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Three methanogenic biofilm bioreactors were studied
to evaluate the performance of three types of carriers.
The carrier material were consisted of sisal fibre
waste, pumice stone and porous glass beads, and the
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bioprocess evaluated was the methanogenesis anaerobic
digestion of sisal leaf waste leachate. Process
performance was investigated by increasing the organic
loading rate (OLR) step-wise. The best results were
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obtained from the bioreactor packed with sisal fibre
waste. It had the highest chemical oxygen demand
(COD) removal efficiencies in the range of 80-93% at
OLRs in the range of 2.4-25 g COD L'd'. The
degradation pattern of volatile fatty acids (VFAs)
showed that the degradation of propionate was limiting
at higher OLRs. The stable pH and higher partial
alkalinity (PA) of the outflow illustrated that packed-
bed bioreactors have a good ability to withstand the
variations in load and volatile fatty acid concentrations
that can occur in a two-stage anaerobic process. In
conclusion, sisal fibre waste was shown to be a novel
promising biofilm carrier and would work very well in
methanogenic biofilm bioreactors treating sisal leaf
tissue waste leachate. Furthermore both sisal wastes are
available in the neighbourhood of sisal industries, which
makes anaerobic digestion scale up at sisal factory level
feasible and cost-effective.

The application of modern biogas technology for the
utilization of abundantly available biomass residues
generated by agro-based and food processing industries,
and municipalities has a potential to generate biogas fuel
which can be used to replace petroleum fuels or be
converted to electricity. Processing of the sisal plant (genus
Agave) which ranks 6™ place among fibre plants, is one of
the industries with high potential. It is a high waste
generating industry with a current ratio of useful fibre to
waste at 2:98%. In Tanzania the current estimated annual
productions of sisal leaf, sisal fibre and sisal stem wastes
are 440,000; 148,000; and 1,000,000 tonms, respectively.
Current disposal methods of these residues include burning,
and dumping on site or dumping in unplanned and
uncontrolled landfills, or discharging in nearby
rivers/streams causing serious environmental problems.
Exploitation of the residues generated by the sisal industry
for alternative energy source is however constrained by
lack of knowledge on the appropriate bioconversion
technologies as well as the linear production system for
sisal plants which makes the sisal industry interested in the
sisal fibres and not in the other products. A holist approach
to the utilization of sisal plant and extraction of all residues
the plant is generating will make the sisal industry
sustainable, profitable and competitive. Research efforts to
address this view are being made. