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The effect of the influent COD concentration on the performance of anaerobic
fluidized bed reactors treating winery wastewaters from grape-red wine (GRWW) and
guava wine production (GWW) was studied at laboratory scale. Two reactors were used:
one treating GRWW (AFB1) and the other processing GWW (AFB2). The behaviour of
these reactors packed with Chilean zeolite as biomass immobilization support was com-
pared at mesophilic temperature (35 °C). Influent COD varied from � � 1–24 g L–1 and
the HRT was maintained constant at 1 day throughout the experiment. During the experi-
ment, influent and effluent pH, TVFA, COD and methane gas production were deter-
mined. COD removal efficiency increased with the influent COD up to a maximum of
around � � 19 g L–1 for GRWW and up to around 22 g L–1 for GWW due to the increase
of the concentration of phenols. Process performance was slightly better with guava win-
ery wastewater than with grape-red winery wastewater due its lower phenolic content.
During the period of non-inhibition the methane yield was virtually constant.
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Introduction

Wine production generates large volumes of
liquid wastewaters with a high concentration of sol-
uble organic matter.1–5 Winery wastewaters from
red wine production usually have ethanol, as well
as tartaric acid, carbohydrates, organic acids and
polyphenols, while vinasse from tropical fruit
(guava) wine production also contains sulfur com-
pounds and a high content of sugars.6–9 Wine pro-
duction has become an important agricultural in-
dustry in Chile and has a relevant position with
more than 400 wineries for red and white wine pro-
duction. However, wine is also produced from trop-
ical fruits. For the reduction of the pollutant organic
matter present in winery wastewaters, different an-
aerobic processes have been applied.10–14 Among

the different models of digesters commonly used,
anaerobic fluidized bed reactors (AFBRs) have
been successfully applied.10,15–18 The fluidized bed
reactor is a digester configuration which has been
demonstrated in various studies to be feasible for
the treatment of both low and high strength indus-
trial wastewaters.18–20 The use of small, porous,
fluidized media enables the reactor to retain high
biomass concentrations and thereby to operate at
significantly reduced hydraulic retention times
(HRT). Fluidization also overcomes operating prob-
lems, such as bed-clogging and a high pressure
drop which would be encountered if such high sur-
face area media were used in a packed bed reac-
tor.18 A further advantage of using media to retain
the biomass within the reactor is the possible elimi-
nation of the secondary clarifier.

One of the most important parameters to deter-
mine the feasibility of selecting the adequate reac-
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tor for a given waste is the influent concentration.
As is well-known, the anaerobic fluidized reactor
can operate with good efficiencies at high organic
loading rates (OLR), achieving COD removals of
up to 80–85 % at OLR of around 20 g L–1 d–1 COD.20

Natural zeolite has been widely used in environ-
mental technology for filtration, ionic exchange
and the immobilization of microorganisms.18,21–28

Zeolite is composed mainly of two minerals –
clinoptilolite and mordenite.29,30 The feasibility of
the use of natural zeolite as a support media in
AFBR for the treatment of wastewaters generated
in alcohol distilleries from the fermentation of sug-
arcane molasses has recently been demonstrated.18

In addition, natural zeolite, with its favorable char-
acteristics for microorganism adhesion, has been
widely used as an ion exchanger for ammonia re-
moval due to the presence of Na�, Ca2� and Mg2�

cations in its crystalline structure. This property can
also be useful for improving the anaerobic process
performance in the treatment of wastewaters with
high concentrations of nitrogen compounds, such as
cattle and pig wastes, with the aim of preventing
process inhibition.18,28

Although anaerobic digestion of most types of
winery wastewaters is feasible and quite appealing
from an energetic point of view, the presence of in-
hibitory substances such as phenolic compounds se-
verely hinders the anaerobic process.6,9 This slows
down the kinetics, and reduces mean rates of meth-
ane production and yield coefficients, making the
utilization of high HRTs necessary.18

The aim of this work was to evaluate the effect
of the influent COD concentration on the perfor-
mance of anaerobic fluidized bed reactors operating
with GRWW and GWW at mesophilic temperature
(35 °C). These reactors were packed with Chilean
zeolite for the immobilization of the microorgan-
isms responsible for the process.

