al. (1984) observed the distribution of VFASs in a l@sgligester at different
temperatures. At 25°C it contained 87-88% VFAs;omparison to 38% observed in the
digester operating at 35°C. In view of a postesgmbiotic coexistence with PAOs,
temperatures around 20-25°C can be also beneficsaloid the presence of GAOs, which are
favored at high temperatures (Lopez-Vazqgekeal, 2009).

Finally, oxygen was also a key parameter in thiscti®n process, since an aerobic phase was
required for PAOs to grow. The fact that oxygereguired for EBPR activity can be also
helpful when suppressing methanogenic activity.dilesacetogens were considered strict

anaerobes, it has been proved that they can grderuxygen presence and are even capable
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to consume small amounts of oxygen (Karnhatal,, 2002). On the other hand, Ferry
(1993) or Kateet al. (1997) stated that despite methanogenic actieases in presence of
oxygen, methanogens can be fairly tolerant to omygeosure. In any case, experimental
reports suggest that acetogens are more resistarygien than methanogens and hence, the
aerobic phase may be more detrimental to the latter

Then, SBR-C was inoculated with anaerobic sludgieunonfiguration C1 (Table I). The
average biomass concentration during this selegiiase was 4770 mg VSS" (5930 mg
TSS- Y. High temperature (35 °C) was initially choserfiaor complete anaerobic

methanol degradation. Figure 3 shows the experahemtthanol profiles during this
enrichment period. During the first 8 days, theeyswas working under C1 conditions to
favor anaerobic methanol degradation. Next, at&jdlge last 30 minutes of anaerobic phase
were changed to aerobic conditions (configurati@jy. ®ethanol degradation decreased with
this configuration, suggesting that partial inhidoittook place when oxygen was introduced
in the system. However, configuration C2 was maneth and, at day 22, the results indicated
that the biomass was adapted to anaerobic methanstmption without being inhibited by
the final aeration phase of 30 minutes. Then, goméition C3 was applied extending the
cycle length to 8 hours with longer aeration tii@fiours) and using lower temperature
(25°C). These changes resulted in slower subsitke and consequently, the initial
methanol concentration was lowered to 150Lrtgso that all the COD was consumed during
the anaerobic phase.

During the anaerobic phase of all this period, hese dosed to maintain pH at the desired
setpoint. According to equation 3 (Heijthuijsen atemhsen, 1986), it was a clear indication of
VFAs production from methanol, because 0.25 molgrofons are produced for each mol of
methanol consumed for acetogenesis.

4 CHOH + 2 HCQ = 3 CHCOO + H' + 4H,0 A3)
14



Moreover, it should be noted that, as indicatedFloyencioet al. (1995), around 10 % of the
initial methanol is used for growth purposes in alsetogenic metabolism and thus it could be
assumed that at least 10 % of the initial methamlld be lost for growth purposes and not
converted to acetate.

Several experiments were conducted to corroboraterabic production of acetic acid from
methanol. A pulse of 600 mg'lof methanol was added to anaerobic sludge thabbed

daily aerated during 30 min (Figure 4). Around 1ld2aveight basis of acetic acid production
was observed after 24 hours. This production wasildhan the theoretical one if
methanogens were totally inhibited (i.e. equatipm@icating that either methanogenesis had
not been totally inhibited or that some other medta&onsuming microorganisms were
present

The extent of methanogenesis was assessed witheartattch experiment where the acetic
acid uptake rate obtained with a periodically sstatnaerobic sludge was compared to that
obtained with an anaerobic sludge never exposadrabic conditions. Acetic acid uptake
rate was evaluated for both experiments obtainlh§@mg- L*- hi* for the non-aerated sludge
and 21.24 mg-Tt: h* for the periodically aerated sludge. These vaineisate that i) part of

the methanogenic activity was reduced and ii) phtthe acetic acid from anaerobic methanol
degradation observed during the consortium buildvap likely converted to C{and

methane. Nevertheless, it was expected a progeedsiwrease of methanogenic activity after

PAOs bioaugmentation due to its competition fort@eeunder anaerobic conditions.

