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Abstract Currently, there is an increasing demand for the production of biodiesel and,
consequently, there will be an increasing need to treat wastewaters resulting from the
production process of this biofuel. The main objective of this work was, therefore, to
investigate the effect of applied volumetric organic load (AVOL) on the efficiency, stability,
and methane production of an anaerobic sequencing batch biofilm reactor applied to the
treatment of effluent from biodiesel production. As inert support, polyurethane foam cubes
were used in the reactor and mixing was accomplished by recirculating the liquid phase.
Increase in AVOL resulted in a drop in organic matter removal efficiency and increase in
total volatile acids in the effluent. AVOLs of 1.5, 3.0, 4.5 and 6.0 gCOD L−1 day−1 resulted
in removal efficiencies of 92%, 81%, 67%, and 50%, for effluent filtered samples, and
91%, 80%, 63%, and 47%, for non-filtered samples, respectively, whereas total volatile
acids concentrations in the effluent amounted to 42, 145, 386 and 729 mg HAc L−1,
respectively. Moreover, on increasing AVOL from 1.5 to 4.5 gCOD L−1 day−1 methane
production increased from 29.5 to 55.5 NmL CH4g COD−1. However, this production
dropped to 36.0 NmL CH4g COD−1 when AVOL was increased to 6.0 gCOD L−1 day−1,
likely due to the higher concentration of volatile acids in the reactor. Despite the higher
concentration of volatile acids at the highest AVOL, alkalinity supplementation to the
influent, in the form of sodium bicarbonate, at a ratio of 0.5–1.3 gNaHCO3g CODfed

−1, was
sufficient to maintain the pH near neutral and guarantee process stability during reactor
operation.
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Introduction

The anaerobic sequencing batch biofilm reactor (AnSBBR), i.e., containing immobilized
biomass, is an important option of the anaerobic treatment of wastewaters. Utilization
of inert supports allows improved biomass retention, elimination of the sedimentation
step, and reduces total cycle length. However, the occurrence of dead zones, short
circuits, and mass transfer resistance due to organic overload are some of the problems
that affect treatment performance. Investigations on the application of this bioreactor
configuration to the treatment of different effluents contribute to improved understand-
ing of the process. According to Zaiat et al. [41], investigations on anaerobic sequencing
batch reactor (ASBR) and AnSBBR configurations should include the influence of
fundamental and technological aspects that usually affect reactor efficiency and stability.
Fundamental aspects include: mixing gradient, ratio between substrate and biomass
concentration (F/M), geometric configuration of the reactor and feed strategy. Techno-
logical aspects include: application to domestic and industrial wastewaters with different
characteristics in terms of composition.

Several studies on the influence of different process variables have been encountered in
the literature with main objective the qualitative and quantitative knowledge of the relation
of these variables to efficiency and stability and, consequently, system optimization.
Investigation on the effect of agitation, which is related to mass transfer resistance of the
liquid phase to the biomass, has been dealt with in some works, accomplished either by
recirculation of the liquid phase [6, 7, 25] or by mechanical stirring [1, 12, 17, 27, 28]. Fill
time or feed strategy is another important variable that has been investigated and which
may affect process performance by the availability of the substrate in the wastewater, by
inhibition or toxicity of effluents containing high organic load or lacking nutrients and/or
alkalinity [2, 4, 23].

The aforementioned works emphasize the importance of fundamental studies on the
behavior of ASBRs and AnSBBRs provided with mechanical stirring or recirculation of the
liquid phase. Another line of investigation deals with technological studies on these
bioreactors of which the main objective is the analysis of process efficiency and stability
when increasing organic loads applied to different wastewaters such as synthetic
wastewater [8–10, 18], piggery wastewater [1, 19], cheese whey [3, 11], landfill leachate
[16], effluent from automobile industry [21], effluents from food and beverage plants [5,
37], effluents from personal care industry [22] and effluents from chemical industries [30,
32, 33].

Currently, a potential need to treat wastewaters resulting from the production
processes of biofuels has been observed in the literature. The anaerobic biological
treatments should be considered, especially because in addition to removing organic
matter they produce methane from the generated biogas, rendering the biofuel
production process economically more advantageous [39]. Some works have appeared
in the literature related to the anaerobic treatment of effluent from the production process
of biodiesel [14, 20, 29, 35, 38].

Within this context, the main objective of this work was to investigate the effect of
AVOL, by varying the organic matter concentration in the influent of the reactor, on the
efficiency and stability of an anaerobic sequencing batch biofilm reactor containing
polyurethane foam cubes and mixed by recirculating the liquid phase, applied to the
treatment of effluent from biodiesel production, aiming at organic matter removal as well as
methane production.
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Materials and Methods

Experimental Set-up

The reactor, shown in Fig. 1, consisted of an acrylic cylindrical column with total capacity
of 3.7 L, height of 540 mm, external diameter of 100 mm and wall thickness of 3.5 mm and
was provided with an automatic unit for feeding, discharge and recirculation of the liquid
phase. The recirculation unit comprised of: (1) a side reservoir with total capacity of 2.0 L,
consisting of a cylindrical acrylic container with height of 300 mm, external diameter of
100 mm and wall thickness of 3.5 mm; and (2) a peristaltic pump with maximum capacity
of 30 Lh−1. A 100-mL measuring cylinder was attached to the recirculation system for flow
rate measurements. Feeding and discharge were performed using diaphragm pumps
equipped with automatic timers. The chamber in which the reactor remained was kept at

