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Abstract

An expanded granular sludge bed (EGSB) reactor and an anaerobic filter (AF), inoculated with granular and suspended sludge,
respectively, were operated with an oleic acid-based synthetic effluent. The granular inoculum exhibited a specific methanogenic
activity with acetate, ethanol and H,/CO, as substrates, in average 2—7 times higher than the suspended biomass. Resistance to
oleic acid toxicity was ten-fold higher in the granular than in the suspended sludge. Due to the better characteristics of the
granular inoculum a faster start-up strategy was adopted in the EGSB than in the AF, being oleic acid fed since the beginning
and the co-substrate eliminated on Day 70. In the AF, a co-substrate was fed until Day 150 and oleic acid was introduced only
on Day 94. Organic loading rates of 8 and 12 g COD/1d of oleate as the sole carbon source were achieved in the EGSB and AF,
with removal efficiencies of 70 and 80%, respectively. At these maximal loads, the average effluent volatile suspended solids were
2.7 and 5.6 g/l in the EGSB and AF, respectively. The methane yield decreased from 280 to 27 1 CH,/kg COD-removed in the
EGSB and from 362 to 91 1 CH,/kg COD-removed in the AF. The possibility of using a faster start-up procedure using a better
inoculum was investigated and results suggest that inoculum quality was not, in this case, a dominant factor for the operation of

reactors with high LCFA content. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Lipids are one of the major components of organic
matter in wastewaters. Along with slaughterhouses and
edible oil and fat refineries, dairy industries are impor-
tant contributors for total lipid emission. In general,
they are easily hydrolysed to long chain fatty acids
(LCFA), which are further converted to acetate and
hydrogen by acetogenic bacteria through a pB-oxidation
mechanism [1]. LCFAs are toxic at millimolar concen-
trations for both methanogens and acetogens, the two
main groups involved in LCFA degradation [2,3]. How-
ever the most important problem that arises when
sludge bed digesters are applied for the treatment of
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lipid containing effluents, is the adsorption of a lipid
layer around biomass particles causing biomass flota-
tion and washout. In UASB reactors, sludge flotation
occurs at concentrations far below the toxicity limit,
which might suggest that complete washout of granular
sludge would occur prior to inhibition [4]. Furthermore,
addition of calcium salts prevents inhibition to some
extent, but does not prevent flotation [5].

Hwu [4] concluded that for treating an oleate-based
effluent, the typical expanded granular sludge bed
(EGSB) operating conditions (superficial velocity > 4
m/h and HRT < 10 h) inhibited treatment performance
due to washout in particulate form and found the
highest methane conversion for a HRT of 24 h. In such
systems, biomass immobilization is achieved by self-
granulation, a crucial requirement that, when unsuc-
cessful, affects the overall performance most of times,
irreversibly. Granular sludge is more resistant to LCFA
toxicity than suspended or flocculent sludge but granu-
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lation and/or granule stability is very problematic for
lipid containing wastewaters [4,6,7].

As long as the support medium is efficient for
biomass immobilization, the application of anaerobic
filters (AFs) for the treatment of oleate-based effluents
can be advantageous in comparison to sludge bed
reactors. In such reactors, the biomass is immobilized
by entrapment and adhesion in a support matrix, al-
though the adhered fraction is only 10% in a reactor fed
with an oleate-based synthetic effluent (PVC support
matrix) [8]. Good stability and robustness can be
pointed out as the main advantage of this system while
channelling and clogging problems represent a major
drawback.

There are some reports of the application of these
technologies for the treatment of effluents with high
lipid content. For an ice-cream wastewater, granulation
was unsuccessful, and the fixed bed system was the
most adequate for that kind of wastewater [6]. Rinzema
concluded that the application of conventional UASB
reactors to LCFA containing wastewaters resulted in
local overloading of LCFA and severe washout caused
by flotation. The EGSB reactor could however be
applied with some design modifications by introducing
a sieve-drum to prevent the washout of granular sludge
[9]. Ruiz et al. compared an AF and an UASB reactor
for the treatment of a slaughterhouse effluent and
concluded that the UASB was the better choice [10].

In a previous work, when comparing the perfor-
mance of different fixed bed digesters fed with oleic
acid, inoculated with acclimatized and non-acclimatized
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sludge, it was concluded that acclimatization enables
higher methanization and higher removal efficiencies
than non-acclimatized sludge when similar operating
conditions are applied [11].