Materials and methods

Experimental set-up

Two anaerobic fluidized bed reactors consist-
ing of acrylic plastic cylindrical columns with 6 L
of effective volume were used in the experiments.
The immobilization media consisted of natural zeo-
lite from a Chilean depot obtained from Minera
Formas, Chile (ZeoClean®). The chemical composi-
tion of the zeolite used as support is summarized in
Table 1. Other characteristics of the zeolite used
were: framework density (FD), 20.6 of tetra-hedral
(T)-atoms per 100 nm3, 32.03 % porosity and grain
density, 2.12 g cm–3. The average diameter of the
zeolite was in the range of 0.5 mm to 0.8 mm which
is in line with previous results obtained.18 Each lab-

oratory-scale reactor was composed of a fluidiza-
tion section of 6.6 cm in diameter and 74 cm high
and a decantation section consisting of a truncated
cone 14.4 cm in diameter and 20 cm high located at
the top of the cylindrical section. A gas-liquid sepa-
rator was placed at the top of the decantation sec-
tion in order to guarantee the separation of solid,
liquid and gas fractions. The gas produced in the
process was bubbled in a NaOH solution at w � 15 %
to remove the CO2. Later on, the volume of the gas
was measured with a wet type gas meter. The oper-
ating temperature of the reactors (35 ± 1 °C) was
maintained virtually constant by placing them in a
room at controlled temperature. A schematic dia-
gram of the experimental set-up used is given in
Fig. 1.
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F i g . 1 – Schematic diagram of the experimental set-up used

T a b l e 1 – Chemical composition of Chilean natural zeolite

Chemical composition/w/% Phase composition/w/%

SiO2 66.62 clinoptilolite 35

Al2O3 12.17 mordenite 15

Fe2O3 2.08 montmorillolite 30

CaO 3.19 othersb 20

MgO 0.77

Na2O 1.53

K2O 1.20

IWa 11.02

aIgnition wastes, bcalcite, feldespate and quartz



Inoculum used

Each reactor was inoculated with 1.2 L of
methanogenically active biomass from an anaerobic
conventional digester processing winery waste-
water. The inoculum had a concentration of volatile
suspended solids (VSS) of � � 81 g L–1 and a spe-
cific methanogenic activity (SMA) of 0.71 g g–1 d–1

CODCH4
. The SMA was defined as the substrate-de-

pendent methane production rate per unit mass of
volatile solids biomass, i.e. the rate with a saturat-
ing concentration of substrate present when the
background methane production rate had been di-
luted to an insignificant level.17,18

Winery wastewater used

The winery wastewaters used in the experi-
ments were the liquid effluents generated in both
grape-red wine (GRWW) production and the guava
fruit wine production (GWW). The average charac-
teristics of these wastewaters are shown in Table 2.
Reactor AFB1 operated with GRWW while reactor
AFB2 operated with GWW.

Start-up of the reactors and
acclimatization stage

The start-up of the reactors was carried out in
batch mode with 25 % bed expansion. The biomass
of each reactor was initially adapted by batch feed-
ings of diluted wastewater (1 : 30) over a period of
35 d. The changes in volumes fed to the systems
depended on the stabilization of biogas production
and methane concentration. Once the acclimatiza-
tion stage was achieved, the reactors operated in
continuous mode starting at an influent concentra-
tion of � � 1 g L–1 COD. The HRT was fixed at
1 day throughout the experiments, in order to eval-
uate only the effect of the influent COD concentra-
tion on the process performance.

