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Abstract

A kinetic study of the methanogenic phase was carried out on a pilot lab scale anaerobic fluidized bed reactor (AFBR) in batch
mode. An examination of the effect of initial acetate concentration, bed expansion and bed segregation is presented.

Experimental data observed for the acetate removal against time were adjusted to a zero-order kinetic equation, over the
chemical oxygen demand (COD) range studied (1430–5340 mg litre−1), independently of the bed expansion (11–37%). The
kinetic constant was calculated using robust regression analysis. The zero-order kinetic constant, K0 was between 1180–1380 mg
COD litre−1 h−1 on the fixed bed volume basis, and the maximum specific substrate utilization rate, k, was between 145–198 mg
COD g VS−1 h−1.

The kinetic behaviour was found to be different throughout the reactor, on the fixed bed volume basis and the activity at the
bottom of the bed was lower than the activity in the upper region. However, on an attached volatile solids basis, the activity at
the bottom level was the greatest. © 1999 Elsevier Science Ltd. All rights reserved.
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Nomenclature

Fundamental quantities

L length
Ms mass of substrate

mass of bacteriaMx

T time

Symbols
particle diameterdp

Df molecular diffusivity of substrate within the
biofilm (L2 T−1)

H bed height
J substrate flux (Ms L−2 T−1)

maximum specific rate of substrate utilisationk
(Ms M−1

x T−1)
mass transport coefficient (L T−1)Km

half-velocity coefficient (Ms L−3)Ks

zero-order kinetic constant (Ms L−3 T−1)K0

K0i value determined at the ith run
concentration of rate-limiting substrate in theS
bulk liquid (Ms L−3)

S0 initial substrate concentration (Ms L−3)
S0I initial substrate concentration at the ith run

(Ms L−3)
Sf substrate concentration within the biofilm

(Ms L−3)
Ss substrate concentration at the biofilm surface

(Ms L−3)
t time (T)
V water volume (L3)
V0 bed volume at minimum fluidizing conditions

(L3)
X viable microbial concentration (Mx L−3)
z distance to the biofilm surface (L)* Corresponding author.
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Greek symbols
o0 bed porosity at minimum fluidizing conditions

support biocovered surface fractionl

1. Introduction

The advantages of anaerobic processes over aerobic
processes have led to the development of different
configurations of anaerobic processes capable of treat-
ing different types of wastewater. Fluidized bed tech-
nology can offer many advantages related to the use of
small particles of support material for the accumulation
of anaerobic bacteria, and the recirculation required to
obtain sufficient upflow velocity which improves system
mixing conditions and mass transfer.

The mathematical description of the fluidized bed
bioreactor is relatively complex [1], basically for two
reasons. Firstly, hydrodynamic characterisation is
difficult, particularly in those systems where three
phases are involved [2]. Secondly, the kinetic descrip-
tion must take into account all the phenomena taking
place in the bioparticles, such as molecular diffusion,
substrate consumption, product formation and cell
growth.

In the anaerobic digestion of non-complex substrates,
acetate conversion to methane and carbon dioxide is
often accepted as rate-limiting [3]. This is due to the
fact that the bacteria which ferment acetate to biogas
produce about 70% of the methane and grow very
slowly [4].

Mechanistically, substate removal may be described
as the net result of the following steps:
1. Transport of material from the bulk fluid to the

biofilm surface, or external mass transport, in which
the substrate flux per biofilm surface area unit, J, is
proportional to the substrate concentration gradient
across the liquid diffusion layer

J=Km · (S−Ss) (1)

2. Substrate mass transport inside the biofilm and
microbial metabolism. Despite the fact that the bi-
ofilm internal structures are porous, consisting of
microbial clusters separated by interstitial voids [5]
and layered [6], in order to simplify the calculations,
the assumption is made that the biofilm is continu-
ous and that diffusion can be described by a single
diffusion coefficient. Combining substrate utilisation
with molecular diffusion throughout the biofilm a
second-order differential equation is obtained. Us-
ing a Monod-type kinetic, the equation will be

(St

(t
=Df

(2Sf

(z2 −
k · X · Sf

Ks+Sf

(2)

Eq. (2) cannot be analytically integrated due to the
nonlinearity of the Monod reaction term.

