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ABSTRACT

The aim of this work was to investigate the anaerdtiomass formation capable of treating vinassarfrthe
production of sugar cane alcohol, which was evolwégthin an anaerobic sequencing batch biofilm react
(ASBBR) as immobilized biomass on cubes of polyamet foam at the temperature of 55°C. The reacts w
inoculated with mesophilic granular sludge origilyalreating poultry slaughterhouse wastewater. €helution of
the biofilm in the polyurethane foam matrices wasessed during seven experimental phases which tivese
characterized by the changes in the organic mattencentrations as COD (1.0 to 20.0 g/L). Biomass
characterization proceeded with the examination sbidge samples under optical and scanning electron
microscopy.The reactor showed high microbial morphological etsity along the trial. The predominance of
Methanosaeta-like cells was observed up to therdogaad of 2.5 gCOD/L.d. On the other hand, Methsarcina-
like microorganisms were the predominant archaegbation within the foam matrices at high orgatoading
ratios above 3.3 gCOD/L.d. This was suggested tasseciated to a higher specific rate of acetatesconption by
the later organisms.

Key words: anaerobic digestion, adaptation phase, wasteveatgar cane, biofilm, microbiology

INTRODUCTION high volume is not the only immediate problem;
this wastewater also shows high chemical oxygen
The quantity and quality of the wastewaterdemand (COD) values, reaching up to 100 g/L
generated in the production of ethanol using sug4WVilkie et al., 2000). The wastewater is disposed
cane as primarily substrate is one of the largestt high temperatures, because vinasse temperature
environmental problems in Brazil. Brazilian is close to 9% after the distillation process, but it
production of ethanol was estimated as 15.1 billiomay fall to 60C in its course to the treatment
liters per year (Agrianual, 2005), andsSystem This temperaturenakes biodegradation a
approximately 12 to 14 liters of vinasse isdifficult and/or expensive process once a cooling
generated with each liter of produced ethanol. Thetep would be necessary for applying the
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conventional biological treatments. On the otheMATERIALS AND METHODS

hand, considerable attention has been paid towards

the development of new strategies for thelhe bench scale ASBBR had total and working
biological treatment, such as anaerobic reactorlumes of 7.2 liters and 3.5 liters, respectivétly.
aiming at the conversion of organic matter intovas composed by two concentric cylindrical flasks
biogas (Kennedy et al., 1991). For instance, theith internal diameters of 19 and 22 cm, both with
anaerobic bath reactor has simple operatioB5 cm of height. The space between the external
regarding instrumentation, and it is also arand internal walls was filled with warm water
important tool for the fundamental researchcontinuously recycled from an external bath kept
focusing several important aspects of anaerobiat 55 = 2C. The reactor was filled with
biodegradation (Zaiatet al., 2001). Biomass polyurethane foam cubes of 1 cm (apparent
retention within such reactor results from thedensity of 23 kg/rhand 95% porosity) for biomass
growth of microorganisms attached to a supporftnmobilization. The foams were placed in a
material or from self-immobilization process suchperforated cylindrical basket (mesh 0.5 cm) of
as granules that remain in the interstices of thstainless steel with external and internal dianseter
polyurethane matrices by the formation of biofilmof 17.5 cm and 7.0 cm, respectively, and height of
(Varesche et al., 1997). It has been reported tha8 cm. This basket was placed in the reactor.
the immobilization process enhances the thermdvixing was achieved using a mechanical mixer
stability of the system by providing an extraaxis of 2 impellers fixed in the void space in the
biomass buffer for a sudden change in temperatucenter of the stainless steel basket. The
(van Lier, 1996). The largest problem regardingxperimental set-up used is shown in Figure 1.
the applicability of thermophilic reactors is theThis mixer was operated at 300 rotations per
availability of thermophylic anaerobic sludge forminute. The cubic foam matrices were inoculated
the reactor’s inoculation and start-up procedurgith mesophilic granular anaerobic sludge (36 mg
(Ahring, 1994). Therefore, the choice of aof total volatile solids/g of sludge) taken from an
mesophilic sludge with high microbial diversity isUASB reactor treating poultry slaughterhouse
crucial to ensure the development of awastewater at ambient temperature (€5 The
thermophilic biomass. Chen (1983) evaluated thanitial temperature of the operation of the reactor
metabolic adaptation of mesophilic anaerobiaovas 335C. But, the temperature was raised
sludge to thermophilic temperatures and from thaabruptly from 38C to 585C after 21 days of
only 9% were thermophiles and 1% were obligaténoculation.

thermophiles from the total bacterial population inFiling and discharge were performed by
the mesophilic reactor. diaphragmatic pumps controlled by the timers. The
Assumptions of the presence of certain types ofinasse was collected from the exit disposal duct
microorganisms by optical microscopy areof the industry and stored in a refrigerator G}
uncertain, but according to Sarti et(@006), apart The feeding medium supplied to the experimental
from chemical analysis, microscopic reactor was diluted vinasse and dilution ratios
microbiological observations are an importantwere carried out according to the required organic
approach available for monitoring the changes igoncentration of each experimental phase. This
the microbial populations of a biofilm. This medium was enriched with a solution of mineral
knowledge is useful for making it possible tosalts, (phosphorus, calcium and iron) trace metals
understand some of the metabolic advantagdsickel, cobalt and selenium) and NaHCOhe
and/or disadvantages of such systems duringCO;/COD ratio ranged from 0.2 to 1.2. The
anaerobic treatment which are commonly assessagpplied organic loading ratios (OLR) varied from
by organic matter removal efficiencies. 1.0 and 6.6 gCOD/L.d (Table 1). The evolution
The aim of this work was to observe the microbiabnd population dynamics was based on the
evolution of a thermophilic biofilm formed within microscopic observations of the morphotypes
an anaerobic sequencing batch reactor treatiqgesent in the biomass along with the operation of
vinasse at 5% by optical and scanning electronthe reactor. In each phase, samples of polyurethane
microscopy. The seeding sludge was obtainefbam cubes were taken from the top, middle and
from an UASB (upflow anaerobic sludge blanket)bottom of the reactor’'s basket in vertical profiles
reactor treating poultry slaughterhouse wastewat@ihey were subjected to scanning electron and
at ambient temperature. optical microscopy examinations.
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Detail 2: Stainless
steel basket

Detail 1: Propeller
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Figure 1 - Diagrammaticrepresentation of thé\SBBR reactor (Lapa, 2003): (1) Anaerobic
sequencing batch biofilm reactor, (2) warm watek@, (3) stainless steel basket, (4)
Engine of the mechanical propellers, (5) propellé} feeding pump, (7) discharging
pump, (8) heat exchangers, (9) sampler, (10) bench.

The cubes were macerated to remove the adherddhydrating step lasted 10 min. The samples were
biomass and each sample was stamped wiashed three times in 100% ethanol before
previously prepared slides containing 2% agarimmersion in hexamethyldisilazane for 30
agar layer. Observations were made using aseconds. The drying step was completed by
Olympus BX-60 equipped with contrast-phase antiolding the samples at 60°C for 2 h. The particles
fluorescence, measured by ultraviolet lightwere then coated with gold powder and stuck onto
excitation, and documentation was made usinguicroscope slides with silver glue. SEM analyses
“Optronics” camera and software “Image Pro were performed using a Zeiss model DSM-960
Plus” (4.1). Methanosarcindike cells can be digital scanning microscope.

tentatively identified by fluorescence microscopyMicrobial diversity was also assessed by carrying
because they have some unique coenzymes, F4@0t the polymerase chain reaction and denaturing
and F350, which turn them fluorescents. Theradient gel electrophoresis (PCR/DGGE)
morphological incidence of observed cells in théechnique according to Muyzer (1999) with
random chosen microscopic fields was classifiethacterial and archaeal primers used by Nubel et al.
as frequent (more than 40%), less frequentl996) and GrofRkopf et al. (1998), respectively.
(between 10 and 40%), rare (less than 10%) anthis technique was only applied for samples from
absent (not observed). the inoculum and for samples from the last
Samples for scanning electron microscopy (SEMgxperimental phase VII considering the biomass
were subjected to the technique developed byas already adapted the thermophilic temperature
Nation (1983) and adapted to bacterial biofilms byreating vinasse.

Araujo (1995). The sample preparation proceduresfter the DGGE analysis of the individual biofilm
are also described in Lima et al. (2005). Brieflysamples, the individual DGGE profiles were
the samples were fixed in 0.1 M phosphate buffecompared to each other by using the pair-wise
(pH 7.3) containing 2.5% glutaraldehyde for 12 hsimilarity coefficientCs, determined as follows:

at 4°C. After fixation, the samples were rinsedCs=[2j/(a+b)]*100, wherea was the number of
three times in 0.1 M phosphate buffer (pH 7.3) an®GGE bands in inoculunty was the number of
dehydrated gradually after successive immersiorBGGE bands in biomass from the phase VII, pnd
in ethanol solutions of increasing concentrationsvas the number of common DGGE bands. Two
(50, 70, 80, 90 and 95%). Each rinsing anddentical DGGE profiles have @svalue of 100%,
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and two completely different profiles haveGs Wastewater (1995). Bicarbonate alkalinity (BA)
value of 0% (Gillan et al., 1998). was according to DiLallo and Albertson (1961),
Phenol and organic acids concentrations wenmodified by Ripley et al. (1986). Total volatile
quantified by gas chromatography (Moraes et alacids (TVA) were evaluated according to DilLallo
2001). and Albertson (1961). Sulfate was analyzed twice
The performance of the ASBBR was evaluated bin the crude vinasse. The nitrogen compounds
monitoring the influent  and effluent were determined only in the vinasse. In the phase
characteristics. Chemical oxygen demand (CODNII, sulfate and sulfite temporal profiles were
total solids (TS), total volatile solids (TVS) andobtained by analyzing samples from the internal
pH were determined according to the Standartiquid of the reactor.

Methods for the Examinations of Water and

Table 1— Experimental phases in the thermophilic ASBBR.

Phase Operation days (d) J(d)* OLR (g/L.d) HCO3/COD
Start up 50 1.0-2.0 0.5-1.2 0-1.2
I 08 1.0 1.0 1.2
Il 22 1.0 2.5 0.8
11 35 15 3.3 0.8
v 13 3.0 3.3 0.6
Y 111 6.0 3.3 0.6
VI 109 1.5-3.0 3.3-6.6 0.4

)il 43 2.0 5.0 0.6

* T, - Time of cycle.

RESULTS AND DISCUSSION COD removal was 43+(7.9), 72 £ 8.7), 68 £
19.2), 78 £ 9.0), 55 £ 10.0), 46 £19.2) and 70%
An average the COD value for the crude vinassg: 5.5) with initial organic matter concentrations
was 51 g/L (+ 8.5 of standard deviation). Sulfateof 0.8, 2.5, 5.5, 13.5, 24.0, 12 and 9.6 gCODIL in
total potassium and total nitrogen concentrationthe phases | to VII, respectively. In the first pha
were 1.80 (+ 0.15) g S-SOL, 6.1 (+ 5.6) g the low efficiency of COD removal (43%) could
K/l and 2.4 (+ 3.0) g Ma/L, respectively, at a still be related to the acclimation of the biomass
pH of 4.6. The results, however, variedthe feeding wastewater. In the phases Il (5.5
considerably according to the specific constitutioyCOD/L) and V (24.0 gCODI/L), the decrease in
of different sugar cane crops. the organic matter removal efficiency seemed to
The phase of biomass adaptation lasted 39 cycleg correlated more with the initial organic matter
(corresponding to 50 days of operation). Theoncentrations applied to the reactor than with the
operational cycles were of 24 h until"28ycle; volumetric organic loading rate that was
after, it was increased to 48 h until thé"3§cle. maintained at 3.3 g/L.d in both the phases. A
This strategy was adopted to guarantee enougfecrease of COD removal efficiency was observed
residence time for organic acid degradation anth phase V (55%) and an increase in concentration
methane production. In this phase, the organief total organic acids (3455 mgHAc/L). The
loading rate was increased from 0.5 toaccumulation of such acids could result in the
1.2 gCOD/L.d and alkalinity was supplemented atollapse of the system. Therefore, as a precaution,
the ratio of 1.2 HCE@/COD. Until the 2% cycle, the organic matter loading ratio was reduced to 12
the reactor was operated at temperature of 35°@nd 9.6 gCODIL in the following phases (VI and
From this cycle, the temperature was abruptlyIl, respectively). The mean values and respective
raised to 55°C. standard deviations of variables monitored during
the experiment are shown in the Table 2.
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Table 2 -Mean values of some monitored variables duringatjmn of thermophilic ASBBR (391 d).

BA (mg CaCGOy/L TVA (mg HAc/L COD (g/L)*
Phases Influegltg Efflue)nt Influent( : Efflue)nt Influent (gEﬁZIue nt CODremoval (%)
Adaptation  571+332 362309 76:64 30&114 1.20.1 0.#0.2 37.255
| 89378 95398 21473 22459 0.80.04 0.50.05 42.87.9
I 1453t54 17677 41365 21395 2.50.3 0.#0.1 72.38.7
1" 2408t572 273%#733 70&181 643267 55%1.3 1.60.7 68.319.2
v 3785:72 5818204 1812299 844272 13.52.0 2.80.9 78.39.0
V 565#1085 584%#1303 3554790 3435939 24.@3.3 10.22.1 54.&10.0
VI 2170686 2066661 1566245 2408468 12.@3.9 5.%1.3 46.¢19.2
VII 287#150 4573808 171940 881604 9.582.8 2.80.6 69.65.5

*COD - total influent COD and centrifuged (at 20@@ations per minute) effluent COD.

The physiological acclimation of the biomassbicarbonate amendments in the substrate from 0.8
along the experiment was observed by théphase Ill) to 0.6 HCEYCOD (phases IV and V).
progressive increment on the organic matteFurthermore, all the results obtained in phasHs I,
removal efficiencies (43 to 78%) recorded fromlll and IV pointed out at a specific adaptation of

phase | to IV. On the other hand, it was possibléhe mesophilic sludge to the thermophilic
that the amount of organic matter in the influeint ocondition.  High  diversity of  microbial
the phase V (20 gCOD/L) imposed a shock loadnorphologies was observed throughout the

into the system. Progressive increases in thexperiments. The optical microscopy was used to
concentrations of volatile acids were observed iestimate the incidence and frequency of observed
phases Ill, IV and V (Table 2). Despite that, themicrobial morphologies and to score them as
bicarbonate alkalinity generated in the reactor wagredominant, frequent, less frequent and rare
kept constant even after the reduction in théTable 3).

Table 3— Morphological incidence during experimental sam ASBBR at thermophilic conditions.
Experimental phases — Sample points*

Morphologies I Il 1} v V VIl
T M B T M B T M B T M B T M B T M B

BactériaDomain
Coccus - - + 4+ + + - + - - - + ot 4+ - + 4
Rods ++ ++ ++

Al T e e A b b
Curve rod - ++ ++ - -+ 4+ + + - R o I o o o S o S S S
Filaments - + + - B + ++ e+ + + 4+ ++

ArchaeaDomain

Methanosaetalike +++ +++ +++ ++ + + + 4+
i ++ ++  ++

m(eethanosarcma - +++ +++ - + ++ +++ +++ +++ ++ +++ + +++ +++ +++ + +

++ ++  ++
Fluorescent rods St A

+ + o+

+++ +++ 4

+ o+ - R e = = S - -

Others

S. cereavisiadike ++

+++ A+ At +++ +++ o+ A +++

*Sample points in the reactor: T — top, M — middBe; bottom.
Incidence: (+++) Frequent, (++) Less frequent,Raye, (-) Not observed.

The inoculum taken from UASB reactor showedThe optical microscopy showed that few
several morphotypes of rods (curve, fine, coccoidnorphological differences were observed in the
grouped coccoid) as cells (Fig. 2a and 2c), finenicrobial populations colonizing the vertical

filaments which were similar thlethanosaetdike  profile of the reactor’'s basket (top to bottom). It
cells (Fig. 2c: arrow) and morphotypes resemblingvas also observed that the micro-granules
Methanosarcindike cells (Fig. 2b). mechanically retained within the polyurethane

Braz. Arch. Biol. Technol. v.52 n.4: pp. 1027-1036ly/Aug 2009



1032 Ribas, M. M. F. et al.

foam were neither different regarding their sizeassociated with the hydrolysis and fermentation
nor their microbial morphotypes. Thesephases of the anaerobic degradation pathway. The
observations could be a resultant of thgredominanceMethanosaetdike cells (Fig. 4d:
hydrodynamic characteristics of ASBBR, whicharrow) was detected at the initial phases | and Il
has been commonly defined as being of completwith only a few incidences dflethanosarcindike
mixed reactor and, therefore, as a result it redlucecells. However, the occurrence of these
the effect of substrate stratification and massnethanogens of the genudlethanosarcina
transference within the biofilm. increased in the subsequent phases, with the
During the experimental phases, rods of severahcrement of the vinasse concentrations starting
morphotypes and filaments were frequentlyfrom the phase Il with 5 gCOD/L and OLR of
observed (Fig. 2c), which were generally3.3 g/L.d.

©

Figure 2 - Observed morphologies by optical microscopy (150@X) diversity of rods and yeast
S. cerevisiae like: arrow, (b)Methanosarcine-like cells and, in detail, the same cell in
fluorescence, (c) biomass and cdllsthanosaetalike (arrow), rods and cocci.

Methanosarcina have higher growth rate contributed to important degradation role during
(Mmaximun), Of 1.27 to 2.04 4, thanMethanosaeta the vinasse anaerobic treatment. Such an
(0.48 to 0.72 d) with acetate like carbon resourceassumption could be made because the observed
in termophilic conditions (55°C) (van Lier, 1993;yeast cells resembleflaccharomyces cereavisiae
van Lier, 1995). The acetotrophic methanogens afarrows of the Fig. 2a and 4e) which were
present in the samples with high organic loadingtommon during ethanol production using a
which generally resulted in high acetatefermentative process. It was possible that the
concentrations (Ahring, 1994). yeast-like cells were inactive at %5 and also

In samples collected after six hours of a cycleaccounting for the low likelihood of intact surviva
about 70, 150 and 300 mg/L of acetic acid wasfter the distillation process.

detected in the phases |, Il and Ill, respectivelyThe occurrence of curve rods was also observed
These values were totally decreased until the ertiat could be sulfate reducing bacteria (SRB).
of the cycles. Dessulfovibrielike cells appeared starting from