Fig. 1 Schematic representation of the system used for treating biodiesel production effluent (1 reactor
containing immobilized biomass, 2 circulation reservoir, 3 circulation pump, 4 flow rate meter, 5 valve, 6
feed pumps, 7 wastewater reservoir, 8 discharge valve, 9 discharge pump, 10 effluent outlet, 11 biogas outlet,
12 control unit; straight lines represent hydraulic lines, dashed lines represent power lines)
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30±1°C by a heating system composed of resistances and fans, as well as a temperature
sensor and controller.

The inert support containing the immobilized biomass was placed between perforated
stainless steel plates, which divided the 540-mm high reactor in five equal parts (108 mm)
to avoid bed compacting. A 20-mm compartment at the bottom of the reactor (0.13 L—
external diameter of 100 mm and wall thickness of 3.5 mm) allowed enhanced distribution
of the wastewater, preventing formation of preferential routes. At the upper part of the
reactor, a 40-mm region (0.27 L—external diameter of 100 mm and wall thickness of
3.5 mm) functioned as a biogas collector (CH4 and CO2).

Inoculum and Inert Support

The inoculum used in all experiments came from an up-flow anaerobic sludge blanket
reactor treating wastewater from a poultry slaughterhouse. Immobilization procedure, after
Zaiat et al. [40], consisted of crushing the sludge through a 0.5-mm mesh nylon sieve,
completely immersing the foam with the obtained suspension followed by intense
homogenization and 2-h rest. Poorly adhered solids were washed off and the medium
drained. This inoculum presented total volatile solids and total solids concentration of 51
and 62 gL−1, respectively.

The inert support used consisted of 1-cm polyurethane foam cubes with apparent density of
23 kgm−3 and porosity of 95%. One of the main advantages of using polyurethane foam is that its
high porosity allows immobilization of a significant amount of biomass that does not become
detached during the charge, discharge, and reaction steps while the liquid phase is recirculated [36].

Wastewater

The wastewater used was prepared by diluting effluent from the biodiesel production process
considering only the production stage. That is, the effluent was obtained by separating the
formed biodiesel from the byproducts in the reaction stage and consisted primarily of glycerin
as well as non-reacted soy oil and methanol. Biodiesel was produced on laboratory scale from
soy oil and methanol. In a simplified manner, biodiesel is produced from the transesterification
of fats, according to the following scheme.

ð1Þ

In soybean oil radicals R1, R2, and R3 have an average molecular weight of 880 gmol−1

[15]. Methanol, biodiesel (ester), and glycerol (glycerin) have molecular weights of 32, 884,
and 92 gmol−1 respectively. Densities of soybean oil and methanol at the conditions of this
work (20–60°C and 0.9–1.0 atm) were assumed to be 0.92 and 0.79 kg L−1, respectively [24].
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The stoichiometric ratio required for 100% conversion of the reagents is 1:3 between the
fat (soybean oil) and the alcohol (methanol). However, to shift the chemical equilibrium
towards biodiesel formation, a 1 to 5 ratio was used. Assuming complete conversion of
available soybean oil for the reaction and considering the amount produced biodiesel as
basis for calculation, the ratio of byproducts was 10.4% (92÷884) in relation to generated
glycerin and 7.2% (2×32/884) in relation to unreacted methanol, i.e., approximately 18% of
byproducts are generated in relation to the mass of produced biodiesel. Within this context,
these byproducts made up the major part of the wastewater used, which was prepared by
dissolving the formed glycerin in tap water.

The theoretical COD of the glycerin (C3H8O3—92 gmol−1) is approximately 1.2 g
COD gglycerin−1 (C3H8O3+7/2O2→3CO2+4H2O), but the experimental ratio measured
was approximately 0.6–0.8 g glycerin which corresponded to 1 g COD. The difference
occurred due to non-reacted fat in the reaction performed in laboratory scale to produce the
residual used in the assays.

Analytical Methods and Microbiological Exams

The operating variables monitored according to Standard Methods for Examination of
Water and Wastewater [34] were as follows: organic matter concentration (measured as
COD) for non-filtered (CST) and filtered samples (CSF), bicarbonate alkalinity (BA), total
volatile acids concentration (CTVA), total solids concentration (CTS), total volatile solids
concentration (CTVS), total suspended solids concentration (CTSS), and volatile suspended
solids concentration (CVSS), considering also the method proposed by Dilallo and Albertson
[13], which was modified by Ripley et al. [26] to determine alkalinity.

The intermediate volatile acids concentrations (CIVA) were analyzed using a Hewlett
Packard® 6890 gas chromatograph equipped with a flame ionization detector and Hewlett
Packard® Innowax column of 30 m×0.25 mm×0.25 μm. Hydrogen was used as drag gas at
a flow rate of 2.0 mL min−1. Injector temperature was 250°C, split ratio 20 and injection
volume was 1.0 μL. The oven was set at 100°C for 3 min with a heating ramp of 5°C min−1

up to 180°C and held there for 5 min. A post run followed of 200°C for 3 min. Detector
temperature was 300°C. Synthetic air, hydrogen, and nitrogen make-up flow rate were 300,
30, and 35 mL min−1, respectively.