According to Wang et al. [7], for anaerobic expanded
reactors working under low surface loads (below 3·5 mg
chemical oxygen demand (COD) cm−2 d−1), the thin
biofilm can be assumed to be fully penetrated and
internal diffusion resistance plays little or no role in the
substrate utilization kinetics. On this condition, the
Monod equation may be used to describe the anaerobic
fluidized bed reactor (AFBR) performance

−
dSs

dt
=

k · X · Ss

Ks+Ss

(3)

Vertical segregation, so far neglected when modelling
fluidized beds, was found to be significant in hydrody-
namic behaviour [2,8]. It can be associated with the
non-uniform biofilm growth on the support surface and
can have an important effect on kinetic behaviour due
to the differences in biomass concentration from the
bottom to the upper part of the reactor.

The experiments carried out were designed in order
to show the influence of initial acetate concentration,
bed expansion, and bed segregation on the kinetic
behaviour. Determination of the kinetic parameters was
carried out by a computer program, PROGRESS (pro-
gram for robust regression), that performs a robust
regression based on the least median of squares and
excludes outliers [9].

2. Materials and methods

2.1. Fluidized bed reactor

A scheme of the experimental installation is shown in
Fig. 1. The fluidized bed reactor consists of a plexiglass
column 19·3 cm in inner diameter and 200 cm tall. The
reactor has six sampling ports uniformly located, and a
recirculation pump in order to adjust the required bed
expansion.

The carrier material employed was sepiolite. with
0·046 cm average diameter, and 1·44 g cm−3 average
particle density. Sepiolite is a fibrous clay with a porous
and rough surface that provides a shelter for bacteria
from high fluid shear forces, improving microbial at-
tachment. Sepiolite has been successfully used before as
support media in different biofilm reactors [10,11].

The seed sludge, obtained from a mesophylic UASB
(Upflow Anaerobic Sludge Blanket) reactor treating
beet sugar wastewaters, was disintegrated before being,
put into the experimental reactor. The AFBR was
continuously fed for 18 months with the same synthetic
wastewater, which implies that the hatch experiments
were carried out with a mature biofilm. Organic loading
rate remained with the range of 2·0–35 g COD litre−1

d−1 and a hydraulic retention time between 5 and 18 h
[2].
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Fig. 1. Schematic diagram of the anaerobic fluidization bed. (SP, sampling ports; LC, level control; C, counter).

2.2. Synthetic wastewater

Synthetic wastewater was composed of acetic acid as
the sole carbon source and a nutrient mixture, essential
for maintaining an ideal environment for biological
growth. The composition of the nutrient mixture is
reported elsewhere [12]. The AFBR feeding was made
by diluting a stock solution in tap water, to obtain the
composition given in Table 1.

2.3. Experimental procedure

The determination of the substrate removal rate was
carried out through a series of batch assays performed
directly in the AFBR. Since a batch experiment was
completed within a short period of time without alter-
ation of microbial conditions in the reactor, the data
obtained were representative of these conditions [13].

The assays were run with sludge loads ranging from
0·34 to 1·44 g HAc g VS−1, adding to the reactor
different amounts of stock solution neutralised with
caustic soda. COD, biogas production and composition
were determined every 15 min until biogas production
stopped. During each assay, as acetic acid degradation
advanced, hydrochloric acid was added to maintain the
reactor pH between 7·1 and 7·3. All experiments were
conducted in a temperature-controlled room main-
tained at 3591°C. The experimental conditions are
listed in Table 2.

Runs from 1 to 6 were carried out with the whole
bed, whereas runs 7 and 8 were carried out with
different bed regions to study their particular be-
haviour. For run 7 the upper part of the bed, which
from now on will be called C, was removed. In the
same way, for run 8 the middle region, B, was also
removed, with A being the remaining bed (Fig. 4).

The attached volatile solids were constant during all
assays, which were performed consecutively. There was
neither an increase nor a significant decrease associated
with the growth, shearing or attrition processes.

2.4. Analyses

COD was analysed using the dichromate reflux
method, and VS, based on settled volume of biocovered
media, were measured according to Standard Methods
for the Examination of Water and Wastewater [14]. As
sepiolite itself showed some burning loss, in order to
determine the attached biomass concentration, the ob-
tained values of volatile solids were corrected by sub-
tracting the contribution of the uncovered support.

The development of biofilm formation was followed
by scanning electron microscopy (SEM). Differences in
biomass distribution in samples from various reactor
levels justified the differences in attached volatile solids
concentration. Biogas production was measured with a
wet-gas meter, and biogas composition was determined
by gas chromatography (Hewlet Paekard 5170A), with
a column packed with Porapak (Q 80/100) using ther-
mal conductivity detection.