Experimental procedure

When the acclimatization period concluded,
the reactors were operated in continuous mode in-
creasing only the influent concentration at � � 1, 3,
5, 8, 10, 12, 15, 16, 17, 18, 19, 20, 21, 22, 23 and
24 g L–1 COD by reducing the dilution ratio. The
dilution was carried out by adding distilled water to
obtain the desired influent COD. Steady-state con-
ditions were considered to be reached after at least
three times the nominal value of the HRT selected.
The total duration of the experimental set was
138 d. During the experiment the influent pH was
maintained in the range of 6.8–7.2 by adding a so-
dium hydroxide solution at w � 10 % in distilled
water.

Sampling and analytical determinations

Once steady-state conditions were achieved at
each experiment, samples from the effluent of each
reactor were collected and analyzed for at least
three consecutive days. The steady-state value of a
given parameter was taken as the average of these
consecutive measurements for that parameter when
the standard deviation between the observed values
was less than 5 % in all cases. For the processing of
the experimental data the Stat graphics plus 5.0 pro-
gram was used. A previously developed method31

for determining methanogenic activities (SMA) was
applied. Total volatile fatty acids (TVFA) were de-
termined using a gas chromatograph equipped with
a 15 m × 4 mm Nukol-silica capillary column and
a flame ionization detector. The oven temperature
was gradually increased from 100 °C to 150 °C at
a rate of 4 °C min–1. Helium (28.6 kPa), nitrogen
(28.6 kPa), hydrogen (14.3 kPa) and air (28.6 kPa)
were used as the carrier gas at a flow-rate of
50 mL min–1. Chemical oxygen demand, volatile
suspended solids and pH analyses were carried out
according to Standard Methods for the Examination
of Water and Wastewater.32 Phenolic compounds were
determined by using the standard Folin-Ciocalteu
reagent technique.33 The phenolic compounds were
expressed as pyrogallol equivalents.33

Results and discussion

pH and TVFA

Fig. 2 shows the effect of the influent COD con-
centration on the pH and TVFA concentrations of the
effluents of both reactors. As can be observed, for in-
fluent COD in the range of � � 1–18 g L–1, the pH
in the effluents of AFB1 and AFB2 varied between
6.8–7.2, a range that is considered as optimum for
the anaerobic process. However, at influent COD
values higher than � � 18 g L–1, the pH in the efflu-
ent of AFB1 decreased suddenly to values that may
be considered as inhibitory for the process. In the
case of AFB2 effluent, the pH started to decrease to
values lower than the optimum range at influent
COD concentrations higher than � � 22 g L–1. These
results corresponded to the variability observed in
the TVFA concentrations. The concentrations of
TVFA at the effluents of reactors AFB1 and AFB2
were very similar at influent COD in the range of
1–10 g L–1. However, at influent COD higher than
� � 10 g L–1 COD, the TVFA concentration for the
effluent of AFB1 was significantly higher than the
TVFA concentration in the effluent of AFB2. This
showed that inhibition started first in the case of
grape-red winery wastewater. It was found that the
increase in the TVFA concentration at the effluents
was an exponential function of the influent COD
concentration as follows:
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Reactor AFB1: TVFA � 36.2 e (0.14) �
S0

(1)

Reactor AFB2: TVFA � 43.9 e(0.09) �
S0

(2)

where �S0 is the influent COD and TVFA is the con-
centration of total volatile fatty acids at the effluent
expressed as acetic acid (AcH). The determination
coefficients of the exponential functions obtained
were 0.99 and 0.95 for AFB1 and AFB2 respec-
tively. These equations demonstrate that TVFA con-
centration at the effluent increased faster for
grape-red winery wastewater than for guava winery
wastewater due to a higher concentration of inhibi-
tory compounds in the former. For influent COD
concentrations lower than � � 16 g L–1, the concen-
tration of TVFA at the effluents of both reactors can
not be considered as inhibitory for the anaerobic
process. However, for an influent COD value of
16 g L–1 COD, the phenol concentrations were
192 mg L–1 and 112 mg L–1 for the influents of
AFB1 and AFB2, respectively, which may be con-
sidered as inhibitory for AFB1 and non-inhibitory
for AFB2, in line with previous results reported
in the literature.6–9,34,35 In the case of reactor
AFB2 inhibitory phenolic compounds concentra-
tion appeared at an influent COD of 22 g L–1 be-
cause the concentration of phenolic compounds was
154 mg L–1 for this substrate concentration, a phe-