Samples of biogas generated by anaerobic degradation were collected in two ways
(both at a 40-mm region in the upper part of the reactor which functioned as a biogas
collector):

(a) Biogas concentration (concentration of methane and carbonic gas in the biogas—CCH4

and CCO2) was measured using a syringe (chromatography syringe type for gas
analysis) and a Hewlett Packard® 6890 gas chromatograph equipped with a thermal
conductivity detector, in which the sample volume was 1 mL, the drag gas was
hydrogen at a flow rate of 50 mL min−1, the column, injector, and detector
temperatures were 35, 60, and 160°C, respectively;

(b) Biogas production (volumetric methane production—VCH4) was measured using a
flexible silicone tube connected to a closed Erlenmeyer containing NaOH (50 gL−1 to
promote CO2 absorption) and recording the displacement of a graduated tube
connected to the Erlenmeyer. To avoid large displacements, the system was purged
after each sampling. The accumulated volume of biogas produced was corrected to
“STP” (273 K and 1 atm).
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At the end of each operation condition, bioparticle samples were withdrawn from the
reactor for two purposes:

(a) For microbiological exams, which were carried out by means of common optical and
fluorescence phase contrast microscopy, using a BX41 Olympus® microscope;

(b) For analysis of solids relative to the immobilized biomass in the reactor, i.e., analysis
of concentrations of total solids (STS) and total volatile solids (STVS) in the reactor,
enabling in this way to estimate the biomass concentration in the reactor as STVS as
follows: polyurethane foam (five cubes) was collected from the reactor, washed with
distilled water and wash water collected in porcelain capsules after which it was
possible to calculate values of total solids and total volatile solids (according to [34])
per gram of foam contained in the reactor (the washed foam cubes were then dried at
105°C for 24 h to determine the dry weight), obtaining the amount and concentration
of biomass in the reactor.

Operating Variables

For each operating condition studied, the AVOL was calculated for non-filtered influent
samples and the removed volumetric organic load (RVOL) was calculated for filtered and
non-filtered effluent samples. AVOL and RVOL can be defined as the amount of organic
matter applied and removed, respectively, by the reactor per time unit and per reactor
medium volume, for example, g COD L−1 day−1. For batch reactors applied AVOL,
removed volumetric organic load for filtered (RVOLSF) and non-filtered (RVOLST) effluent
samples was calculated using Eqs. 2, 3, and 4 respectively, where CSINF is the organic
matter concentration in the influent, CSF is the filtered organic matter concentration in the
effluent, CST is the non-filtered organic matter concentration in the effluent, VA is the
volume of wastewater fed per cycle, V is the reaction medium volume of the system, and n
the number of cycles per day.

AVOL ¼ CSINF � n � VA

V
ð2Þ

RVOLSF ¼ CSINF � CSFð Þ � n � VA

V
ð3Þ

RVOLST ¼ CSINF � CSTð Þ � n � VA

V
ð4Þ

The applied (ASOL) and removed (RSOL) specific organic load may be defined as the
amount of organic matter applied and removed, respectively, by the reactor per time unit
and amount of biomass in the reactor (mg COD gTVS day−1). For batch reactors, the
applied and removed specific organic load for filtered (RSOLSF) and non-filtered (RSOLST)
effluent samples were calculated using Eqs. 5, 6, and 7, respectively, where MTVS is the
total volatile solids mass relative to the immobilized biomass in the reactor that estimates
the biomass concentration in the reactor.
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ASOL ¼ CSINF � n � VA

MTVS
ð5Þ

RSOLSF ¼ CSINF � CSFð Þ � n � VA

MTVS
ð6Þ

RSOLST ¼ CSINF � CSTð Þ � n � VA

MTVS
ð7Þ

The relation between volumetric production of methane and the mass of removed
organic matter (i.e., consumed organic matter) per cycle was also calculated at each
operation condition for filtered effluent samples (N mL CH4g COD−1) at standard
temperature and pressure (STP: 0°C and 1 atm), according to Eq. 8:

YCH4
CDO

¼ VCH4

CSINF � CSFð Þ � VA
ð8Þ

Kinetic Model and Mathematical Fit

The kinetic model used in this work was developed by Rodrigues et al. [27] based on the
model of Bagley and Brodkorb [2]. The latter is an adaptation of another model considered
by the International Water Association and applied to treatment systems with activated
sludge. In the adopted kinetic model, developed for the anaerobic sequencing batch biofilm
reactor, the anaerobic process of organic matter degradation was simplified in two
consecutive steps. In the first one the substrate (S) is converted to total volatile acids (TVA),
and in the second these same acids are transformed into methane (M). In the two stages, the
conversion reactions were considered as being first-order. The model also admits the
existence of a residual substrate concentration and total volatile acids in which the
respective reaction rates were zero. Equations 9 to 12 present the organic matter
degradation route and the reaction rate equations of substrate (rS) consumption, formation
and consumption of total volatile acids (rTVA), and methane formation (rM) respectively.