Table 1
Composition of synthetic influent wastewater

Concentration (g litre−1)

CH3COOH 3·500
NH4HCO3 0·215
NH4H2PO4 0·023
MgSO4 · 7H2O 0·014

0·001CaCl2
NaOH 0·933
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Table 2
Experimental conditions

S0 (mg COD litre) Expansion (%) Region*Run number

14301
2 2870

37 A+B+C3 3820
53504

28005 22
2760 116

A+B7 1050
1810 378 A

* The bed was divided into three parts as shown in Fig. 4.

Fig. 2. COD concentration in the batches with different initial acetate
concentrations.3. Results and discussion

3.1. Initial acetate concentration

Four assays using the same expansion but different
initial acetate concentrations, between 1430 and 5350
mg COD litre−1, were carried out (runs 1–4). Experi-
mental results of these assays are presented in Fig. 2.
The experimental points fit a straight line until the
reactor organic matter depletes at which time the
biogas production stops. Table 3 presents the slopes
and its 95% confidence interval obtained by robust
regression analysis of each run, once outliers were
excluded.

In order to check that the rate of acetate degradation
is independent from acetate concentration, results of
the four runs were compared. The robust regression
analysis of all the pairs (t, S0i−S) did not discover new
leverage points, which revealed that the four straight
lines were parallel. The slope obtained this way was
K0=128097 mg COD litre−1 h−1.

From these data, system evolution seems to be inde-
pendent from acetate concentration. However at the
beginning of the 4th assay, for the highest acetate
concentration, COD removal and biogas production
was slower. Experimental results of biogas production
from third and fourth assays are shown in Fig. 3. These
results can be due to methane-producing bacteria inhi-
bition for an acetate concentration higher than 5000 mg
COD litre−1, which is certainly greater than the usual
values during normal working conditions in mesophilic
anaerobic reactors. After a short period of time in
which the acetate removal rate was slower, the AFBR
recuperated its normal activity.

During the linear period the substrate flux per unit of
biofilm surface area can be calculated as a function of
the support of the biocovered surface fraction, l, using
the equation

J=
K0 · dp

6 · l · (1−o0)
(4)

It is difficult to determine accurately the biocovered
surface fraction. With the aid of SEM, the bacteria on
the sepiolite surface were found to be sparsely scattered
in clumps, covering over half of the surface. Conse-
quently, substrate flux per unit of biofilm surface area
was below 0·78 mg COD cm−2 cm−1, smaller than the
critical value reported by Wang et al. [7] under which it
can be assumed that diffusional resistance in the biofilm
does not reduce the substrate concentration and Eq. (3)
may be used. Finally, the linear decrease observed when
the mixed liquor COD concentration \100 mg litre−1

indicated that the saturation constant was smaller than
this value, in accordance with the kinetic data from the
literature for methane-producing bacteria, K, 30–100
mg litre−1 [15].

3.2. Bed expansion

Assuming that system evolution is independent of
initial acetate concentration, two new assays were car-
ried out, with different bed expansions, with the aim of
knowing the influence of bed expansion on the kinetic
behaviour, (runs 5 and 6). The experimental data were
treated as aforementioned. Results are presented, to-
gether with the mean value of the previous four sets, in
Table 4.

Mechanistically, it is difficult to explain that the
COD removal rate was lower for 22% expansion than

Table 3
Initial acetate concentration effecta

Run K0*S0

(mg COD litre−1)number (mg COD litre−1 h−1)

1430 12709961
28702 1260963

12809303 3820
5350 13009104

a Minimum fluidization volume basis.
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Table 4
Bed expansion effect

S0% Exp. K0Run
number (mg COD litre−1 h−1)(mg COD litre−1)

37% 1430–5350 1280971–4
118094028005 22%

2760 13809406 11%

Fig. 3. Biogas volume versus time from the third and fourth assays.

onset of fluidization, that before was presented as the
slope of the linear period, K0.

Identifying VS with viable microbial population con-
centration, the maximum specific rate of substrate utili-
sation. ks was calculated by dividing K0, by the attached
volatile solids concentration, 7·9 g VS litre−1. The
resulting k value was 16292 mg COD g VS−1 h−1, in
accordance with the kinetic data from the literature for
methane-producing bacteria, k=100–500 mg COD g
VS−1 h−1 [18].

