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Abstract

A sequencing batch reactor (SBR) was inoculateth panitrophenol-degrading
activated sludge to biodegrade a mixture of monstsuibed phenols:p-
nitrophenol (PNP), PNP and-cresol; and PNPo-cresol ando-chlorophenol.
Settling times were progressively decreased to pterniomass granulation. PNP
was completely biodegraded. The PNP erwtesol mixture was also biodegraded
although some transitory accumulation of intermidiaoccurred (mainly
hydroquinone and catechof:Chlorophenol was not biodegraded and resulted in
inhibition of o-cresol and PNP biodegradation and complete faibfirthe SBR
within a few days. The biomass had very good setftiroperties when a settling
time of 1 min was applied: sludge volume index (§\Below 50 mL &, SVIy/

SVl3g ratio of 1 and average patrticle size of 200 um.
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1. INTRODUCTION

Phenolic compounds play an important role in thenuigal industry and are wide spread in the
environment. Many phenol derivatives are highlyi¢cgd] and their co-existence in wastes from
industrial plants such as oil refineries, cokingnis, chemical-synthesis factories, pharmaceuticals
plastic industries, textiles manufacturing and mantlgers is well established [2]. Within the
chemical industry, the most prevalent phenolic coumgls are nitrophenols, cresols and
chlorophenols, which are commonly used for pregadisinfectants, herbicides and fungicides and
as synthesis precursors in the manufacture of pmamwl|, mesalazine, 2-benzyl-4-chlorophenol
and phenacetin.

Treatments for these organic pollutants are maphlysicochemical, although many have serious
drawbacks, such as high installation and runningtszoformation of secondary hazardous by-
products or incomplete mineralization [3-5]. Howevkiodegradation has become an emerging
technological option to degrade such compounds witbctive mineralisation and economical
processing [6,7]. Bacteria have been used in skwtudies on the degradation of phenolic
compounds [6-8, among others]. Some genus of Gregative bacteria:Pseudomonas,
Sphingomonas, Acinetobacter, Ralstonia andBurkholderia and Gram-positive genurghodococcus
have been reported to degrade xenobiotic aromathpounds [9,10].

Importantly, Martin-Hernandeet al. [6] reported the enrichment of an activated sludgk to
biodegradep-nitrophenol (PNP) up to 0.26 g PNP* &SS d' through two different metabolic
pathways: through hydroquinone and through 4-ngtt@chol. This PNP-degrading sludge was
mainly composed ofcinetobacter andArthrobacter bacteria [10] and can biodegrade mixtures of
dihydroxybenzenes [8]. Aerobic biological proceskase also been reported to remove cresols
[7,11] and chlorophenols [12,13]. Recently, Nielsgrd Ingvorsen [14] demonstrated that a strain

of Citricoccus, capable of effectively degrading PNP, was alde &b degrade (and grow op)



chlorophenol and phenol, but not omitrophenol,m-nitrophenol oro-chlorophenol. Few studies
have been done on the aerobic biodegradation itincmus reactors of mixtures of phenols with
different substituents (nitro, methyl and chloramdtional groups). Gallego et al. [7] reported the
simultaneous biodegradation of phenmichlorophenol andn-cresol in an aerobic fluidized-bed
reactor with the biomass supported on activatebararRecently, Silva et al. [15] reported the
simultaneous removal ob-cholorophenol, phenolp-cresol andp-hydroxybenzaldehyde under
nitrifying conditions. In both these studies, higfnength phenolic wastewaters 200 mg C [}
were treated.

Aerobic granular biomass has been employed to renmitvophenols [16-18], cresols [19] and
chlorophenols [20], and shows several advantadasveto activated sludge processes, such as a
larger capacity to withstand toxic substrates amessful loadings, higher biomass retention, no
requirement for a settler and enhanced biodeg@dati high-loading rates [21]. To the best of our
knowledge, aerobic granules have not been usesirfarlitaneous removal of mixtures of phenols
with different functional groups.

This study investigates the aerobic biodegradatioa mixture of monosubstituted phencts200

mg C L in the influent) by using aerobic granular biomass

2. MATERIALS AND METHODS

2.1 Batch tests with a PNP acclimated sludge

Batch experiments were performed to assess thabpiwgsof biodegrading different phenolic
compounds with activated sludge acclimated to coresBNP [6]. The tested compounds were
nitrophenol,o-cresol, p-cresol,o-chlorophenol ang-chlorophenol. Each compound was tested as
the sole carbon source in the batch reactor thearymixtures of PNP and each of the compounds
were used.