a � S!k1 b � TVA!k2 c �M ð9Þ

rS ¼ k1�S � CS � CSRð Þ ð10Þ

rTVA ¼ k1�TVA � CS � CSRð Þ � k2�TVA � CTVA � CTVARð Þ ð11Þ

rM ¼ k2�M � CTVA � CTVARð Þ ð12Þ
In Eq. 9, letters a, b, and c stand for stoichiometric coefficients, and k1 and k2 stand for

the apparent kinetic parameters of the adopted model. In Eqs. 10, 11, and 12 k1S, k1TVA,
k2TVA, and k2M are the same apparent kinetic parameters associated with the substrate
consumption, total volatile acids formation and consumption, and methane formation
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respectively. CS and CTVA are the substrate concentration and total volatile acids
concentration, and CSR and CTVAR the residual values of these matters where the reaction
rate is zero.

The kinetic parameter “k” is related to the reaction rate, indicating a relation to the time
necessary for the concentration (S, TVA, or M) to reach a residual value in accordance with
the hypothesis of the kinetic model.

Subscripts “1 or 2” are related to the reaction (1: COD → TVA/2: TVA → M).
Subscripts “S, TVA or M” are related to the experimental values used to calculate the

parameters (k1S: calculated from the values S/k1TVA and k2TVA: calculated from the values
TVA/k2M: calculated from the values M).

Equations 13 to 15 present the mass balance of the reactor in batch mode concerning the
kinetic model (substrate, total volatile acids and methane), where CS, CTVA, and CM

correspond to the concentrations of substrate, total volatile acids and methane in the liquid
phase, respectively, and CS0 and CTVA0 the respective feed values and V the reaction
volume. These equations were used to determine the kinetic parameters k1S, k1TVA, k2TVA,
k2M, CSR, and CTVAR of the model. To deal with the differential equations, the Euler
numerical integration method (Excel® software) was used. These parameters were
calculated using as objective function in the optimization procedure (function Solver of
the Excel® software) the minimum square error between experimental and model data.

dCS

dt
¼ �rS ð13Þ

dCTVA

dt
¼ þrTVA ð14Þ

dCM

dt
¼ þrM ð15Þ

It should be mentioned that the methane concentration in the liquid (CM—mmol CH4

L−1) was not measured but calculated through the molar methane production (mmol CH4),
calculated by the volumetric methane production (mL CH4) and the liquid medium in the
reactor (L). Thus, CM is a ratio between molar methane production and liquid medium in
the reactor, which is done to turn this into an intensive variable, i.e., proportional to the
volume treated per cycle.

Experimental Protocol

The study regarding the influence of applied volumetric organic load on reactor stability
and efficiency was carried out by increasing the organic matter concentration in the
influent. Four influent concentrations have been studied: 1.0, 2.0, 3.0, and 4.0 gCOD L−1,
which corresponded to AVOLs of 1.5, 3.0, 4.5, and 6.0 gCOD L−1 day−1, respectively. The
reactor was operated at approximately 30±1°C in 8-h cycles, i.e., three cycles a day. The
total volume (V) of reaction medium in the system was 3.0 L: 1.5 L in the reactor and 1.5 L
in the side reservoir. At the beginning of an operation cycle, the side reservoir was fed with
a volume (VA) of 1.5 L within 10 min. Next, recirculation of the medium was started at a
velocity of 0.19 cm s−1 for 460 min. The value of this velocity was defined in a previous
work [25]. After this period, at the end of the cycle, recirculation was interrupted and 1.5 L
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medium was discharged into the side reservoir in 10 min. Hence, the fed/discharged volume
in each cycle or renewed volume corresponded to the volume of medium in the side
reservoir, that is, 1.5 L (50% of the volume of total reaction medium). The remaining
medium, denominated residual volume, corresponding to 1.5 L (50% of the volume of total
reaction medium) was maintained in the reactor. After reactor discharge, a time interval of
1 min was allowed as safety period for synchronizing the operation of the timer-controlled
feed and discharge pumps, and then the next cycle was started.

At this point, it is important to mention that the volume of the reaction medium inside
the reactor was 1.5 L (total volume 3.7 L) due to the foam containing the biomass and the
perforated stainless steel plates). Due to safety reasons (as overflow) the volume of the
reaction medium inside the reservoir was 1.5 L (total volume 2.0 L). Furthermore,
utilization of inert support makes clarification unnecessary.

Supplementation of alkalinity was carried out as follows: at startup of each investigated
condition, alkalinity was supplemented to the influent at a ratio g NaHCO3g CODfed

−1 of
0.50. When the system presented signs of instability, such as increase in concentration of
organic matter and total volatile acids in the effluent, this relation g NaHCO3g CODfed

−1

was increased in the influent to enable stabilization of the values of these variables in the
effluent and hence system stability. The system presented “signs of instability” when
significant increase was observed in concentration of organic matter and total volatile acids
in the effluent, considering the behavior of these monitored process variables during the
experimental period.

