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MASS TRANSFER IMPROVEMENT OF A FIXED-BED

ANAEROBIC SEQUENCING BATCH REACTOR WITH

LIQUID-PHASE CIRCULATION

Ana C.T. Ramos, Suzana M. Ratusznei, José A.D. Rodrigues and Marcelo Zaiat

Introduction

The Anaerobic Sequencing
Batch Reactor (ASBR) ap-
peared as an interesting alter-
native to similar continuous
systems such as anaerobic fil-
ters, mainly due to simpler
and low-cost operation, better
retention of solids, better pro-
cess control and the possibil-

ity to be used in processes
producing intermittent efflu-
ents and to control effluent
quality since withdrawal is
only performed when the de-
sired effluent levels are at-
tained (Sung and Dague,
1995). Some works focused
on treating low-strength
wastewater and on operating
aspects such as the effects of

temperature and hydraulic
batch time (Ndon and Dague,
1997; Dague et al., 1998).

A typical cycle of an
ASBR consists of four steps:
feeding, reaction, settling
and withdrawal (Dague  et
al., 1992; Sung and Dague,
1995; Zhang et al., 1996).
During the reaction step
mixing is typically accom-
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plished through biogas circu-
lation (Dague et al., 1998),
liquid-phase circulation (Brito
et al., 1997; Camargo et al.,
2001) or mechanical agitation
(Ratusznei et al., 2001). Upon
termination of the reaction,
mixing ceases, leading to bio-
mass settling.

Duration of the settling step
may be the rate-limiting step

culation was implemented, i.e., the reactor performance in-
creased as mixing was implemented. Furthermore, a first-order
kinetic model with residual substrate concentration was fitted to
the experimental values to evaluate the influence of liquid circu-
lation on the reactor performance during a cycle time. The ap-
parent first-order parameter was seen to increase (from 1.19 to
2.00h-1) with increasing superficial velocity (from 0.032 to
0.191cm/s) up to a stable value (1.90h-1) for higher values of
superficial velocity (from 0.191 to 0.467cm/s).

SUMMARY

An anaerobic sequencing batch reactor (ASBR) containing
biomass immobilized in polyurethane foam was used to treat low
strength wastewater. The reactor was operated with liquid-phase
external circulation in order to minimize the mass transfer limi-
tations, typical of systems containing immobilized biomass. The
reactor was operated at 30ºC and an 8-hour cycle was used to
treat a synthetic wastewater with chemical oxygen demand
(COD) of 500mg/L. The system achieved overall substrate re-
moval efficiency of 72% with no circulation and 87% when cir-
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RESUMO

Um reator anaeróbio operado em batelada seqüencial
(ASBR) contendo biomassa imobilizada em espuma de
poliuretano foi utilizado para o tratamento de água residuária
de baixa carga. O reator foi operado com recirculação externa
da fase líquida visando minimizar as limitações à transferência
de massa, típicas dos sistemas contendo biomassa imobilizada.
O reator foi operado a 30ºC utilizando ciclos de 8 horas para
tratar água residuária sintética com demanda química de oxigê-
nio (DQO) de 500mg/L. O sistema atingiu eficiência global de
remoção de substrato de 72% na condição sem recirculação e

87% quando a circulação foi implementada, i.e., o desempenho
do reator aumentou com a implementação da recirculação. Além
disso, um modelo cinético de primeira ordem com uma concen-
tração residual de substrato foi ajustado aos valores experimen-
tais para avaliar a influência da recirculação do líquido no de-
sempenho do reator durante o ciclo. O parâmetro aparente de
primeira ordem aumentou (de 1,19 a 2,00h-1) com o aumento da
velocidade superficial (de 0,032 a 0,191cm/s) até um valor está-
vel (1,90h-1) para valores maiores de velocidade superficial (de
0,191 a 0,467cm/s).