The batch reactor consists of a magnetically stirvessel with a working volume of 1 L.



Continuous aeration was achieved from the bottorautth a microdiffuser and a non-limiting
dissolved oxygen (DO) concentration (above 4 md-® was maintained. The temperature of the
vessel was controlled at 25+0.5 °C with a thermistaath. The pH was continuously monitored
with a pH probe (WTW-Sentix 81) and maintained flumdional control) at 7.5+0.2 by addition of
acid or base with an automatic micro-burette (CriddultiBurette 2S). DO concentration was

measured with a WTW-CellOx 325 probe.

2.2. Experimental set-up

2.2.1. Reactor and operational strategy for a kemg experiment

The reactor employed for a long-term experiment w&BR working as a bubble column with a
volume of 2 L operated at room temperature (20-25¥6e pH of the SBR was not adjusted and
ranged between 7 and 8. Its height to diameter vaéis 12, which is relatively high to obtain high
flow velocities, and facilitate the aerobic grantdemation and selection [22]. At start-up, the air
flow rate was 0.9 NL mif and increased to 2.5 NL miimfter 42 d. This flow-rate was constant
until the end of the experiment and was enoughamtain high shear-stress in the reactor, which is
a key factor for granulation [23].

The exchange volume was fixed at 25% throughoubperational period. For first 54 d, the total
cycle time was 6 h and the hydraulic retention t{lMBT) was 1 d. From day 55 until the end of the
experiment, the total cycle time was increased2d And the HRT was 2 d. Settling time was also
modified to select a fast-settling biomass and tengranulation of the activated sludge.

The reactor was inoculated with 1 L of the sameiceed PNP-degrading activated sludge
previously used for the tests described in Secidn The initial concentration of biomass in the
reactor was 4 g VSSL

The feeding medium was a synthetic wastewater peepwith a constant total organic carbon

(TOC) concentration of 400 mg C'LFor the first 148 d, 25% of the TOC was suppbgducrose,



25% by glucose and 50% by PNP (200 mg €. [From days 148 to 16®:cresol was introduced
into the feeding composition, supplying 10% of th&@C (40 mg C ['), whereas the PNP
concentration was reduced to 40% of TOC (160 mg'{ Erom days 162 to 265, PNP amdresol
provided 25% TOC each (100 mg C kach). Finally, from day 265 to the end of therapen, 5%
of the TOC was provided by-chlorophenol (20 mg C1), and PNP and-cresol supplied 22.5%
each (90 mg C T each). Micronutrients were also added to the &serding to Martin-Hernandez

et al. [6].

2.2.2. Observed and synthesis growth yield calmriat

Observed and synthesis growth yields were calalilateen stable operation of the reactor had been
achieved. Observed growth yield£¥ was calculated as the variation of the biomas=agured as
volatile suspended solids, (VSS)] in the reactoisghe biomass loss in the effluent divided by the
total consumption of organic matter (measured a€)N@ the same period. Synthesis growth yield

(Y) was calculated by using the following equation:

Y
Yobs = (T3 b, - SRT) 1)

where:
by: decay rate coefficient for heterotrophg)d

SRT: sludge retention time (d)

2.3. Analytical and microbiological methods
Phenols and their metabolic intermediates wereyaadl by HPLC (UltiMate 3000, Dionex
Corporation),with an Agilent Zorbax SB-C18 column and a UV de&te¢6]. TOC was measured

with an Ol Analytical TOC Analyzer (Model 1020A) @gped with a non-dispersive infrared



detector and a furnace maintained at 680 °C. Ttgpended solids (TSS) and VSS, as well as,
sludge volumetric index after 5 and 30 min of s&qt(SVI, SViso, respectively) were determined
according to Standard Methods [24]. Particle sizese measured with a Malvern Mastersizer 2000
particle size analyser.

Fluorescence in-situ hybridization (FISH) identifiion was performed according to Suarez-Ojeda
et al. [10]. In situ hybridization was carried out over polyaanbte filters and two pre-treatment
steps were used to improve permeation through ¢llen@ll. The probes used were UNIV1390,
targeting all bacteria; Burkho, for Burkholderiaedamily; KO 02, forArthrobacter sp.; ACA652,

targeting the genuAcinetobacter; and Ppu, foPseudomonas sp.