The aim of this work was to operate an AF and an
EGSB reactor for the treatment of an oleate-based
synthetic effluent. Due to the different inoculum char-
acteristics different start-up conditions were applied in
each reactor. Sodium oleate was used as a model be-
cause it is, in general, the most abundant of all LCFA
present in wastewater, has a good solubility and it is the
most important LCFA produced by whole milk degra-
dation [5,12].

2. Materials and methods
2.1. Experimental set-up

The AF (R1), was constructed in Plexiglas and is
schematically presented in Fig. la. The initial liquid
volume was 1 | and the support matrix consisted of
PVC Raschig rings 21 mm in size, with a specific
surface area of 230 m?/m?® and a porosity of 92.5%. The
external settler was constructed in Plexiglas and had a
liquid volume of 200 ml. The EGSB reactor was also
constructed in Plexiglas, had a volume of 10 1 and is
presented in Fig. 1b. An internal settler allowed gas—
solid—liquid separation.

The substrate was stored at 4 °C in order to mini-
mize acidification. Temperature was kept constant at
37+1 °C.
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Fig. 1. Experimental set-up. (a) AF, and (b) EGSB reactor.
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2.2. Substrate

Initially in the AF, the substrate was made by dilu-
tion of skim milk with tap water and was supplemented
with macro and micronutrients. In the EGSB reactor,
skim milk was also the co-substrate fed, but oleate was
fed since the beginning. Macro and micronutrients had
the  following  composition:  macronutrients—
MgCl,-6H,0: 25 g/l; KH,PO,: 28.3 g/l; KCI: 45 g/l
This solution was added 0.6 ml per g COD fed. Mi-
cronutrients [13]—FeCl,-6H,0: 2 g/I; ZnCl,: 0.05 g/l;
CuCl,'2H,0: 0.038 g/I; MnCl,4H,O: 0.5 g/l
AlCl;-6H,0: 0.09 g/l; CoCl,-6H,0: 2 g/l; NiCl,-6H,0:
0.092 g/I; Na,SeO;-5H,0: 0.164 g/l; EDTA: 1 g/l; Re-
sazurin: 0.2 g/l; HCI 36%: 1 ml/l. Micronutrients were
supplemented to the influent feed by addition of 1 ml/l.
To give suitable alkalinity, 5 g NaHCO; were added per
litre of feed. In both reactors, skim milk was gradually
replaced by oleate, attaining in the end a maximal
concentration of 8 g COD/I as the sole carbon source in
both digesters. In that situation, a nitrogen supplement
of 98.9 ¢ NH,CI was added per litre of macronutrients
solution, in order to achieve a ratio COD/N/P of
250:5:1.1.

2.3. Seed sludge

The AF was seeded with 300 ml of biomass (25
g VSS/l) coming from a laboratory AF fed with skim
milk as substrate for more than 900 days. The EGSB
reactor was inoculated with 1.6 1 of granular sludge
containing 18 g VSS/l, which was collected at a full
scale UASB reactor from a brewery company.

2.4. Routine analysis

Routine reactor performance was monitored by mea-
suring the influent and the effluent total and soluble
(centrifuged 10 min at 15000 rpm) chemical oxygen
demand (COD), influent flow rate, effluent volatile fatty
acids (VFA), methane production and volatile sus-
pended solids (VSS). COD and VSS were determined
according to standard methods [14]. VFAs (acetic, pro-
pionic and butyric) were determined by high-perfor-
mance liquid chromatography using a Chrompack
column (300 x 6.5 mm?) and a mobile phase of 5 mM
sulphuric acid (H,SO,) at 0.7 ml/min. The column was
set at 40 °C and the detection was spectrophotometric
at 220 nm. Methane content of the biogas was mea-
sured by gas chromatography using a Chrompack Hay-
sep Q (80—100 mesh) column, with N, carrier gas at 30
ml/min and a flame-ionization detector. Temperatures
of the injection port, column, and flame-ionization
detector were 120, 40, and 130 °C, respectively.

2.5. Methanogenic activity, toxicity and
biodegradability batch experiments

Methanogenic activity, toxicity and biodegradability
batch experiments were performed using a pressure
transducer technique [15-17]. The methanogenic activ-
ity test involves monitoring the pressure increase devel-
oped in sealed vials fed with non-gaseous substrates or
the pressure decrease in vials previously pressurized
with gaseous substrates (H,/CO,). The non-gaseous
substrates were acetate, propionate, butyrate and etha-
nol. Strict anaerobic conditions were maintained. The
hand held pressure transducer was capable of measur-
ing a pressure increase or decrease of two bar (0 to
+202.6 kPa) over a range of —200 to + 200 mv, with
a minimum detectable variation of 0.005 bar, corre-
sponding to 0.05 ml biogas in 10 ml headspace. A
sensing element consisting of a 2.5 mm square silicon
chip with integral sensing diaphragm is connected to a
digital panel meter module and the device is powered
by a 7.5 V DC transformer. The basal medium used in
the batch experiments, made up with demineralized
water, was composed of cysteine—HCL (0.5 g/l) and
sodium bicarbonate (3 g/l), the pH was adjusted to
7.0-7.2 with NaOH 8 N and was prepared under strict
anaerobic conditions. No calcium or trace-nutrients
were added.