RESUMEN

Un reactor anaerobio de lotes secuenciales (ASBR) y
rellenado con biomasa inmovilizada sobre espuma de poliu-
retano fue estudiado para tratamiento de agua residual de baja
carga. El reactor fue operado con circulación de la fase líquida
con la finalidad de minimizar la resistencia a la transferencia de
materia, típica en sistemas con células inmovilizadas. El reactor
fue operado con temperatura controlada en 30ºC y lotes de 8
horas fueron utilizados para tratar un agua residual con
demanda química de oxígeno (DQO) de 500mg/L. El sistema
alcanzó eficiencia de remoción de materia orgánica de 72%
cuando la recirculación no fue utilizada y de 87% cuando la

recirculación de la fase líquida fue empleada, o sea, el
desempeño del reactor aumentó cuando la recirculación fue
implementada. Además, el modelo cinético de primer orden con
una concentración residual de materia orgánica fue ajustado a
los datos experimentales para evaluar la influencia de la
recirculación del líquido sobre el rendimiento del reactor. El
parámetro cinético aparente de primer orden aumentó de 1,19
hasta 2,00h-1 cuando la velocidad superficial del líquido fue
aumentada de 0,032 para 0,191cm/s, hasta alcanzar un valor
estable (1,90h-1) para valores mayores de velocidad superficial
(de 0,191 hasta 0,467cm/s).

of the cycle time as it is di-
rectly related to the formation
of biomass granules. Immobi-
lizing biomass on inert sup-
ports in ASBRs is useful for
providing biomass immobiliza-
tion under adverse operational
conditions. Utilization of inert
supports results in higher sol-
ids retention, avoiding washout
of solids and enabling elimina-
tion of the settling step
(Ratusznei et al., 2000). In
this way utilization of inert
supports make the ASBR tech-
nology even more attractive, as
both the uncertainty regarding
granulation and the sedimenta-
tion step are eliminated. Pro-
cesses in which biomass im-
mobilization is used are
known to present limitations
due to mass transfer resis-
tances, especially when treat-
ing low strength wastewater in
which biogas production is not
vigorous enough (Brito et al.,
1997; Zaiat et al., 2001).
However, implementing liquid-
phase circulation may improve
the mass transfer fluxes, thus
resulting in high substrate re-
moval (Camargo et al., 2001).

This paper reports on the
influence of the liquid super-
ficial velocity on the mass
transfer improvement in a

fixed bed anaerobic sequenc-
ing batch reactor treating low
strength wastewater with ex-
ternal liquid-phase circulation.

Materials and Methods

The anaerobic sequencing
batch reactor with external cir-
culation of the liquid phase is
shown in Figure 1. It consisted
of a cylindrical flask with an
external diameter of 60mm,
height of 460mm and wall
thickness of 3.5mm, thus result-
ing in a total volume of ap-
proximately 1.0L. The circula-
tion system, which was not in-
cluded in the non-mixing as-
says, was composed of a 200-
mm-high reservoir with external
diameter of 40mm and wall
thickness of 3.3mm, with a vol-
ume of about 0.2L, and an ad-
justable flow pump. Thus, the
total reactor volume was 1.2L.

The biomass immobilization
support was placed into the
cylindrical flask between punc-
tured stainless steel disks, two
at the extremities of the flask
and three others dividing the
reactor cross-sectionally in
four parts (stages), supported
by stainless steel tripods.
These disks were used to
avoid bed compacting, mainly

Figure 1. Schematic representation of the anaerobic sequencing
batch reactor with external circulation of the liquid phase and im-
mobilized biomass.
1: reactor containing immobilized biomass divided in four stages, 2:
external reservoir (not included in the non-circulating assays), 3:
circulation pump, 4: flow rate meter, 5: valves, 6: feed pump, 7:
synthetic wastewater reservoir; 8, discharge valve, 9: discharge
pump, 10: effluent outlet, 11: biogas outlet, 12: control unit, — hy-
draulic connections, - - - electric connections).
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lated foam evaluated as 40%
by Zaiat et al. (1997) and A is
the reactor cross-sectional area
calculated as 22cm2.

The synthetic wastewater
concentration of approxi-
mately 500mgCOD/L, consid-
ering non-filtered sample, was
prepared with sucrose (35mg/
L), starch (114mg/L), cellu-
lose (34mg/L), meat extract
(208mg/L), soy oil (51mg/L),
NaCl (250mg/L), MgCl26H2O
(4.5mg/L), NaHCO3 (200mg/
L), and commercial detergent
(3 drops/L). The medium was
sterilized (121ºC, 15 min) in
order to maintain its charac-
teristics throughout the ex-
perimental period.