3. RESULTS AND DISCUSSION

3.1. Batch tests with a PNP-degrading activatedggu

A PNP-degrading activated sludge, composed of ZatArthrobacter sp. and 31+10 % genus
Acinetobacter [10], was employed in batch tests in which eacknplic compound was the sole
organic carbon source. These experiments did mow siny significant degradation in the short-
term except, for the PNP (data not shown). Aftext,tiPNP was supplied in all tests together with
one of the other compounds. This strategy woulderdahe if non-specific enzymes were
responsible for PNP biodegradation and if they inigh able to degrade other phenols to some
extent, as well as, providing information about ¢tfyetical inhibitory effects caused by each
compound on PNP biodegradation. This hypothesis bes®d on the fact that the kinetics of
biodegradation of a phenolic compound could bereadtdy the presence of other phenols that
microorganisms can oxidize [25]. Moreover, the kirgecould be influenced by the formation and
accumulation of metabolic intermediates [26-28]r Emample, Bordel et al. [26] found that the
aerobic biodegradation of benzene Pgeudomonas putida F1 could be inhibited by the

accumulation of catechol, an intermediate in théalmgic pathway. In that case, catechol could act



as an inhibitor for benzene oxidation or as a sdlibitor for catechol oxidation. Vazquez-
Rodriguez et al. [27] also found that the aerolidelegradation of phenol can be modelled through
the formation of metabolic intermediates that coatl as inhibitors of the phenol oxidation or as
self-inhibitors of oxidations.

No inhibitory effect on PNP degradation was obseéraed the specific PNP removal rate was not
affected by the presence of monosubstituted ph€raisire 1). The average specific PNP removal
rate was 0.29+0.04 gdgr g VSS d*. This value is about two times the maximum spec#moval
rate obtained by Martin-Hernandetzal. [6], which could be explained by an increase inPPN
degradation rate of this culture caused by lonmtecclimation. However, regarding the other
phenolic compounds used as co-substrates, very detkases in concentrations were observed,
with differences between the initial and final v@duof= 1-2 mg L*, which can be attributed to
concurrent volatilization and degradation. These bodegradation rates could be a consequence
of the inhibitory effect caused by the accumulatadrhydroquinone, a metabolic intermediate of
PNP biodegradation (Figure 1).

Pramparcet al. [8] performed similar tests with the same PNP-ddorg activated sludge and three
dihydroxybenzene isomers (catechol, resorcinol aydroquinone) and found that the biomass
consumed single isomers as well as binary or tgrmaixtures. However, they reported that
biodegradation rates were significantly differentdanfluenced by the presence of other isomers.
Pramparcet al. [8] proposed that the first step in biodegradati@s the rate-limiting (controlling)
step. The first bioconversion is different depegdon the substituent present for each phenolic
compound or the position of the substituent grong nerefore may affect the global degradation
rate. A similar explanation might be applicablethese results, suggesting that specific enzymes

could be related to this rate-limiting step.

3.2. Performance of the aerobic SBR



3.2.1. Removal of monosubstituted phenols

In the previous section, the simultaneous degradatf monosubstituted phenols was not achieved
within a short time-scale and the results suggegietl an acclimation process for the PNP-
degrading activated sludge should be carried owns€quently, the next objective was to
investigate if the PNP-degrading biomass was abknultaneously remove PN&-cresol and-
chlorophenol in continuous operation. Additionallgranulation of the activated sludge was
promoted to achieve aerobic granules with supgrioperties relative to those in an activated
sludge.

The SBR operation began with PNP as the sole pivecminpound in the influent with sucrose and
glucose as biodegradable co-substrates to suppamtabs growth (Figure 2A). The removal
efficiency of PNP and TOC was 100% during this geréxcept for a single accumulation of PNP
on day 54 (Figure 2B and 2C). PNP concentrationtred a value of 24 mg™Lin the SBR during
this incident and was sufficient to cause substmakébition [29]. Consequently, the phenolic
loading rate was reduced by increasing the HRT da@ prevent further PNP accumulations. After
increasing the HRT, no further accumulations oamlirand the SBR achieved steady-state
conditions in terms of TOC and PNP removal.