After reaching stability, verified by the attainment of approximately constant values of
the monitored effluent parameters at final cycle condition, profiles were run of the
following: filtered organic matter concentration (CSF), bicarbonate alkalinity (BA), total
volatile acids concentration (CTVA), intermediate volatile acids concentration (CIVA),
volumetric methane production (VCH4), methane concentration in the liquid (CM) and the
gas phase (CCH4), carbonic gas concentration in the gas phase (CCO2), and their molar
percentages in the gas phase (%CH4–%CO2). These profiles allowed better understanding
of the organic matter degradation routes during an AnSBBR operation cycle, as well as
estimation of kinetic parameters by fitting the kinetic model to these profiles. Samples were
taken at different time intervals during a cycle, taking care to not exceed 10% of the total
volume of wastewater in the system, i.e., collected volume was always less than 300 mL.

Results and Discussion

Tables 1 and 2 show the average values of the monitored variables in the influent and
effluent of the reactor at the four investigated conditions, respectively. Increase in AVOL
resulted in increase in effluent concentration of the reactor and a drop in organic matter
removal efficiency. Efficiencies were 92%, 81%, 67%, and 50% for filtered effluent
samples and 91%, 80%, 63%, and 47% for non-filtered effluent samples at AVOL values of
1.5, 3.0, 4.5, and 6.0 gCOD L−1 day−1, respectively. Total volatile acids concentration in
the effluent increased simultaneously and remained around 42, 145, 386, and
729 mg HAc L−1, respectively. The difference between applied (AVOL) and removed
volumetric (RVOL) organic load is defined by the organic removal efficiency (ε) for both
non-filtered samples and filtered samples. Thus, when the organic removal efficiency is
close to non-filtered and filtered samples then the respective removed volumetric load
would be too. Furthermore, the low standard deviation (in organic removal efficiency)
permitted to conclude that there is no significant difference for all assays.
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The solids removal efficiency obtained in the assays presented standard deviation values
that did not permit security performance comparison between the different AVOLs
implemented.

The increase in organic matter concentration, with consequent drop in removal
efficiency and increase in total volatile acids in the effluent as a result of increasing
AVOL, can be clearly seen from Figs. 2, 3, and 4, respectively. Figures 5, 6, 7, and
8 illustrate the profiles of the main monitored variables (experimental points and curves of
the fitted kinetic model), whereas Fig. 9a and b illustrate, respectively, the values of
volumetric methane production and the relationship between volumetric methane
production and mass of removed organic matter per cycle as a function of the AVOL.

At AVOL of 1.5 and 3.0 gCOD L−1 day−1, alkalinity supplementation to the influent was
0.50 gNaHCO3g CODfed

−1, which corresponded to average bicarbonate alkalinity in the
influent of 472 and 907 mg CaCO3L

−1, respectively, whereas at AVOL of 4.5 and 6.0 g
COD L−1 day−1 alkalinity supplementation to the influent was 1.30 gNaHCO3.gCODfed

−1,
which corresponded to average bicarbonate alkalinity in the influent of 2,802 and
3,759 mg CaCO3L

−1, respectively.
Total solids (STS) and total volatile solids concentration (STVS) per liter reaction medium

remained around 61 gTS L−1 and 50 gTVS L−1, respectively, during the entire operation
period. Total solids (S′TS) and total volatile solids concentration (S′TVS) per gram foam were
1,543 mg TS gfoam−1 and 1,261 mg TVS gfoam−1, respectively, at the four conditions, i.e.,
no biomass loss occurred at these proposed conditions. Microbiological analyses showed
the existence of bacilli- and vibria-like cells inside the support, as well as morphologies
similar to Methanosarcina sp. and Methanosaeta sp., with the last two in equilibrium.

Under all conditions, average total volatile acids concentrations in the effluent were
superior to those in the influent. This difference increased considerably as AVOL increased
(Fig. 4). Hence, at the second, and mainly at the last two conditions of higher AVOL, cycle
length was too short for improved consumption of the formed TVA (TVA profiles—Figs. 6,
7, and 8). This can be clearly seen by the absence of a plateau in the organic matter
concentration profiles at the last three operation conditions (CSF profiles—Figs. 6, 7, and
8). However, despite the increase in TVA concentration in the effluent as a function of
increasing AVOL there was no accumulation of acids at the four proposed conditions and
effluent pH was in the range of 7.3 to 8.2 during the 140-day assay, indicating that the
bicarbonate alkalinity supplied to the influent was sufficient to neutralize the formed acids,

Table 1 Average values of the monitored variables in the influent for the four applied volumetric organic
load operational conditions

Variable AVOL (g COD L−1 day−1)

1.5 (43 days) 3.0 (40 days) 4.5 (38 days) 6.0 (39 days)

CST (mg COD L−1) 980±21 (11) 2,065±76 (10) 3,065±77 (23) 3,954±312 (4)

CTVA (mg HAc L−1) 36±4 (11) 48±2 (5) 107±8 (14) 58±6 (10)

BA (mg CaCO3L
−1) 472±13 (11) 907±12 (5) 2,802±101 (14) 3,759±414 (10)

pH 8.5±0.1 (11) 8.5±0.1 (5) 8.5±0.1 (14) 8.6±0.1 (10)

CTS (mg TS L−1) 1,097±108 (4) 2,059±246 (4) 4,228±411 (5) 4,711±1,070 (4)

CTVS (mg TVS L−1) 618±80 (4) 1,059±178 (4) 1,645±225 (5) 1,878±148 (4)