3.2.2 PAOs bioaugmentation, simultaneous P andanethhemoval

Negligible P-release or uptake was observed in 88fefore PAO bioaugmentation, despite
the anaerobic/aerobic phases. A significant amolRAOs or GAOs was not expected in the

inoculum sludge from the WWTP anaerobic digest&O® and GAOs can store VFAs under
15



anaerobic conditions, but they need an electroapoc (oxygen, nitrate or nitrite) to grow,
and these alternate conditions are not found iare@robic digester.

PAOs were bioaugmented into SBR-C to promote EBR 25 days of methanol-degrading
acetogens growth under sequential anaerobic-aesekiiing cycles. This bioaugmentation
was conducted with 4 liters of enriched-PAO slutigen SBR-B (conventional anaerobic-
aerobic configuration with propionic acid as carlsonrce). The initial biomass concentration
in the bioaugmented system was 5290 mg VS$6i135 mg TSS-t, VSS/TSS =0.86).

Table Il reports the biomass composition of theatred-PAO sludge (SBR-B) and the
bioaugmented SBR-C. Figure 5 shows the experimentéiles of one cycle from the first
three days. As observed, net-P removal (P-relaad®auptake) was achieved from the first
day and was effectively maintained during the finsee days with similar experimental
profiles. In fact, P release rate increased ugbt&2vhen comparing day 3 and day 1.
Assuming that methanol is not directly consumegbtmpionic acid-fed PAOs (as previously
determined in the direct replacement strategy), ERBEivity indicated that PAO were
growing on the acetic acid generated by acetogettseimethanol degradation. Regarding the
methanol consumption (Figure 6), it was observatl dhound 50 mg/L of methanol were
consumed during the first days of operation, bist #imount increased along the operation to
90 mg/L on day 17. To reduce the methanol remaiatrtfhe end of the aerobic phase, the
initial amount was reduced to 90 mg/L, achievingpacentration around 20 mg/L at the end
of the anaerobic phase.

The system was run during more than 30 days aretalesycles were monitored during this
period. As can be observed, net-P removal was aethimost of the time, indicating that the
syntrophic consortium was able to use methanobkescarbon source for EBPR purposes.
The biomass concentration decreased at the emisqieriod to 3784 mg VSS™(4540 mg

TSS- 1Y) but maintaining a VSS/TSS ratio of 0.83. The pwsus content of the biomass
16



was estimated with equation 2 and a high valuerat@®.06 g P-§VSS was obtained,
supporting the observed EBPR activity.

However, both the average of the experimental2{€atio (mol P-mat C-methanol) and

the FISH measurements indicated a possible pratitar of GAOs under the operating
conditions. Table Il shows that both DF1 and DRt disappeared from the system, while
GAOMIX-binding cells increased up to 5.4%. The prese of GAOMIX type GAOs with
acetate as carbon source has been extensivelyedg@ehmeret al, 2007). The increase of
GAOMIX linked to the decrease of DF1 and DF2 issistent with the hypothesis of
methanol degradation mostly to acetate rather pin@pionate. The experimental Rf& ratio
was 0.54+0.11 (n=9), during the first 15 days drakcreased up to 0.38+0.08 (n=8) during
the last period.

The theoretical maximum Pyfgr ratio should be around 0.75 assuming that i) riitel
methanol was all converted to acetic acid (for g¥emole of methanol 3 mole of acetic were
formed) and ii) the theoretical P{ggt ratio was 0.5. Three different plausible hypotlsesan
explain the fact that the experimental P/C rati@ Veaver than the theoretical one: i) part of
the methanol was used for growth purposes, ii) giaitte methanol was anaerobically
degraded in a different pathway than desired éziglogenic butyrate formation, Kerbyal,
1983, Heijthuijsen and Hansen, 1986, formaldehydaethane production Gonzalez-Gil et
al., 1999; Florencio et al., 1993a) or iii) parttioé acetate was used by other microorganisms
than PAOs (e.g. GAOSs). The first hypothesis woulpl@n only a 10% decrease in the P/C
ratio, as 10% is the approximate amount of methdawbted to growth and not transformed
to acetate (Florenciet al, 1995).