On day 148p-cresol was introduced into the feed (Figure 2Ajtidlly, o-cresol only represented
20% of the total phenolic load (the rest being PNi)after 14 d, the influent concentrationosf
cresol was increased to 100 mg € &nd the concentration of PNP was decreased tont0G L*

so thato-cresol became half of the phenolic load (Figurg.BY using this methody-cresol was
totally consumed. However, the introductionoséresol caused the accumulation of intermediates
of PNP andb-cresol biodegradation, mainly hydroquinone an@datl (Figure 2C), despite of the
total phenolic loading rate remaining the same asnwPNP was the sole phenolic compound.
Hydroquinone is a well-known metabolic intermediateaerobic PNP biodegradation and was

identified as one of the intermediates formed amisamed by the PNP-degrading activated sludge



used as inoculum in this study [6]. Catechol is a&taholic intermediate in the aerobic
biodegradation ob-cresol and also in the biodegradation of othenphe compounds [9,18]. Both
intermediates have been described as inhibitorytoaic compounds for a non-acclimated
heterotrophic biomass at concentrations as lowmsg 4™ [11]. Nevertheless, the accumulation of
up to 15 mg [* of both compounds did not cause any significafetatf(Figure 2C) probably owing
to the acclimation of the biomass to these compsufid] or/and the protection effect of
granulation [21]. After 220 d, hydroquinone andecaiol had almost disappeared from the SBR and
a removal efficiency of 100% in terms of TOC, PNfel e-cresol was maintained for 40 d.

On day 265p-chlorophenol was introduced in the influent as 18Rthe phenolic loading rate (20
mg C L, Figure 2A). Although the results of the batchtdedid not suggest any short-term
inhibitory or toxic effect of this compound with PNdegrading biomass (Figure 1B), the SBR
performance was immediately affectedCresol biodegradation was almost completely irtbibi
with concentrations in the SBR reaching 70 my (Eigure 2C). PNP biodegradation was less
affected and concentrations reached 10 rifgHowever,o-chlorophenol was barely biodegraded
(Figure 2C). This compound has been described gidyhtoxic for non-acclimated heterotrophic
bacteria [30] and likely the cause of complete uf@l of the aerobic SBR after 10 d of

chlorophenol accumulation (Figure 2C).

3.2.2. Granulation process

The strategy for achieving granulation of the idated activated sludge was progressive reduction
of the settling time in the SBR (Figure 3). Duritige first 40 d the biomass concentration was
almost constant (Figure 3A) despite of the reductiosettling time from 30 to 3 min. This means
that the inoculum had very good settling propertiesexample, a very low SYhlthough average
particle size was smakl (150 um) (Figure 3B).

Because the average particle size was under thshibid to be defined as granular biomass (200



pum, [31]), the settling time was reduced to 2 meiniduce granulation. The effect was a significant
decrease in biomass concentration and consequeantlincrease in biomass concentration in the
effluent (Figure 3A). However, the average partisiee did not significantly change with this
settling time (Figure 3B). When the settling timasmeduced to 1 min the average particle size
after one month was 200 pm (Figure 3B). At thisetirthe SV was low € 50 mL g% and the
SVIs/SVl3 ratio was 1. In view of these results, the biomasght be considered as aerobic
granules. The specific phenolic loading rate redcheonstant and high value of 0.4 g €SS d

! (Figure 3C). This value is about three-fold higtiem that reported by Martin-Hernandez et al. [6]
for PNP-degrading activated sludge. The specifigdiog rate is also higher than previously
achieved in (i) batch tests with flocculent biomég&€9 g C @ VSS d*, Section 3.1), (i) the value
reported for a granular SBR fed with PNP (0.24 g'0/SS d' [16]) and (iii) the value reported for

a granular SBR fed with-nitrophenol (0.01 g C§VSS d*[18]). The higher specific removal rate
achieved in this study could be due to the seleaiica biomass with faster growth rate than used in
previous studies. This selection was made throbghptogressive shortening of the settling time
(Figure 3) and favouring the formation of smallrgres. The size of these granules, together with
the very short settling time produced sludge withigh active fraction, i.e. high specific removal
rate.

Nevertheless, the biomass concentration in the 8BRlow & 300 mg VSS L) and a progressive
increase in the settling time was planned to irswethe biomass concentration in the reactor
maintaining the properties of the granules. Anease of the settling time to 5 min did not cause
any significant change in biomass concentration; 8¥ average particle size. At a settling time of
10 min, the biomass concentration in the reactached almost 3000 mg VSS'lin a few days.
However, under these conditions the propertiehefltiomass deteriorated. The $¥Wicreased to
125 mL ¢* and the average particle size decreased to 12@ifmthe loss of granular properties to

become a flocculent biomass. On day 210, the sgttime was reduced again to 5 min and the

10



SVIs decreased appreciably within a few days and tleeage particle size augmented to 170 pum.
However, the introduction a-chlorophenol in the influent on day 265 resultedestabilization of
the SBR and total loss of the biomass (Figure 3A).