In the methanogenic toxicity tests, the oleate concen-
tration ranged from 100 to 900 mg/l and acetate was
added as co-substrate, in order to evaluate the influence
of oleate concentration on the acetoclastic activity.
Fifty percent inhibition concentration (IC50) was
defined as the oleate concentration that caused a 50%
relative methanogenic acetoclastic activity loss.
Biodegradability tests were performed by adding in-
creasing oleate concentrations (100, 300, 500, 700 and
900 mg/l) to the sludge in batch vials. All batch tests
were performed in triplicate assays.

2.6. Operation mode

During the start-up, the AF was fed with skim milk
(Period I). After this period, a mixture of skim milk
with sodium oleate was used, with increasing oleate
concentrations at a constant organic loading rate (Pe-
riod II). During Period III, oleate was the sole carbon
source fed (Table 1). The recycle flow was set at 15 1/d.
The EGSB reactor was operated in four distinct peri-
ods. During the start-up the substrate consisted of skim
milk (50% COD) and sodium oleate (50% COD). From
Day 70 on, oleate became the sole carbon source fed at
concentrations of 4, 6 and 8 g COD/1. The HRT was set
at 1 d over all the trial period (Table 2). The recycle
flow was set at 14 1/d.
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Table 1
Characteristic operation periods of both digesters

Period  Time (d) Type of substrate content HRT (h)
and concentration (g COD/l)

Skim milk Oleate

AF

1 0-44 2 - 3.3-0.64
44-80 2 - 0.64
80-94 4 - 0.64

11 94-105 3 1 0.64
105-119 2 2 0.64
119-150 1 3 0.64

il 150-205 - 4 0.64
202-233 8 0.64

EGSB

1 0-70 2 2 1

11 70-119 - 4 1

111 119-162 - 6 1

v 162-219 - 8 1

Table 2

Methanogenic activity and oleic acid toxicity for the granular and
suspended seed sludge inoculated in the EGSB and in the AF,
respectively ( £+ 95% confidence interval)

Granular (EGSB) Suspended (filter)
(ml CHy(srp)/g VSS d) (ml CHysrpy/g VSS d)

Methanogenic
activity in the
presence of

Acetate 327+ 11 165+ 24
Propionate 160 + 10 (n.d.)
Butyrate (n.d.) (n.d.)
Ethanol 514 +94 77.3 +16.7
H,/CO, 597 + 16 146.9 + 16.6
Oleic acid toxicity 345+ 26 40+ 6

limit (ICsy) (mg/1)

STP, standard temperature and pressure conditions; n.d., non-de-
tectable.
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3. Results and discussion

Prior to inoculation both sludges were characterized
in terms of methanogenic activity, oleic acid toxicity
and biodegradability (Table 2Fig. 2).

The granular inoculum exhibited a specific
methanogenic activity with acetate, ethanol and H,/
CO, as substrates, in average 2—7 times higher than the
suspended one. The methanogenic activity with propi-
onate as substrate was not detectable in the suspended
sludge, whereas a value of 160 ml CH,rp)/g VSS was
measured for the granular sludge. Resistance to oleic
acid toxicity was ten-fold higher in the granular than in
the suspended sludge. From the biodegradability batch
experiments, it is evident that in the granular sludge,
practically no lag phases were detected, whereas in the
suspended sludge lag-phases up to 300 h preceded the
initial methane production (Fig. 2).

Due to the better characteristics exhibited by the
granular inoculum in the batch assays, the EGSB was
started-up at higher oleate loading rates than the AF.
Oleic acid was fed since the beginning and the co-sub-
strate was eliminated on Day 70. In the AF a co-sub-
strate was fed until Day 150 and oleic acid was
introduced only on Day 94 (Fig. 3a and b).

Tables 3 and 4 summarize the average pseudo steady-
state values in the AGSB and AF, respectively.