3.3. Bed segregation

With the aim of examining the influence of stratifica-
tion on bed activity, two assays were conducted with
different regions of the bed. The first one (run 7) was
carried out after removing 29 cm of the top of the bed,
and for the second one (run 8) 25 cm more was
removed. It is therefore possible to distinguish three
regions of the bed as presented in Fig. 4.

for 37% expansion and in the same way lower than the
one for 11% expansion. By means of the parallelism test
described before it was checked that the difference in
the K0 values are not statistically significant. It can be
assumed, therefore, that bed expansion had no effect on
acetate kinetic removal.

In the studied expansion range, the value of the
external soluble compounds transport coefficient, Km,
calculated by using semiempirical correlations [16,17], is
between 5·6×10−5 and 7·1×10−5 m s−1. By replac-
ing these values in Eq. (1), it is possible to estimate that
the difference (S−Ss) is less than l mg COD-litre−1.
Therefore, external mass transport can be neglected,
and then in Eq. (3), it is possible to replace Ss with S.

Assuming that the AFBR is a well-mixed system, Eq.
(3) may be written

−
�V

V0

�
·
dS
dt

=
(k · X · V)

V0

·
S

Ks+S
(5)

The factor k · X · V/V0 represents the maximum rate
of substrate utilisation with regard to the bed volume at

Table 5
Bed segregation effect

RegionRun S0 K0

number (mg COD litre−1 h−1)(mg COD litre−1)

12809141–6 A+B+C
10507 1120969A+B

990925A 18108

Fig. 4. Bed regions of segregation study.
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Table 6
Activities of the different regions

K0 (mg COD litre−1 h−1) VS (g VS litre−1) k (mg COD g VS−1 h−1)Bed region

11·917209240C 145920
7·5 185935B 13909260

99095 5·0A 19895

The experimental data were treated as in earlier experi-
ments. Results (assays 7 and 8) are presented together
with the mean value of assays 1 to 6, in Table 5. To check
the bed segregation effect. it was verified that all the pairs
(t, S0−S) belonged to the same straight line. In this way,
it was checked that the robust regression detected that
the points of the last assays are outliers from the straight
line that was formed by the pairs of the preceding assays.
This means that the activity of the bottom part in the bed
was different from (lower than) that in the bulk of the
bed, expressed per bed volume.

The activity of each region was determined by sub-
tracting the contribution of the lower levels

K0(A)=K0,8 (6)

K0(B)=
K0,7 · HB−K0,8 · HA

HB−HA

(7)

K0(C)=
K0,1−6 · HC−K0 , 7 · HB

HC−HB

(8)

Results of the maximum rate in substrate utilisation
with regard to the bed volume, K0, VS concentration and
maximum specific substrate utilisation rate, k, for the
different regions are presented in Table 6. With regard
to bed volume, the activity in the upper levels of the
reactor (A, B) is greater than the activity in the bottom
level (C). In contrast, with regard to the attached volatile
solids concentration. the activity increases downwards.
This is due to the fact the VS parameter, is extremely
undefined as an index of active biomass. These results
reveal that biomass concentration is lower downwards,
where shear stress and attrition are important, but for the
same reason in this area the fraction of active biomass
on attached volatile solids is greater.

4. Conclusions

Kinetic data from an AFBR can be evaluated in batch
experiments completed within a short period of time
performed directly in the reactor. A zero-order acetate
utilization pattern was consistently observed in all batch
experiments until the reactor organic matter depleted
anti biogas production stopped. The experiments showed
that liquid film diffusion has no significant influence on
the AFBR reaction rate.

At the maximum substrate removal rate, surface load
is sufficiently low so that molecular diffusion within the
biofilm can be neglected. Inhibition has been observed
for acetate concentration higher than 5000 mg COD
litre−1. However, the phenomenon was not permanent,
and the concentration decreased below the inhibitory
value.

In the bottom level (C) where shear stress and attrition
are the highest, the activity per volume unit, K0, is lower
than the activity of the upper levels (A, B). This means
that the active biomass concentration is also lower in the
bottom of the reactor. Nevertheless, the activity with
regard to the attached volatile solids concentration, k, is
higher in the bottom level than in the upper levels. This
means that the active fraction of the attached volatile
solids is greater in the region where shear stress and
attrition are the highest.
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