Organic matter concentra-
tion (Chemical Oxygen De-
mand-COD), total volatile ac-
ids concentration (TVA), bi-
carbonate alkalinity concen-
tration (BA), total solids con-
centration (TS), total volatile
solids concentration (TVS),
total suspended solids concen-
tration (TSS) and volatile sus-
pended solids concentration
(VSS) were measured by the
Standard Methods for the Ex-
amination of Water and
Wastewater (SMEWW, 1995)
in both the influent and efflu-
ent in various cycles for all
conditions. The discharged
volume (V) and pH were also
measured. The concentrations
of methane and carbon diox-
ide in the biogas were evalu-
ated through gas chromatogra-
phy (Hewlett Packard model
6890) using a thermal con-
ductivity detector, a Porapack
Q column, a temperature of
35oC, H2 as carrier gas and a
sample volume of 1mL.

The overall substrate re-
moval efficiencies based on
non-filtered (εT) and filtered
(εS) samples of the effluent
were calculated as

CI – CET

εT = ———      (2)
CI

CI – CES

εS = ———      (3)
CI

where CI is the non-filtered
concentration of substrate in
the influent, CET and CES are
the non-filtered and filtered

concentration of substrate in
the effluent, respectively.

The amount of biomass at-
tached on the inert support
inside the reactor (X) was
calculated as

X = γ MCTVS      (4)

where γ is the ratio between
the clean and the inoculated
foam mass, i.e., the foam
without and with biomass at-
tached during the immobiliza-
tion procedure, respectively,
resulting in 0.025mg clean
foam / mg inoculated foam, M
is the total inoculated foam
mass inside the reactor during
the stability and performance
assays, measured as 600g of
inoculated foam, and CTVS is
the total volatile solids con-
centrations in the inoculated
foam, measured as 0.801mg
tvs / g clean foam. The pa-
rameter g is a correction fac-
tor, since the total volatile sol-
ids were measured based on
the clean foam (mg tvs / g of
clean foam) and the quantity
of foam in the bioreactor was
measured as inoculated foam
(g-inoculated-foam). It is
worth pointing out that the X
value was assumed to be con-
stant and equal to an average
value for all the experiments,
since a low variation (less than
10%) was observed.

The organic volumetric
loading (Bv), the specific or-
ganic loading (Bx) and the
specific organic removal load-
ing (SOR) were calculated as

Vdfed CI

Βv = ———      (5)
Vreactor

Vdfed CI

Βx = ———      (6)
X

Vdfed (CI – CET)
SOR = ——————   (7)

   X

where Vreactor is the value of
total reactor volume (L) and
Vdfed is the average daily
treated volume (L/d).

When filtered substrate, bi-
carbonate alkalinity and total
volatile acids concentrations
in the effluent presented no
significant variation from one

caused by high flow rates
(Camargo et al., 2001).

Eight-hour cycles were car-
ried out at a temperature of
30 ±1ºC. An approximate vol-
ume of 0.5L of fresh syn-
thetic wastewater was fed for
4 min at the beginning of the
cycle and the same volume of
the treated medium was dis-
charged in 7 min at the end
of the cycle. The time re-
quired for these steps was es-
timated so as to avoid high
liquid superficial velocities
during the feeding and espe-
cially during withdrawal and
hence to prevent solid wash-
out from the support.

The fixed-bed consisted of
polyurethane foam cubes with
5mm sides onto which biom-
ass was attached leading to to-
tal solids concentrations in the
inoculated foam (CTS) of 1.356
±0.001mg ts / g foam, and to-
tal volatile solids concentra-
tions in the inoculated foam
(CTVS) of 0.801 ±0.051mg tvs /
g foam, where the unit foam
stands for the foam without
biomass, i.e., totally clean. The
immobilization procedure was
the same as that performed by
Zaiat et al. (1994).