nolic concentration that may be considered toxic for
methanogenic microorganisms.34,36 Therefore, this
different behaviour may be determined by the
higher concentration of phenols presented in
GRWW when compared with GWW as can be seen
in Table 2. The characteristics of both wastewaters
were very similar except for their phenol concentra-
tions, which was 1.85 times higher for GRWW than
for GWW. In this way, the anaerobic digestion pro-
cess of untreated vinasses, with a phenolic com-
pound content of 450 mg L–1 (as gallic acid) was
initially inhibited at an OLR of 7.5 g L–1 d–1 COD
showing a considerably decrease in methane pro-
duction when HRT decreased from 12.3 to 10.6 d.9

On the contrary, this same study revealed that the
anaerobic digestion of these same vinasses previ-
ously fermented with Penicillium decumbens (and a
phenolic content of � � 145 mg L–1, as gallic acid)
did not show inhibition phenomena when the reac-
tor operated at the same OLR (7.5 g L–1 d–1 COD)
and a lower HRT (3.1 d).9 These results are also in
line with data reported in the literature, which dem-
onstrates that other complex substrates such as ol-
ive mill wastewaters and olive mill solid wastes
with higher phenolic compound concentrations
(14.9 g L–1, as caffeic acid) are much more difficult
to degrade anaerobically than similar diluted or fer-
mented substrates with lower phenolic content
(� � 60 mg L–1, as caffeic acid).34,36

The effect of influent COD on the rate of
TVFA removal is illustrated in Fig. 3. As can be
seen, the rate of removal increased proportionally
with the influent COD for AFB1 to an influent
COD of � � 16 g L–1. A further increase in the in-
fluent COD caused a progressive diminution of the
removal rate coinciding with a progressive increase
in the TVFA concentration and the decrease in the
pH. In the case of AFB2, the removal rate increased
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F i g . 2 – Effect of the influent COD concentration (�S0 ) on
the effluent pH and TVFA (as acetic acid) for
AFB1 and AFB2

T a b l e 2 – Characteristics of the winery wastewaters used
in the experiments (mean values ± standard de-
viations)

Parameters
Grape-red winery

effluent
Guava winery

effluent

COD/mg L–1 36100 ± 1200 33300 ± 1890

total nitrogen/mg L–1 450 ± 25 515 ± 31

total phosphorus/mg L–1 250 ± 11 287 ± 14

sulfides/mg L–1 148 ± 10 184 ± 12

total volatile fatty acids
(TVFA)/g L–1 7800 ± 189 6900 ± 160

total polyphenols/mg L–1 433 ± 45 233 ± 26

pH 4.1 ± 0.2 4.2 ± 0.3



proportionally with the increase of the influent
COD to a value of � � 20 g L–1, while at influent
COD higher than 20 g L–1, the increase in the re-
moval rate slowed down. At the same time, the
TVFA removal rate values decreased significantly
causing an increase in the TVFA concentration and
a decrease of the pH to values for which process
failure may occur.

Effluent COD

Fig. 4 shows the effect of influent COD concen-
tration on the effluent COD for AFB1 and AFB2.
Effluent COD of AFB1 and AFB2 were very similar
when influent COD ranged from 1 to 12 g L–1. At in-
fluent COD higher than 15 g L–1, the COD of the
AFB1 effluent started to be significantly higher
when compared with the COD values of the
effluents of AFB2. A drastic increase in the effluent
COD of AFB1 was found when the influent COD
increased to 19 g L–1, showing that the process per-
formance was affected. In the case of AFB2, a sud-
den increase in the effluent COD occurred at an in-
fluent COD of 22 g L–1, but to values always lower
than those obtained in AFB1 effluents. These results
corroborate that inhibition of anaerobic processes oc-
curs during the experiment due to the decrease in pH
values and the increase in TVFA concentration as a
consequence of the presence of inhibitory substances
such as polyphenols in the substrate.