Regarding the second hypothesis, no other inteatedpart from acetic acid (e.g. propionic
acid or formaldehyde) was detected in any chromrafggc analysis performed in the

anaerobic samples. Nevertheless, a batch experimgnan enriched PAO-sludge was
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performed to exclude the possible use of formaldetas intermediate of the observed
methanol-driven EBPR. It was tested whether PAQ#dcoptake formaldehyde and, as
expected, the results indicate that it was toximbibitory (Figure 7). Formaldehyde
concentration slightly decreased in this experimieuat it was linked to a high P-release, even
under aerobic conditions. No P-uptake was obsesmedchence formaldehyde was likely
more a toxic or inhibitor of PAOs rather than aabile carbon source.

On the other hand, the hypothesis of acetate afiitin by GAOs is confirmed by FISH
results. Although EBPR activity was maintaineddae month, the PAOs percentage
decreased from 19% to 11%, while the total amoéi®AOs (sum of DF1, DF2 and
GAOMIX) simultaneously increased from 3.4 to 5.6@6nsidering these values, the
percentage of PAOs with respect the sum of GAOsP#@s decreased from 85 to 66%. The
P/C ratio calculated at the end of the period amréng the initial P/C ratio of 0.54 and the
change in these percentages is 0.42, which fagnges with the experimental ratio of
0.38x0.08. This result would exclude an importaottdbution of the second hypothesis.
Nevertheless, the possible presence of other GAéhqilgpe microorganisms not labeled
with GAOMIX, DF1MIX or DF2MIX probes cannot be rdeout. In this sense, the
identification and elucidation of the role of othreicroorganisms present in this novel
syntrophic microbial community seems to be an egtng further research work for the
whole understanding of this novel strategy for Poeal. Finally, despite that the feasibility
of EBPR with methanol using this syntrophic consontof methanol-degraders and PAOs is
clearly shown in this work, future research in tieéd should aim at avoiding the long-term

presence of GAOSs or different anaerobic pathways.
4. CONCLUSIONS

Methanol-driven EBPR (P-removal using methanolas sarbon source) was obtained using

a syntrophic consortium between methanol-degragoagogens and PAOs. The first would
18



be in charge of converting methanol to byproduestsch could be used by PAOs as carbon
source for biological P-removal. This syntrophiosortium was obtained using a two-step
procedure: an anaerobic sludge was subjected hitoors favoring methanol degradation
via acetogenesis and then it was bioaugmentedR#ith-enriched sludge.

Conversely, a previous strategy with direct reptaeet of propionic acid by methanol in a
conventional anaerobic-aerobic configuration dertrated that only enriched PAO biomass

was unable to survive using methanol as sole casbarce.
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Table | Summary of the configurations used in SBR-C fordh&inment of a syntrophic

consortium of methanol-degrading acetogens and PAOs

Configuration gzgleem%ﬁ:rigggg';?ﬂi(:g) HRT (h) T (°C) Base used Fe(fndg .CL(_)lt;aIt
C1l 6 (4.5+0+1.5) 19.5 35 NaHCQ 0.2
C2 6 (4+0.5+1.5) 19.5 35 NaHGO 0.2
C3 8 (5+2+1) 26 25 NaHCO 0.2

Table Il Summary of different FISH measurements for thersytitic consortium study

SBR-B SBR-C SBR-C
(PAO-enriched sludge) (start bioaugmentation)  (end bioaugmentation)
GAO, DF1 1.9+£0.3 0.6x0.1 0.06 £0.01
GAO, DF2 51x+1.0 1.6+£0.3 0.17 £0.03
GAO, GAOMIX 3.8x1.0 1.2+£0.3 5421
PAOMIX 61+6 19+2 11+3
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