The stability and perfor-
mance assays using the con-
figuration of the reactor pro-
posed in this work were ini-
tially evaluated without exter-
nal liquid phase circulation
and then with external liquid
phase circulation, in order to
compare the results obtained
in the first condition with the
other conditions. The liquid
superficial velocities during
circulation ranged from 0.032
to 0.467cm/s. The tests took
35 days (105 cycles) under no
liquid circulation condition,
36 days (108 cycles) with su-
perficial velocity of 0.032cm/
s, and the tests with superfi-
cial velocities of 0.095, 0.191,
0.312 and 0.467cm/s lasted
20 days (60 cycles) each.

The superficial velocity was
calculated by

QVs = ———      (1)ϕ A

where Q is the liquid circula-
tion flow rate fixed at 1.0, 3.0,
6.1, 9.9 and 14.9L/h, ϕ is the
fixed-bed porosity for inocu-

cycle to the next, measure-
ments were made of the fil-
tered substrate concentration
profile in the reactor during a
cycle time. This procedure
was performed in order to es-
timate the influence of the
liquid-phase circulation on
dynamic organic matter up-
take rate during a cycle and,
in this way, quantify the ef-
fects of this flow rate (or liq-
uid superficial velocity) on
the external mass transfer
phenomena. Thus, it is pos-
sible to evaluate the enhanced
mass transfer rate caused by
high hydraulic mixing that
improves the wastewater-
sludge contact.

The material balance of this
reactor is presented in Equa-
tion (8), where CS is the fil-
tered substrate concentration
in the reactor during a cycle
time (t) and RS is the sub-
strate uptake rate considering
filtered samples. The kinetic
model is

dCS

–  ——— = RS     (8)
dt

RS = k1 (CS – CSR)   (9)

where CSR is the final value
of CS when the value of RS is
zero and k1 is the apparent
first order kinetic parameter
embodying the intrinsic ki-
netic constant as well as the
internal and external mass
transfer resistances.

Analysis of the influence of
superficial velocity on the re-
actor performance was done
by a non-linear fitting of the
integrated first-order kinetic
model (Eqs. 8 and 9) to the
temporal profiles of filtered
substrate concentration in the
reactor (CS) through the Le-
venberg-Marquardt numerical
procedure (Microcal Origin
6.0®)

CS = CSR+ (CSo – CSR)exp(–k1 t)

(10)

where CS0 is  the  ini t ia l
value of CS. Non-linear fit-
ting was performed by the
Integral method, a very reli-
able method where fitting is
done without any data ma-
nipulation.
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Results and Discussion

The mean values of the
monitored parameters in the
influent and effluent for all
the liquid superficial veloci-
ties are shown in Tables I
and II. The treated wastewa-
ter volume for the system
without liquid circulation was
lower than that treated in the
other systems, since the cir-
culation reservoir was not
used.

The proposed configuration
of the reactor and the immo-
bilization method performed
were both feasible, since no
solids washout was observed
and high organic matter re-
moval efficiencies were at-
tained. This fact is especially
important when low strength
wastewater is being treated.
Thus, the reactor design
guaranteed bioconversion
with good solids retention.

The results shown in Table
I indicate a significant im-
provement of the non-filtered
organic matter removal effi-
ciency in the reactor from
72% to 87% when the liquid-
phase circulation was imple-
mented. This improved per-
formance is probably due to
the increase in mass transfer
resulting from the enhanced
mixing caused by the recir-
culation flow rate. Moreover,
similarity of the non-filtered
and filtered substrate concen-
tration values clearly reveal
that there was no solid wash-
out during the experimental
period. This fact should be
attributed to the excellent
conditions offered by the
polyurethane foam matrices,
providing high solids reten-
tion in the system since the
biomass can strongly adhere
to the support matrices (Va-
resche et al., 1997).

Stability of the system for
both conditions without and
with liquid circulation can be
confirmed through analysis
of Tables I and II, showing
low standard error of the or-
ganic matter removal effi-
ciencies, low volatile acids
concentration values and gen-
eration of bicarbonate alka-
linity considering the affluent
and influent samples.