Fig. 5 shows the effect of influent COD con-
centration on the COD removal efficiency (�/%)
and the rate of COD removal (r) for AFB1 and
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F i g . 3 – Effect of the influent COD concentration (�S0 ) on
the rate of TVFA removal in AFB1 and AFB2

F i g . 4 – Effect of the influent COD concentration (�S0 ) on
the effluent COD (�Se) for AFB1 and AFB2

F i g . 5 – Effect of the influent COD concentration (�S0 ) on
the COD removal efficiency (�/%) and COD re-
moval rate (r) for AFB1 and AFB2



AFB2. As can be seen, the COD removal efficiency
was higher with the increase in the influent COD to
as much as � � 19 g L–1 for AFB1, for which val-
ues of around 80 % were achieved. These values
began to decrease at higher COD values. In the case
of AFB2, the removal efficiency increased up to an
influent COD of 20 g L–1, achieving values higher
than 85 %. In addition, the COD removal efficien-
cies were very similar in both reactors up to an in-
fluent COD of 12 g L–1. At influent COD higher
than � � 12 g L–1, the differences were significantly
higher, AFB2 showing the better performance.
These results may also be associated with the fact
that the mass transfer of organic matter to the
biofilm is governed by the gradient of concentration
between the bulk liquid and the biofilm surface37,38

according to the following equation:

J � kd (�S – �SB) (3)

where J is the flux of substrate (g dm–2 d–1), kd is the
mass transfer coefficient (dm d–1), �S is the concen-
tration of substrate in the bulk liquid (g L–1 COD)
and �SB (g L–1 COD) is the substrate concentration at
the biofilm surface.38

A previous laboratory-scale investigation con-
ducted to assess the effectiveness of a single-fed
flow anaerobic filter reactor for methane production
from rice winery effluents at ambient temperatures
(19–27 °C), revealed that at a fixed HRT of 24 h,
the COD removal efficiency also declined from
� � 85 % to 73 % when the influent COD concen-
tration increased from � � 8.3 to 25.7 g L–1.4

It was also found that the COD removal rate (r)
was proportional to the influent COD up to a value
of 19 g L–1 for AFB1 and to an influent COD of
22 g L–1 for AFB2 (Fig. 5). The determination coef-
ficients (r2) for the above-mentioned influent COD
ranges were 0.98 and 0.99 for AFB1 and AFB2 re-
spectively. Under these conditions, the numerical
values of the COD removal rate were very similar
for both reactors. However, at higher values of in-
fluent COD, the removal rate decreased faster in re-
actor AFB1 than in reactor AFB2, increasing the
differences in the values of the COD removal rate
with increasing influent COD concentrations.
Another study on anaerobic digestion of winery
effluents derived from two different wine making
processes carried out in a laboratory-scale upflow
filter was also previously reported.39 This study re-
vealed that white winery effluents were more easily
degradable (average COD removal � � 92 %) than
red winery effluents (average COD removal
� � 85 %). With both wastewaters, the reactor
promptly reacted to organic loading rate stress
(when tripling from 4 – 12 g L–1 d–1 COD.39