Organic loading rates of 8 and 12 gCOD/ld of
oleate as the sole carbon source were attained in the
EGSB and AF, with average removal efficiencies of 70
and 80%, respectively. At these maximal loads, the
average effluent VSS were 2.7 and 5.6 g/l in the EGSB
and AF, respectively. In spite of the strong washout
detected in the AF at the maximal loading rate, in
average, the effluent VSS values were lower than the
measured for the EGSB reactor (Fig. 3¢, Tables 3 and
4). When oleate became the sole carbon source fed to
the EGSB reactor, on Day 70, a sharp decrease on the
removal efficiency was observed from 98 to a minimum
of 72% with a further recovery to 92%.

oleate concentration:
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Fig. 2. Results from the biodegradability tests. (a) Granular sludge, and (b) suspended sludge.
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Fig. 3. Operating conditions and performance of the AF and the
EGSB reactor. (a) Applied organic loading rate and COD removal
efficiency, (b) applied oleate organic loading rate, and (c) effluent
VSS.

The performance of the two reactors can be discussed
from different viewpoints. Removal efficiency includes
adsorption, precipitation with divalent cations and ef-

Table 3

1029

fective biodegradation phenomena [4,18]. LCFAs ad-
sorb onto the sludge causing biomass flotation and
washout and partial precipitation of oleic acid by diva-
lent ions, such as calcium or magnesium, lowers their
soluble (available) concentration through the produc-
tion of a calcium and magnesium-oleate precipitate.
Methane yield refers only to the fraction of COD
removed that is effectively methanized. The methane
yield decreased from 280 to 27 1 CH,/kg COD-removed
in the EGSB and from 362 to 91 1CH,/kg COD-re-
moved in the AF (Fig. 4).

The better methanization achieved in the AF than in
the EGSB reactor, indicated that more oleate was re-
tained in the EGSB than in the AF by mechanisms of
adsorption and precipitation. The better performance
of the AF can be related to the lower ratio between the
oleate and divalent cations fed during the trial period.
It is known that the presence of calcium can lead to a
decrease of LCFA inhibitory effect, by lowering their
soluble concentration through the production of a cal-
cium-LCFA precipitate. The ‘free’ oleate concentra-
tion depends on oleate and calcium concentration in
the feed and on the solubility product of the calcium
oleate salt [18]. Since each divalent ion can theoretically
precipitate two oleate molecules, a total precipitation of
the existing oleate would be possible for a molar ratio
under two. Considering that magnesium ion can exhibit
a similar effect, the molar ratio oleate/(Ca®* 4+ Mg?*)
was determined along the trial period and increased
from 1 to 6.8 in the AF, exceeding the stoichiometric
value of 2 only after Day 119. In the EGSB, the value
ranged from 2.1 to 6.9, exceeding the stoichiometric
value of 2 throughout all the trial period.

Adsorption depends on the available surface with the
expectation that suspended sludge was more favourable
for oleate adsorption due to the higher specific surface
area. The adsorption phenomenon of LCFA onto
anaerobic sludge has been described in previous works.
Rinzema found that, beside the accumulation of a
LCFA precipitate in a UASB reactor, biomass aggre-
gates coated with the same precipitate were observed
[9]. Also Hanaki et al. observed that LCFA resulting
from the degradation of a lipidic substrate adhered
onto the biomass in less of 24 h [5]. Hwu studied the
adsorption of LCFA in granular sludge and concluded

Pseudo steady-state operating conditions and performance data of the EGSB reactor, during each operation period ( + 95% confidence interval)

Period  Time (d) HRT (d) Organic loading rate Removal efficiency Biogas CH, Effluent VSS
(£0.01) (g COD/1d) (%) and (%) (gD

1 [0-70] 1.01 39403 96.5+ 0.6 1.51+0.1 69.9+53 0.38+0.07

1I [70-119] 1.01 39403 83.4+4.38 0.33 +0.05 689+4.0 0.85+0.22

111 [119-162] 1.01 6.3+0.7 742 +3.8 0.23 +0.02 69.5+3.9 1.96+0.43

1AY [162-219] 1.01 82+2.7 68.8 +3.4 0.22 +0.02 70.2+33 2.71+0.57
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Table 4

Pseudo steady-state operating conditions and performance data of the AF, during each operation period ( + 95% confidence interval)

Time HRT Organic loading rate Removal efficiency Biogas CH, Effluent VSS
(d) (d) (g COD/1d) () (1d (%) (g