Some design parameters
obtained in this study were
the organic volumetric load-
ing (Bv) applied in the reac-
tor of 513mgCOD/L·d and
the specific organic loading
(Bx) of 51.3mgCOD/g tvs·d.
Moreover, the specific or-
ganic removals (SOR) were
36.5mgCOD/g tvs·d and
44.3mgCOD/g tvs·d, for the
conditions without and with
circulation, respectively. The
values of total reactor vol-
ume (Vreactor), average daily
treated volume (Vdfed), amount
of biomass content in the
reactor (X), average non-fil-
tered influent substrate con-
centration (CI) and average
non-fil tered effluent sub-
strate concentration (C ES)
without and with circulation
were 1.2L, 1.28L, 12g tvs,
481mgCOD/L, 139mgCOD/L
and 66mgCOD/L, respec-
tively.

Although implementation
of liquid circulation had im-
proved the final organic mat-
ter removal efficiency, the ef-
fective influence of the liquid
superficial velocity on the re-
actor performance cannot be
seen from the data presented
in Table I. Such an influence
can only be adequately inves-

tigated through the dynamic
filtered substrate profile dur-
ing a cycle and its kinetic
analysis. This way, Table III
shows the adjusted param-
eters of the first order kinetic
model with residual organic
matter concentration (Eq. 10)
fitted by the integral non-lin-
ear method.

TABLE III
VALUES OF THE EXPERIMENTALLY OBTAINED

PARAMETERS CSO AND CSR, OF k1 OF THE PROPOSED
FIRST ORDER MODEL (EQ. 10), OBTAINED BY

INTEGRAL NON-LINEAR METHOD, AND
THE RESPECTIVE DETERMINATION COEFFICIENTS R2

vS (10-2 cm/s) k1(h-1) CSo(mgCOD/L) CSR(mgCOD/L) r2

0 1.98 ±0.25 293 116 0.910
3.2 ±0.1 1.19 ±0.03 255 55 0.993
9.5 ±0.1 1.63 ±0.07 173 52 0.983

19.1 ±1.2 2.00 ±0.07 282 55 0.989
31.2 ±0.2 1.86 ±0.09 273 50 0.975
46.7 ±0.5 1.85 ±0.08 273 60 0.983

TABLE II
MEAN VALUES OF BICARBONATE ALKALINITY, TOTAL VOLATILE ACIDS AND
SUSPENDED SOLIDS MEASURED IN THE REACTOR OPERATED AT DIFFERENT

SUPERFICIAL VELOCITIES

vS BA(a) (mgCaCO3/L) TVA(b) (mgHAc/L) TSS(c) (mg/L) VSS(d) (mg/L)
(10-2 cm/s) Influent Effluent Influent Effluent Influent Effluent Influent Effluent

0 113 ±11 177 ±10 41 ±14 47 ±13 26 ±10 29 ±10 13 ± 7 19 ± 6
3.2 ±0.1 117 ±17 211 ±10 35 ±13 20 ± 3 19 ±17 27 ±32 13 ± 7 18 ±14
9.5 ±0.1 134 ± 5 234 ±32 27 ± 4 20 ± 3 41 ±12 32 ±11 30 ± 5 19 ±12

19.1 ±1.2 132 ± 5 220 ± 5 32 ± 1 21 ± 1 31 ±30 34 ±38 19 ±16 16 ±17
31.2 ±0.2 157 ± 1 245 ± 4 32 ± 3 23 ± 2 47 ± 9 43 ±10 24 ±10 20 ±13
46.7 ±0.5 158 ± 4 245 ± 7 31 ± 2 26 ± 33 ±28 42 ±20 24 ±16 22 ±13

Number of samples: (a) 6, (b) 6, (c) 5, (d) 5
Average values of pH: Influent = 8.8 ± 0.3, Effluent = 7.3 ± 0.2 (6 samples for each condition)

TABLE I
MEAN VALUES OF SUBSTRATE CONCENTRATION, EFFICIENCY AND EFFLUENT

VOLUME MEASURED IN THE REACTOR OPERATED AT DIFFERENT SUPERFICIAL
VELOCITIES

Q (L/h) vS
(a) CI

(b) CE
(c) (mgCOD/L) ε (%) Vfed

(d)

(10-2 cm/s) (mgCOD/L) CET CES εT εS (mL)