According to the results obtained, the influence
of the influent COD on the COD removal rate may
be expressed by the following equation:

r � K �S0 (4)

where r is the rate of COD removal (g L–1 d–1 COD)
and K is a coefficient (d–1). The values of k were
calculated for each reactor at a range of in-
fluent COD when non-inhibition was appreciated
(1–19 g L–1 for AFB1 and 1–22 g L–1 for AFB2).
These values were 0.78 d–1 and 0.83 d–1 for AFB1
and AFB2 respectively, with variance coefficients
of 1 % in both cases (probability level of 95 %,
P � 0.05). As can be seen, although the differences
in K values were not considerable, the value ob-
tained for AFB2 was slightly higher than that
achieved in AFB1. These results demonstrate that
the biodegradability of guava winery effluent was
slightly higher than red-grape winery effluent prob-
ably due to the lower concentration of inhibitory
compounds in the former effluent. Therefore, the
results obtained demonstrated that guava winery
wastewater was less inhibitory than grape-red win-
ery wastewater. This same behaviour was observed
when the anaerobic biodegradability of white win-
ery effluents and red winery wastewaters were com-
pared, the former with a phenolic content lower
(350 mg L–1) than the latter (540 mg L–1).39

Other empirical models have been established
in the anaerobic digestion of winery wastewater
using laboratory-scale filters.4 For this type of
digester, the proposed models correlated the efflu-
ent (�Se) and influent substrate concentrations (�S0)
through equations of the type:

�Se � k �S0
a �b (5)

These models were found to be adequate for
reproducing the experimental results. Given that the
HRT used in the present work was constant (1 d),
the above equation could be transformed into an ex-
pression relatively similar to eq. (4).

Methane production

Fig. 6 shows the effect of the influent COD
concentration on the methane yield (YM) which ex-
presses the volume of methane produced per g
COD added to the reactor. As can be seen, the
methane yield ranged from 0.20 to 0.24 L CH4 per g
COD added and from 0.25–0.28 L CH4 per g COD
added for AFB1 and AFB2 respectively, at influent
COD in the range of � � 1–19 g L–1, with slightly
higher values for AFB2. However, when the influ-
ent COD increased at � � 20 g L–1, the methane
yield decreased to 0.16 L CH4 per g COD added for
AFB1, while it increased to 0.27 L CH4 per g COD
added for AFB2. At influent COD higher than
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� � 20 g L–1, the methane yield continued decreas-
ing in AFB1 and decreased sharply in AFB2, but
reactor AFB2 always showed higher values when
compared to AFB1. These results were in line with
those obtained for the other parameters evaluated
and showed the fact that the anaerobic digestion
process of grape-red winery wastewater was more
inhibited than the anaerobic treatment of guava
winery wastewater due to the higher concentration
of phenolic substances in the former. By the same
token, the methane yield coefficient obtained in
the anaerobic digestion process of vinasses previ-
ously treated with Penicillium decumbens with a
phenolic content of � � 145 mg L–1 (as gallic acid)
was 81 % higher than that obtained in the anaerobic
treatment of untreated vinasses whose phenolic
content was � � 450 mg L–1 when both reactors
operated at an organic loading rate of 7.5 g L–1 d–1

COD.9

In addition, the methane yield values obtained
in the present work were similar to those ob-
tained for other authors4,40 where values of around
0.30 L CH4 per g COD added operating at higher
values of HRT and very similar values of influent
COD were achieved. Moreover, methane yield co-
efficient values lower (0.147 L CH4 per g COD
added) than those obtained in the present work
were achieved in the anaerobic digestion process of
winery effluents carried out in laboratory-scale
CSTR reactors operating at mesophilic temperature
(35 °C) and a HRT of � � 20 d.41

Conclusions

The feasibility of using Chilean natural zeolite
as microbial immobilization support in fluidized
bed anaerobic reactors treating winery wastewaters
from grape-red and tropical fruit (guava) wine
production was again demonstrated. It was found
that at influent COD concentrations higher than
� � 15 g L–1 COD, process failure occurred. In the
anaerobic digestion process of grape-red wine pro-
duction wastewater (GRWW) inhibition phenom-
ena appeared to lower initial influent COD concen-
trations compared to the anaerobic digestion pro-
cess of guava wine wastewater (GWW), probably
due to the higher concentration of phenolic com-
pounds in the former. It was found that the effi-
ciency of COD removal increased with the influent
COD up to a maximum of around 19 g L–1 COD
for grape-red wine wastewater and up to around
22 g L–1 COD for guava wine wastewater probably
due to the increase of the phenolic concentration
when processing the first substrate (GRWW). Dur-
ing the period of non-inhibition the COD removal
rate was proportional to the influent COD.