CTSS (mg TSS L−1) 37±14 (4) 41±9 (4) 58±19 (5) 226±87 (4)

CVSS (mg VSS L−1) 26±16 (4) 30±4 (4) 41±18 (5) 169±72 (4)

V (L) 1.5±0.2 (11) 1.5±0.2 (11) 1.5±0.2 (11) 1.5±0.2 (11)

gNaHCO3g CODfed
−1 0.50 0.50 1.30 1.30

Numbers in parentheses refer to the number of samples used for averaging
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buffer the medium and maintain reactor stability at all the imposed conditions. At higher
AVOLs, the concentration of intermediate volatile acids increased. The main intermediate
volatile acids identified were acetic acid (maximum of 240 and 320 mg L−1 at the third and
fourth operational conditions, respectively) and propionic acid (maximum of 215, 500, and
950 mg L−1 at the second, third, and fourth operational conditions, respectively), followed
by valeric and isovaleric acid present at lower concentrations (maximum of 3.44 mg L−1 at
all conditions).

Profiles of volumetric production of methane, depicted in Fig. 9a, showed methane
formation over the whole course of the cycle at the four investigated conditions, thus
confirming the results on organic matter removal efficiency and demonstrating that the
reactor was not simply retaining or accumulating organic matter, but indeed degrading the
substrate. At AVOLs of 1.5, 3.0, 4.5, and 6.0 gCOD L−1 day−1, total methane production
per cycle was 40, 99, 171, and 108 mL, respectively, (Table 2), i.e., total volumetric
methane production increased with increasing AVOL from 1.5 to 4.5 gCOD L−1 day−1. On
increasing AVOL from 4.5 to 6.0 gCOD L−1 day−1, total methane production dropped,
which may be related to the increase in maximum concentration of total volatile acids along
the cycle, which were 482 and 740 mg HAc L−1, respectively (Figs. 7 and 8). This fact
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demonstrates that the same change may have occurred in the anaerobic biomass
metabolism, resulting in lower production of methane. In the same way, Fig. 9b shows
an increase in the relation between volumetric production of methane and the mass of
removed organic matter per cycle (29.5, 39.6, and 55.5 mL CH4g COD−1 at AVOLs of 1.5,
3.0, and 4.5 gCOD L−1 day−1, respectively) and a drop to 36.0 mL CH4g COD−1 when
AVOL was increased from 4.5 to 6.0 gCOD L−1 day−1.
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The ratio between methane produced and organic matter consumed (i.e., methane yield)
is better understood taking into account the removed (volumetric or specific) organic load
instead of organic matter efficiency, which presents direct behavior, as shown in Table 2.

The CH4 content decreased as AVOL increased due to the amount of NaHCO3

supplemented to the influent, resulting in an increase in CO2 release.
Selma et al. [31] also investigated the production of methane by anaerobic conversion of

the same effluent used in this work, employing a mechanically stirred ASBR containing
granular biomass, at different feed strategies (10 min batch, 2- and 4-h fed-batch) and
organic loadings (AVOL of 0.60, 1.29, 2.44, and 3.82 gCOD L−1 day−1) in 8-h cycles.
Ratios between produced methane volume and consumed organic matter per cycle (YCH4/
COD; 95.5, 83.8, and 78.1 mL CH4g COD−1, at AVOLs of 0.60, 1.29, and 2.44 g
COD L−1 day−1, respectively) exceeded those encountered in the current investigation,
indicating that biomass immobilization in polyurethane foam impairs biogas release,
resulting in lower YCH4/COD values.

Table 2 and Fig. 10a and b show, respectively, the values of removed volumetric organic
load (RVOL) and removed specific organic load (RSOL) as a function of AVOL. RVOL
increased with increasing AVOL of 1.5 to 4.5 gCOD L−1 day−1 for filtered (1.36, 2.49, and
3.08 gCOD L−1 day−1 at AVOL of 1.5, 3.0, and 4.5 gCOD L−1 day−1, respectively), as well
as for unfiltered effluent samples (1.34, 2.48, and 2.88 gCOD L−1 day−1 at AVOL of 1.5,
3.0, and 4.5 gCOD L−1 day−1, respectively) and a slight drop when loading increased to
6.0 gCOD L−1 day−1 (3.00 and 2.81 gCOD L−1 day−1 for filtered and unfiltered effluent
samples, respectively). This drop in removed organic matter might be related to the increase
in the maximum of total volatile acids along the cycle when AVOL increased from 4.5 to
6.0 gCOD L−1 day−1. The same behavior was observed in terms of removed specific
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organic load, which increased when AVOL increased from 1.5 to 4.5 gCOD L−1 day−1 for
filtered effluent samples (27.1, 49.9, and 61.6 mg COD gTVS−1 day−1 at AVOLs of 1.5,
3.0, and 4.5 gCOD L−1 day−1, respectively), as well as for unfiltered ones (26.7, 49.6 and
57.7 mg COD gTVS−1 day−1 at AVOLs of 1.5, 3.0, and 4.5 gCOD L−1 day−1, respectively),
with a slight drop when loading was increased to 6.0 gCOD L−1 day−1 (59.9 and
56.1 mg COD gTVS−1 day−1 for filtered and unfiltered effluent samples, respectively).