In summary, the biomass reported in this studyardy be considered as granular for the period of
100 d during which the settling time was 1 or 2 ramd the SBR was fed with a mixture of PNP
ando-cresol. This granular biomass had a Sigwer than 50 mL g, a SVE/SVI ratio of 1 and an
average particle size of 200 um. However, the bgsm@ncentration in the reactor was very low.
When the settling time was increased to grow tlmmbiss concentration, the granular biomass
properties were lost. Suja et al. [17] reported thaemation of aerobic granules fed only with PNP
was not possible because PNP is a chemical uncowfieh interferes with the granulation
process. In this study, sucrose and glucose weeel @s easily biodegradable co-substrates,
analogously to the work of Yi et al. [16] in whieerobic granules were formed with an influent
containing PNP and glucose. However, Yi et al. [ib®culated their reactor with activated sludge
from a wastewater treatment plant, whereas in shigly the inoculum was a PNP-degrading
activated sludge cultivated for more than 4 yeara iab-scale SBR. Suja et al. [17] suggested that
PNP might inhibit many microbial species involvedgranulation. In this study, the PNP-degrading
activated sludge might lack these species. Su@. €iL7] also reported that aerobic granules fed

with acetate could lose their structural integvityen fed PNP.

3.3. Observed and synthesis growth yields calanaind microbial characterization

Observed (%9 and synthesis (Ygrowth yields were calculated at certain pointsrduoperation
with PNP as the sole phenolic compound and also RIMP and-cresol as phenolic compounds in
the influent (Table 1). ¥ values were obtained from experimental data afisdbrmation and
organic matter consumption and Y values were caledl according to equation (1) and by using

the calculated ¥,svalues, the operational SRT in the SBR (3 d) anchgpropriate decay rate

11



coefficient (y=0.2 d* at 20°C [32]). The results show that the higherghrcentage aj-cresol in

the influent, the higher the growth yields (Tab)eb&caus®-cresol can be considered as a biogenic
substrate for heterotrophic biomass. However, PBIPaiwell-known chemical uncoupler of
oxidative phosphorylation that reduces the growtidyof a heterotrophic population because it
dissociates anabolism from catabolism. The energyeted from the catabolism-associated
substrate consumption with PNP is greater than aha&bolism requirement which results in
excessive energy spilling [33,34].

The synthesis growth yield obtained by Martin-Heez et al. [6] for an enriched PNP-degrading
activated sludge fed only with PNP was Y=0.20 g \(SNP (0.053 g VSSHCODsne) Whereas
the typical synthesis growth yield for heterotropéd with easily biodegradable organic matter is
Y=0.57 g CORiomassg* COD (0.40 g VSS§COD [32]). The synthesis growth yield obtainedtwit
PNP as the sole phenolic compound in the influr6 g VSS g COD) was almost equal to that
obtained from a mixture of 90% PNP and 16%resol (0.27 g VSSHCOD). These values are
significantly higher than those obtained with PN°tlae sole organic carbon source by Martin-
Hernandez et al. [6] because in our study, hatheforganic loading rate was composed of easily
biodegradable compounds (sucrose and glucose). Wowéle synthesis growth yields of this study
are significantly lower than those for heterotraphiomass consuming biodegradable compounds
and this is because of the chemical uncoupler effe®NP. The reduction of biomass production
owing to the PNP effect was 35% with respect tawginoyields and similar to values reported in the
literature (30-40%) [33,34].

FISH analyses were performed during the removd®MP ando-cresol to identify the microbial
population (Figure 4)Acinetobacter sp.,Arthrobacter sp. andPseudomonas sp. were identified: the
first two species were the same as those desciiivedle PNP-degrading activated sludge used as
inoculum in this study [10]. These three speciegeiaeen widely described as phenolic-degrading

bacteria [9,25,35]therefore, it was not surprising that they werespn¢ and active in the SBR of

12



this study.

4. CONCLUSIONS

The simultaneous biodegradationpsfitrophenol and-cresol is feasible in an aerobic sequencing
batch reactor with high removal efficiency. Tramsiaccumulations of some intermediates, mainly
hydroquinone and catechol, were detected. The iaddif o-chlorophenol in the influent, jointly
with PNP and-cresol, caused complete failure of the SBR.