Methane yield was slightly higher with guava
wine wastewater than with grape-red wine waste-
water. During the period of non-inhibition the
methane yield was practically constant and inde-
pendent of the influent COD concentration.
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L i s t o f s y m b o l s

FD � framework density, number of tetra-hedral (T)
atoms per 100 nm3

J � flux of substrate, g dm–2 d–1

kd � mass transfer coefficient, dm d–1

K � kinetic constant in eq. (4), d–1

k � constant in eq. (5), d–1

P � probability level

r � COD removal rate (g L–1 d–1 COD) or TVFA re-
moval rate (g L–1 d–1 acetic acid)

w � mass fraction, %

YM � methane yield, L CH4 per g COD added

� � mass concentration, mg L–1, g L–1.

�S � mass concentration of substrate in the bulk liq-
uid, g L–1 COD
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F i g . 6 – Effect of the influent COD concentration (�S0 ) on
the methane yield (YM) for AFB1 and AFB2



�SB
� mass concentration of substrate in the biofilm,
g L–1 COD

�S0
� influent substrate mass concentration, g L–1 COD

�Se � effluent substrate mass concentration, g L–1 COD

� � COD removal efficiency, %

� � hydraulic retention time, h

A b b r e v i a t i o n s

AFB � anaerobic fluidised bed

AFBR � anaerobic fluidised bed reactor

COD � chemical oxygen demand

GRWW� grape red wine production wastewater

GWW � guava wine production wastewater

HRT � hydraulic retention time

OLR � organic loading rate

SMA � specific methanogenic activity

TVFA � total volatile fatty acids

VSS � volatile suspended solids

R e f e r e n c e s

1. Buffière, P., Bergeon, J. P., Molleta, R., Water Res. 34
(2000) 633.

2. Keyser, M., Witthuhn, R. C., Ronquest, L. C., Britz, T.,
Biotechnol. Lett. 25 (2003) 1893.

3. Vlyssides, A. G., Barampouti, E. M., Mai, S., Water Sci.
Technol. 51 (2005) 53.

4. Yu, H. Q., Zhao, Q. B., Tang, Y., Process Biochem. 41
(2006) 2477.

5. Pant, D., Adholeya, A., Bioresour. Technol. 98 (2007) 2321.

6. Borja, R., Martín, A., Maestro, R., Luque, M., Durán, M.
M., Bioresour. Technol. 45 (1993) 99.

7. Batstone, D. J., Torrijos, M. J., Ruiz, C., Schmidt, J. E.,
Water Sci. Technol. 50 (2004) 295.

8. Balasundram, N., Sundram, K., Sammam, M., Food Chem.
99 (2006) 191.

9. Jiménez, A. M., Borja, R., Martín, A., Raposo, F., J. Envi-
ron. Manage. 80 (2006) 303.

10. García-Calderon, D., Buffiere, P., Moletta, R., Elmaleh, S.,
Water Res. 32 (1998) 593.

11. Sharma, J., Singh, J., Bioresour. Technol. 79 (2001) 203.

12. Wolmarans, B., de Villiers, G. H., Water SA. 28 (2002) 63.

13. Moletta, R., Water Sci. Technol. 51 (2005) 137.

14. Pant, D., Adholeya, A., Bioresour. Technol. 98 (2007) 2321.

15. Pérez, M., Romero, L. I., Sales, D., Water Res. 32 (1998)
559.

16. Pérez, M., Romero, L. I., Sales, D., Chemosphere 38
(1999) 3443.

17. Fernández-Polanco, F., Fernández–Polanco, M.,
Fernández, M., García, P. A., Villaverde, S., Water Res. 35
(2001) 1111.