Comparison of these results with those of Selma et al. [31] shows poorer performance of
the ASBR in which RVOL values were 0.57, 1.10, and 1.78 gCOD L−1 day−1 and RSOL
14.5, 28.0, and 45.3 mg COD gTVS−1 day−1 for filtered effluent samples at AVOLs of
0.60, 1.29, and 2.44 gCOD L−1 day−1 which, in terms of ASOL, corresponded to 15.2,
32.8, and 62.1 mg COD gTVS−1 day−1, respectively. Organic matter removal efficiencies
obtained in their work were 95%, 85%, and 73% for filtered effluent samples and 93%,
81%, and 66%, for unfiltered effluent samples at AVOLs of 0.60, 1.29, and 2.44 g
COD L−1 day−1, respectively, i.e., lower than those obtained in the current investigation.
Hence, despite the lower production of methane compared to the mechanically stirred
reactor containing granular biomass (ASBR), the reactor employed in the current
investigation using immobilized biomass and mixing by recirculation of the liquid phase
(AnSBBR), showed to be more efficient in terms of organic matter removal. It should also
be mentioned that the ASBR did not attain stability at AVOL of 3.82 gCOD L−1 day−1,
whereas the AnSBBR maintained stability up to 6.0 gCOD L−1 day−1.

The bioreactor used in the experiments contained biomass immobilized on polyurethane
foam as inert support. The use of this support results in non-significant discharged solids, as
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shown in TS/TVS/TSS/VSS analysis values and standard deviation for the influent and
effluent (Tables 1 and 2). This fact does not allow precise SRTs estimation for the different
implemented AVOLs.

Table 3 lists the values of the parameters obtained from fitting the first-order kinetic
model to the experimental data of the following concentration profiles: filtered organic
matter, total volatile acids and methane in the liquid phase for the four investigated AVOLs.
The kinetic parameter relative to the consumption of filtered organic matter (k1S) was
approximately 0.32 and 0.31 h−1 at AVOLs of 1.5 and 3.0 gCOD L−1 day−1, respectively.
This shows that for the first two operation conditions, variation in applied AVOL did not
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cause significant changes in the consumption rate of filtered organic matter. Increasing
AVOL from 1.5 to 3.0 gCOD L−1 day−1 resulted in increase in residual concentration of
filtered organic matter (CSR) from 47.7 to 394 mg COD L−1, whereas removal efficiency of
organic matter dropped. At the third operational condition when AVOL was increased to
4.5 gCOD L−1 day−1 a significant increase was observed in the kinetic parameter relative to
the consumption of filtered organic matter (k1S) from 0.31 to 0.41 h−1. However, at this
condition, the residual concentration of filtered organic matter (CSR) also increased to
1,053 mg COD L−1, indicating that despite the higher consumption rate of organic matter in
relation to the two previous conditions (hence, allowing reactor operation at shorter cycle
length) filtered organic matter concentration in the effluent increased in relation to the
previous conditions. Increasing AVOL to 6.0 gCOD L−1 day−1 caused a significant drop in
k1S to 0.10 h−1, indicating a decrease in organic matter consumption rate. Simultaneously,
the residual concentration of filtered organic matter (CSR) increased to 1,345 mg COD L−1,
reducing reaction rate. It should be mentioned that the k1S values estimated by Selma et al.
[31] employing a mechanically stirred ASBR containing granular biomass (0.62, 0.20, and
0.24 h−1, at AVOLs of 0.60, 1.29, and 2.44 gCOD L−1 day−1, respectively) were lower than
those verified in this work, corroborating the interpretation related to the improved ability
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Table 3 Estimated first-order kinetic parameters for the four applied volumetric organic load operational
conditions

Variable AVOL (g COD L−1 day−1)

1.5 3.0 4.5 6.0

k1S (h−1) 0.32 0.31 0.41 0.10

k1TVA (h−1) 0.04 0.05 0.15 0.07

k2TVA (h−1) 0.10 0.05 0.02 0.04

k2M (h−1) 0.00 0.00 0.00 0.00

CSR (mg COD L−1) 47.7 394 1,053 1,345

CTVAR (mg HAc L−1) 0.00 0.00 0.00 0.00

r2 0.944 0.966 0.964 0.987

k1S/k1TVA 8.2 6.0 2.7 1.4

k2M/k2TVA 0.0 0.0 0.0 0.0
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of organic matter consumption by the AnSBBR in relation to the conventional ASBR. The
behavior of the parameter k1S as a function of applied AVOL is illustrated in Fig. 11a.

The parameter k1S/k1AVT, which may be considered the stoichiometric relation a/b in
Eq. 2, showed a practically constant drop as AVOL increased: 8.2, 6.0, 2.7, and 1.4 h−1 at
AVOL of 1.5, 3.0, 4.5, and 6.0 gCOD L−1 day−1, respectively, as listed in Table 3 and
illustrated in Fig. 11b. The drop in the relation k1S/k1AVT indicates a possible change in the
metabolic routes of the process, so that the number of moles of substrate required to form
1 mol total volatile acids decreased with increasing AVOL. This observation is coherent
with the experimental data obtained, which showed higher TVA concentrations along the
cycle at higher AVOL. Analysis of the parameters k2TVA, k2M, CTVAR, and k2M/k2TVA was
impaired because of the low values obtained of these parameters (Table 3), of which the
profiles were practically constant and did not show any significant trend.