0 0 490 ±29 139 ±11 116 ±9 72 ±2 76 ±2 348 ±27
1.0 ±0.1 3.2 ±0.1 477 ±30 72 ±10 60 ±4 85 ±2 88 ±1 406 ±14
3.0 ±0.1 9.5 ±0.1 483 ±33 63 ± 5 51 ±4 87 ±1 89 ±1 402 ± 6
6.1 ±0.4 19.1 ±1.2 467 ±27 62 ± 5 55 ±3 87 ±1 88 ±1 430 ±22
9.9 ±0.1 31.2 ±0.2 480 ±22 66 ± 9 61 ±9 86 ±2 87 ±2 499 ±39

14.9 ±0.2 46.7 ±0.5 490 ±30 68 ± 4 61 ±5 86 ±1 88 ±1 475 ±25

Number of samples: (a) 13, (b) 11, (c) 15, (d) 14
Average biogas composition: CH4= 55 ±4%, CO2= 45 ±3% (6 samples to each condition)
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Statistical analysis of ad-
justed k1 values can be taken
into account through the stan-
dard error shown in Table III
and through Figure 2, in
which the first order model
and the experimental points
are plotted for the conditions
without circulation and with a
liquid superficial velocity of
0.191cm/s.

The influence of the liquid
superficial velocity on the
mass transfer improvement
could be evaluated through the
values of the apparent first-or-
der kinetic parameter obtained
for experiments, in which the
liquid circulation was imple-
mented. Two distinct patterns
could be observed: an increase
in k1 value from 1.19 to 2.00h-1

when the superficial velocity
was increased from 0.032 to
0.191cm/s and the attainment
of a stable k1 value (1.90h-1)
for higher superficial velocities
(from 0.191 to 0.467cm/s).
This result demonstrates that
enhancement of the reactor
performance could be accom-
plished through mass transfer
improvement obtained by liquid
circulation. Moreover, there is
a limiting liquid superficial ve-
locity above which the kinetic
parameter remains practically
constant. However, the choice
of an operating superficial ve-
locity must take into account
the energy costs related to liq-
uid recirculation (Noyola et
al., 1988).

Figure 3 shows that the hy-
perbolic Equation (12) repre-

sented well the influence of
vS on k1 and the empirical co-
efficients a and b were esti-
mated as 2.0 ±0.1h-1 and
0.021 ±0.006cm/s, respec-
tively (r2= 0.896). It is worth
mentioning that the inert sup-
port bed had not been sub-
jected to compaction, as a re-
sult of the division of the in-
ert support bed in four parts
by the punctured stainless
steel disks. Compaction was
observed by Camargo et al.
(2001) in this type of reactor
operating without bed divi-
sion.

avS

k1 = ———      (11)
b+vS

At this point, it is worth
pointing out that the condi-
tion without circulation re-
sulted in a first order param-
eter (1.98h-1) approximately
equal to those obtained in
experiments with liquid su-
perficial velocities higher
than 0.191cm/s. However, al-
though both systems are ex-
pected to have similar reac-
tion rates, the filtered sub-
strate residual concentration
for the system without liquid
circulation (116mgCOD/L)
was higher than that ob-
served in systems with liquid
circulation (52-60mgCOD/L).
Figure 2 shows a comparison
between profiles obtained in
systems without and with liq-
uid circulation where the ki-
netic parameter was similar
but the residual substrate

Figure 2. Filtered substrate concentration
profiles obtained for the conditions of no-
circulation and with superficial velocity of
0.191cm/s.

Figure 3. Influence of the superficial veloc-
ity (vS) on the apparent first-order kinetic
parameter (k1) including the standard error,
considering only the values obtained when
circulation was implemented.

Figure 4. Filtered substrate removal rates pro-
file calculated by the first order kinetic model
using the parameter obtained for the superfi-
cial velocity of 0.191cm/s (k1= 2.00h-1). The
curve was generated by Eq. 10.

concentration was higher for
the first condition.

It is also important to men-
tion that the kinetic param-
eters estimated for systems
with liquid circulation are re-
lated to the liquid-phase mass
transfer coefficients while the
parameter estimated for the
static condition can be related
to liquid medium diffusion
processes.