Small granules (200 um) were obtained with a segtttime of 1 min and settling properties were
good: the sludge volume index (S¥Mwas below 50 mL § and the SWSVIy, ratio was 1.
Nevertheless, the granular sludge concentrationratasr poor.

The phenolic-degrading species in the granules wedemtified through FISH analysis as

Pseudomonas sp.,Acinetobacter sp. andArthrobacter sp.
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FIGURES CAPTIONS AND TABLE LEGENDS

Figure 1. Time course of phenolic compounds coma&oh through batch tests with @
nitrophenol degrading activated sludge. A) Batdt vath p-nitrophenol and-cresol as substrates.

B) Batch test wittp-nitrophenol ana-chlorophenol as substrates.

Figure 2. A) Time course gi-nitrophenol,o-cresol ando-chlorophenol concentrations (measured
as TOC) in the influent of the SBR. B) Time couddetotal phenols concentration (measured as
TOC) in the effluent of the SBR. C) Time course mhitrophenol, o-cresol, o-chlorophenal,

hydroquinone and catechol concentrations in tHaesit of the SBR.

Figure 3. A) Time course of biomass concentratiothe SBR and its effluent. B) Time course of
the average patrticle size and §\W) Time course of the volumetric and specific bl loading

rates applied to the SBR.

Figure 4. FISH images. Merge CLSM image obtainedthfsimultaneous in-situ hybridisation with:
A) Cy3-5-end-labelled ACA652 probeé¢inetobacter sp.), B) FITC-5-end-labelled KO 02 probe
(Arthrobacter sp.), C) Texas Red-5-end-labelled Ppu proBsajdomonas sp.). In blue: Cy5-5'-

end-labelled UNIV1390 probe (all bacteria).

Table 1. Observed and synthesis growth yield coefits calculations.

18



Concentration (mg L'l)

Concentration (mg L'l)

50

40 A

30 A

20 A

10 -

A

/V\\*/"‘“v——r~—v~"’_'\\y_/iv——v

—@— p-nitrophenol
~-O- hydroquinone
—w¥— o-cresol

20 A

10 -

—&— p-nitrophenol
~-O-- hydroquinone
—w— o-chlorophenol

Figure 1

@)
O
Q

10 20 30 40 50 60 70
Time (min)



g‘_'l/\ 200 A
.
= 150 -
o o ——— p-nitrophenol
= o E 100 { | ———- o-cresol r -\
€8 o el o-chlorophenol |
o E r-
O~ l I~
0 ™ ™ ' ' '
—~ 100 |
S | | B
= - 80 O Total | |
|
% g O 60 phenols effluent | t%
sS€E O |
= o - |
w e o |
s E
o N
| |
| |
70 - ® o-chlorophenol | -
v  p-nitrophenol : :
- i m o-cresol | -
o 60 © hydroquinone | |
c A | |
.g .8 50 - catechol | |
€6 3 | |
©S O | |
=25 g— | |
= 3 | .
o |
L S O |
o o |
= |
- |
|

Time (days)

Figure 2.



Settling time (min)

5

2 510

(,L.PSSA b Obw)

ajel Buipeo) oljousyd

(,.67w) “InS ol108dg
o o o O O O O O
Tp] o o O O O O O o
~ ~ o) ©O© O < MO N «— O
< @)
— S
S5 ©
0% T2
2 3 ° 8
© © ..mb
E E © O
89 ES -
mm d%.
+$ >0
\\\\\\\ O -
o (@] o o o
o o o o
- ™ (V] —
< ~— D
Av._ SSA bw) mEAw.m_ F._m_oOo_ F%Fwo d
uoIeJjuUsouod } IPEQ] dljousy

sseuwolg

ol)BWN|OA

200 250 300

150
Time (days)

0

10

50

Figure 3.



i um 25

A) Acinetobacter sp. (pink B) Arthrobacter sp. (yellow) C) Pseudomonas sp. (pink

T

0 pm 25

Figure 4.



Table 1.

Phenolsin thefeeding Observed growth yield coefficient (Yqs) — Synthesis growth yield coefficient (Y)

Operation day (gVSSg'TOC) (gVSSg™ COD) (gVSSg' COD)
140-154 PNP 0.50 0.16 0.26

90% PNP +
154-162 10% o-cresol 0.4 0.17 0.27

162-168, 175-190, 245-260 50% PNP +

(weighted average) 50% o-cresol 0.76 0.24 0.38