1 [1-6] 3.29 4+ 0.08 0.67 +0.03 924+2.1 *) *) 0.14 4+ 0.04
[6-29] 1.56 +0.02 1.41 +0.05 919422 *) 384+4.1 0.18+0.06
[29-44] 1.01 +0.01 2.18 +0.08 94.8 +0.6 *) 554+8.1 0.194+0.01
[44-80] 0.64 +0.01 3.4440.13 93.94+0.9 1.04 +0.36 60.7+3.8 0.31+0.18
[80-94] 0.64 +0.01 6.00 +0.14 928 +3.1 2.36+0.27 60.5+6.6 032+0.14

11 [94-105] 0.64 +0.01 6.00 +0.14 923+1.1 2.824+0.25 71.1+3.8 0.44+0.08
[105-119] 0.64 +0.01 6.00 +0.14 94.5+0.2 2.324+0.19 648 +2.7 046+0.17
[119-150] 0.64 +0.01 6.00 +0.14 93.34+2.0 1.55+0.14 67.2+25 0.724+0.21

111 [150-205] 0.64 +0.01 6.00 +0.14 81.7+24 1.45+0.16 685+39 15404
[205-233] 0.64 +£0.01 12.474+0.22 80.4+2.6 1.33 +0.09 683+6.7 56+1.1

(*) Not determined.

that, after adsorption, a partial desorption promoted by
biogas release was observed [4]. Alves et al. observed
that, after feeding a reactor with oleate as the sole
carbon source, the biomass, after being washed several
times with anaerobic buffer, still exhibited high meth-
ane production due to the degradation of the adsorbed
substrate [3].

The operation of the EGSB reactor was dominated
by the expected granular sludge disintegration and
flotation, observed before [7,4]. A floating layer was
located in the top of the reactor, but internal and
external circulation allowed in some extent the mainte-
nance of solids inside the reactor. This procedure was
also referred before as a way to enhance LCFA degra-
dation in continuous reactors [4].

At the end of the operation the capacity of methane
production from the adsorbed substrate was assessed in
batch assays. The biomass was washed and centrifuged
twice with anaerobic buffer and incubated in batch
vials without any added substrate (Fig. 5)

These results evidence the higher capacity of the
biomass from the AF to produce methane from the
adsorbed substrate. In the EGSB reactor, both top and
bottom layers did not show any methane production
capacity, at least in the first 200 h. This agrees with the
better performance exhibited in general by the AF,
possibly due to the more gradual process of acclima-
tization to oleic acid with the presence of a co-substrate
for a longer time during the start-up of this reactor, in
comparison with the criteria followed to start-up the
EGSB. The importance of the co-substrate for the
treatment of effluents with a high LCFA content has
already been evidenced [4].

4. Conclusions
An AF and an EGSB reactor were operated with an

oleic acid-based effluent. Start-up strategy of each reac-
tor was based on the different quality of the corre-

sponding inocula. In the EGSB reactor, a granular
sludge was inoculated that exhibited a specific
methanogenic activity with acetate, ethanol and H,/
CO, as substrates, in average 2—7 times higher and a
resistance to oleic acid toxicity ten-fold higher than the
suspended sludge inoculated in the AF.
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Fig. 4. Influence of the oleate organic load on the methane yield in
the AF and EGSB reactors.
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Fig. 5. Specific methane production due to the adsorbed substrate
onto the biomass taken at the end of the operation from the AF and
from the EGSB reactor.
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In the EGSB, oleic acid was fed since the beginning,
the co-substrate was eliminated on Day 70, and in the
AF a co-substrate was fed until Day 150 and oleic acid
was introduced only on Day 94. Although the final
value was similar for both reactor (6.9 moles oleate/
mole(Ca?* 4 Mg?*), higher molar ratios oleate/(Ca?~*
+ Mg?+) were applied in the EGSB in the beginning.
Organic loading rates of 8§ and 12 g COD/1d of oleate
as the sole carbon source were attained in the EGSB
and AF, with removal efficiencies of 70 and 80%,
respectively. At these maximal loads, the average
effluent VSS were 2.7 and 5.6 g/l in the EGSB and AF,
respectively. The methane yield decreased from 280 to
27 1 CH,/kg COD-removed in the EGSB and from 362
to 91 1 CH,/kg COD-removed in the AF. At the end of
the experiment, the sludge taken from the filter was
able to produced methane from the adsorbed substrate
at a rate of 20 ml CH,/g VSS d, whereas in the EGSB
complete inhibition was observed without any methane
production in the first 200 h.

The possibility of using a faster start-up procedure
using a better inoculum was investigated and results
suggest that inoculum quality was not, in this case, a
dominant factor for the operation of reactors with high
LCFA content.
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