18. Fernández, N., Montalvo, S., Borja, R., Guerrero, L.,
Sánchez, E., Cortés, I., Colmenarejo, M. F., Travieso, L.,
Raposo, F., Renew. Energy 33 (2008) 2458.

19. Fang, H. H. P., Chui, H. K., Resour. Conserv. Recy. 11
(1994) 123.

20. García-Encina, P. A., Hidalgo, M. D., Process Biochem.
40 (2005) 2509.

21. Sánchez, E., Roque, R., Biotechnol Lett. 9 (1987) 9.

22. Borja, R., Sánchez, E., Weiland, P., Travieso, L., Martín,
A., Biomass Bioenergy 5 (1993) 395.

23. Borja, R., Sánchez, E., Weiland, P., Travieso, L., Martín,
A., Biochem. Eng. J. 54 (1994) B19.

24. Sánchez, E., Borja, R., Milán, Z., Weiland, P., Rodríguez,
X., Resour. Conserv. Recycl. 11 (1995) 235.

25. Milán, Z., Sánchez, E., Weiland, P., Pozas, C., Borja, R.,
Mayarí, R., Rovirosa, N., Chem. Eng. J. 66 (1997) 65.

26. Milán, Z., Sánchez, E., Borja, R., Ilangovan, K., Pellón,
A., Rovirosa, N., Weiland, P., Escobedo, R., J. Environ.
Sci. Health B 34 (2) (1999) 305.

27. Milán, Z., Sánchez, E., Borja, R., Weiland, P., Cruz, M.,
Biotechnol. Lett. 23 (2001) 559.

28. Montalvo, S., Guerrero, L., Borja, R., Travieso, L.,
Sánchez, E., Díaz, F., Resour. Conserv. Recycl. 47 (2006)
26.

29. Ouki, S. K., Kavannagh, M., Water Sci. Technol. 39 (1999)
115.

30. Englert, A. H., Rubio, J., Int. J. Miner. Proc. 75 (2005) 21.

31. Soto, M., Méndez, R., Lema, J. M., Water Res. 27 (1993)
1361.

32. APHA, WCPF, AWWA, Standard Methods for the Exami-
nation of Water and Waste Water 20th Ed., American Pub-
lic Health Association (APHA), Washington, DC, USA,
1998.

33. Shahidi, F., Naczk, M., Methods of analysis and quantifi-
cation of phenolic compounds. In Food Phenolics. Techno-
mic Publishing Co. Inc., Lancaster, 1995, pp 281–319.

34. Raposo, F., Borja, R., Sánchez, E., Martín, M. A., Martín,
A., Process Biochem. 39 (2003) 425.

35. Chen, Y., Cheng, J. J., Creamer, K. S., Bioresour. Technol.
99 (2008) 4044.

36. Rincón, B., Travieso, L., Sánchez, E., Martín, M. A.,
Martín, A., Raposo, F., Borja, R., J. Chem. Technol. Bio-
technol. 82 (2007) 259.

37. Heijnen, J. J., Mulder, A., Enger, W., Hoeks, F., Chem.
Eng. J. 41 (1989) B37.

38. Diez, V., García, P. A., Fernández-Polanco, F., Process
Biochem. 34 (1999) 213.

39. Daffonchio, D., Colombo, M., Origgi, G., Sorlini, C.,
Andreoni, V., J. Environ. Sci. Health A 33 (8) (1998) 1753.

40. Lalov, I. G., Kristeva, M. A., Phelouzat, J. L., Bioresour.
Technol. 79 (2001) 83.

41. Fountoulakis, M. S., Drakopoulou, S., Terzakis, S., Georga-
ki, E., Manios, T., Biomass Bioenergy 32 (2008) 155.

226 S. MONTALVO et al., Effect of the Influent COD Concentration on the Anaerobic …, Chem. Biochem. Eng. Q. 24 (2) 219–226 (2010)