During the experiments, abundant frequency othe phase Ill with 5 gCOD/L and 0.16 g S-3M.
yeasts-like cells, especially at the reactor'sw@e The organic matter of the influent may follow
also recorded. The presence of oxygen in sudfegradation by two distinct metabolic routes in
region might have played an important roleanaerobic conditions: methanogenesis or sulfate
affecting the vertical distribution of such reduction. When sulfate is available, it can beduse
organisms within the reactor. Another reasoras final electron acceptor for anaerobic respimatio
would be the capacity of the yeasts to float due toausing organic matter degradation without the
the presence of oil droplets within the cells.slt i production of methane. Methanogenesis is only
important to point out that yeast cells might havdavored in this competition when organic matter
been present in the wastewater and have nand sulfate ratio is higher than 0.67 COD/50
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(Hulshoff et al., 1998). For instance, in phase \tycles. Then, the SBR-like cells were observed in
(with 20.0 g COD/L and 0.65 g S-$QL), the the next phases. To prove this hypothesis, samples
COD/SQ?* ratio was 31.0, therefore, amplyof the effluent of two different cycles were
favorable for methanogenesis. In the previousollected in the last experimental phase for selfat
experiments (phases | and Il), the presence @ind sulfite analyses (Fig. 3) in the first five hau
SRB-like cells was not observed, in spite of theiThe total elimination of the sulfate ion was
reproducing high rates when compared to thebserved after fourth hour. It is well known that
methanogens. This happened probably because thdfite ions are products of the SBR metabolism in
inoculum had high density of methanogenicthe organic matter degradation (Postgate, 1984).
organisms, and, thus, they dominated in thé&igure 4c shows the morphology of curve rod
system. But when the organic concentration imbserved under scanning electronic microscopy. In
substrate was higher (starting from the phase Ithe phase VII, the fine and small rods (Fig. 4f)
with 5 gCOD/L), methanogenic organisms couldobserved could be hydrogen-utilizing
have had a reduction in their activity, once it wasnethanogens (Ahring, 1994), for instance,
observed that the average COD removal declinedethanobacterium Some of those morphotypes
from 72% (phase Il with 2.5 gCODI/L) to 68% in were fluorescent in epifluorescence microscopy.
the phase Il (Table 2) and SBR-like morphotype$henol values were detected from 1 to 7 mg/L
were more frequently observed. Therefore, thalong all the experimental phases. Phenol was
SRB might have overcome the disadvantage of itetally degraded during the operating cycles at
low density in the inoculation when high contentseach batch. This could be due to high diversity of
of organic matter were applied provoking anrods and coccus.

organic shock, especially in the initial hours lod t
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Figure 3 - Profile of sulfate and sulfite along the cycl@)lnd 191 of the phase VII.

DGGE-profiling showed considerable variationmicroorganisms that were capable to adapt
regarding bacterial and archaeal diversity betweesimultaneously to the residue and the high
the mesophilic inoculum and the establishedemperature grew, which also demonstrated the
thermophilic biomass from the phase VII with aversatility of the biomass used as inoculum.
similarity coefficient of 0.005% both for the Therefore, it could be concluded that the
bacterial and archaeal populations. This meant thatesophilic sludge used as inoculum in the ASBBR
the populations changed almost completely fromvas capable to generate a degrading thermophilic
the inoculation to the end of operation (Fig. 5)biomass for treating vinasse. The microbial
The biomass developed in the sludge of the phasgomass evolved in the polyurethane foam showed
VIl was different from the inoculum because allin the initial phases (I, Il and 1) the
the environmental conditions were altered. Th@redominance of morphologies similar to the
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archaealMethanosaetdike, several morphotypes metabolism. Although the organic loads applied to
of rods, yeast-like cells and some cells resemblinthe biomass were expected to be assimilated by the
Methanosarcinaspp. From phase IV onwards, methanogenic population, the results indicated that
Methanosarcindike cells became more frequenthigh initial COD concentration could have had a
allied with fluorescent rods that were tentativelypronounced effect on the performance of the
identified as hydrogenotrophic methanogens. Theequencing batch reactor. Therefore, the biomass
choice of the inoculum might also have been anetabolic potential for COD removal from vinasse
determinant factor affecting the competitionwould depend on a previous evaluation of the
between the methanogenesis and sulfate-reducingjcrobial populations colonizing the reactor.

Figure 4 - Scanning electronic microscopy: (pplyurethane foam for biomass immobilization
(100X), (b) biomass superficial adherence to tigpett (1000X), (c) several types of
rods and curve rod (arrow) (3000X), (d) rods avethanosaeta—like (arrow)
(3000X), (e)Methanosaeta-like cells and yeast (arrow), (f) similar to hydem-
utilizing methanogens rods cells (3000X).

Figure 5 - Bacterial and archaeal diversity as assessed®@ME (A) Bacterial DGGE-profiling
of the mesophilic inoculum, (B) Bacterial DGGE-pliofy of the biomass sampled in
phase VI, (C) Archaeal DGGE-profiling of the mebkdje inoculum and (D)Archaeal
DGGE-profiing of the biomass sampled in the phase VI
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