Conclusions

This work showed that increasing applied volumetric organic load resulted in a drop of the
organic matter removal efficiency and increase in total volatile acids concentration of the
reactor effluent. Despite this increase, no acids accumulated over time. High acid
concentrations in the effluent occurred because cycle length was insufficient for the
consumption of these acids at organic loading rates ranging from 3.0 to 6.0 g
COD L−1 day−1.

Increasing the applied volumetric organic load from 1.5 to 4.5 gCOD L−1 day−1 resulted in
increase in the following parameters: methane production, removed volumetric organic load,
removed specific organic load, and the kinetic parameter value of filtered organic matter
consumption. However, on increasing the applied volumetric organic load from 4.5 to 6.0 g
COD L−1 day−1, these parameters dropped; likely due to the increase in the maximum total
volatile acids concentration along the cycle, which may have caused by intermediate
compounds accumulation, suggesting that for this specific reactor configuration and
wastewater, the maximum applied volumetric organic load limit to be applied is 6.0 g
COD L−1 day−1. Despite the drop in methane production and the higher concentration of
volatile acids at the highest applied volumetric organic load of 6.0 gCOD L−1 day−1, alkalinity
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supplementation to the influent, in the form of sodium bicarbonate, was sufficient to maintain
pH of the medium close to seven and guarantee process stability during reactor operation.

Despite the lower production of methane by the AnSBBR, using immobilized biomass
and mixing by recirculation of the liquid phase, compared to the mechanically stirred
ASBR containing granular biomass, the former showed improved ability to remove
volumetric and specific organic load as well as improved organic matter consumption rate.

In general, the system showed to be robust and responded well to the increase in applied
volumetric organic loading, i.e., despite deficiency in alkalinity presented by the effluent of the
biodiesel production process, the reactor enabled organic matter removal as well as methane
production. The possibility to obtain, recover and eventually utilize the methane generated
during the treatment may render the biofuel production process economically more feasible.

Notation

BA Bicarbonate alkalinity, mg CaCO3L
−1

CCH4 Methane concentration in the gas phase, mmol L−1

CCO2 Carbonic gas concentration in the gas phase, mmol L−1

CM Methane concentration in the liquid phase in the reactor,
mmolCH4L reaction volume−1

CSF Organic matter concentration for filtered samples, mg COD L−1

CSR Residual organic matter concentration for filtered samples,
mg COD L−1

CST Organic matter concentration for non-filtered effluent samples,
mg COD L−1

CTS Total solids concentration, mg TS L−1

CTSS Total suspended solids concentration, mg TSS L−1

CTVA Total volatile acids concentration, mg HAc L−1

CTVA0 Total volatile acids concentration in the influent, mg HAc L−1

CTVAR Residual total volatile acids concentration in the reactor, mg HAc L−1

CTVS Total volatile solids concentration, mg TVS L−1

CVSS Volatile suspended solids concentration, mg VSS L−1

k1S First-order apparent kinetic parameter associated with the substrate
consumption, h−1

k1TVA First-order apparent kinetic parameter associated with the total
volatile acids formation, h−1

k2M First-order apparent kinetic parameter associated with the
methane formation, h−1

k2TVA First-order apparent kinetic parameter associated with the total
volatile acids consumption, h−1

MTVS Total volatile solids mass in the reactor, g TVS
rM Methane formation rate, mg CH4L

−1 day−1

rS Substrate consumption reaction rate, mg COD L−1 h−1

rTVA Total volatile acids formation and consumption rate, mg HAc L−1 h−1

S′TS Total solids concentration relative to the immobilized biomass,
mg TS gfoam−1

S′TVS Total volatile solids concentration relative to the immobilized biomass,
mg TVS gfoam−1

STS Total solids concentration relative to the immobilized biomass,
mg TS L reaction volume−1
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STVS Total volatile solids concentration relative to the immobilized biomass,
mg TVS L reaction volume−1

STVS/STS Total volatile solids concentration to total solids concentration
ratio in the reactor, g TVS gTS−1

t Time during a cycle, h
tc Cycle time, h
V Reaction medium volume of the system, L
VA Fed volume or renewed volume per cycle, L
VCH4 Normal volumetric methane production per cycle, mL CH4

YCH4/COD Ratio of volumetric methane production to removed organic
matter mass, mL CH4g COD−1

AVOL Applied volumetric organic load, g COD L−1 day−1

ASOL Applied specific organic load, mg COD gTVS−1 day−1

RSOLSF Removed specific organic load for filtered effluent samples,
mg COD gTVS−1 day−1

RSOLST Removed specific organic load for non-filtered effluent samples,
mg COD gTVS−1 day−1

RVOLSF Removed volumetric organic load for filtered effluent samples,
g COD L−1 day−1

RVOLST Removed volumetric organic load for non-filtered effluent samples,
g COD L−1 day−1

%CH4 Methane molar percentage in the gas phase, %
%CO2 Carbonic gas molar percentage in the gas phase, %
ε Organic matter removal efficiency, %
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