Another important result
obtained by the kinetic analy-
sis was the determination of
the actual batch-cycle time re-
quired to guarantee good final
effluent quality in terms of
organic matter concentration.
This information is assessed
through analysis of the overall
conversion rates variation
throughout a batch cycle and
it is an optimization proce-
dure with economical benefits
for the overall organic matter
conversion process. Such an
analysis indicates that three
hours are sufficient to achieve
the final removal efficiency
for liquid superficial velocity
of 0.191cm/s (Figure 4), since
the filtered substrate concen-
tration removal rate is nearly
zero for higher batch cycle
times.

This result is slightly supe-
rior to the value obtained in
tests carried out in a 2 L con-
tinuous horizontal-flow ana-
erobic immobilized biomass
(HAIB) reactor using the
same polyurethane foam as
support and treating the same
synthetic wastewater at 25oC.

A maximum COD removal ef-
ficiency of 84% was reached
when a residence time of 3.3h
was applied (Sarti et al.,
2001).

Conclusions

Implementing external liq-
uid-phase circulation in the
sequencing batch reactor im-
proved organic matter re-
moval rates, since the sub-
strate mass transfer fluxes
from the bulk phase to the
immobilized microorganisms
were improved.

Kinetic analysis indicated
that only three hours were
required to attain maximum
removal efficiency. Values of
the apparent first-order coef-
ficient (k1) increased for su-
perficial velocities from
0.032 to 0.191cm/s, while
this parameter remained ap-
proximately constant for su-
perficial velocities ranging
from 0.191 to 0.467cm/s,
showing that the liquid-phase
mass transfer resistance was
probably overcome when liq-
uid superficial velocities
higher than 0.191cm/s were
applied.
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NOMENCLATURE

Symbols:
a: Empirical coefficient, h-1

A: Reactor cross-sectional area, cm2

b: Empirical coefficient, cm/s
BA: Bicarbonate alkalinity concentration, mgCaCO3/L
Bv: Organic volumetric loading, mgCOD/L·d
Bx: Specific organic loading, mgCOD/g tvs·d
CES: Filtered substrate concentration in the effluent, mgCOD/L
CET: Non-filtered substrate concentration in the effluent,

mgCOD/L
CI: Non-filtered substrate concentration in the influent, mgCOD/L
CS: Filtered substrate concentration in the reactor, mgCOD/L
CSO: Initial value of CS, mgCOD/L
CSR: Residual filtered substrate concentration in the reactor,

mgCOD/L
CTS: Total solids concentration in the immobilized inoculum,

mg ts / g foam
CTVS: Total volatile solids concentration in the immobilized

inoculum, mg tvs / g foam
k1: Apparent first-order kinetic parameter, h-1

M: Total inoculated foam mass inside the reactor,
g of inoculated foam

Q: Liquid phase circulation flow rate, L/h
RS: Non-specific wastewater uptake rate considering the filtered

samples, mgCOD/L·h
SOR: Specific organic removal, mgCOD/g-tvs·d
t: Time, h
TS: Total solids concentration, mg/L
TSS: Total suspended solids concentration, mg/L
TVA: Total volatile acid concentration, mgHAc/L
TVS: Total volatile solids concentration, mg/L
Vdfed: Volume of daily treated wastewater, L/d
Vfed: Volume of wastewater treated per cycle, L
Vreactor: Total volume of the reactor, L
vS: Liquid phase superficial velocity, cm/s
VSS: Volatile suspended solids concentration, mg/L
X: Amount of biomass attached on the inert support inside

the reactor, g tvs

Greek letters:
γ: Ratio between clean foam mass and inoculated foam mass,

mg foam / mg inoculated foam
ϕ: Fixed-bed porosity, %
εS: Substrate removal efficiency based on the filtered substrate

concentration of the effluent, %
εT: Substrate removal efficiency based on the non-filtered

substrate concentration of the effluent, %

Abbreviations:
ASBR: Anaerobic sequential batch reactor
COD: Chemical oxygen demand
ts: Total solids
tvs: Total volatile solids

do Estado de São Paulo (FA-
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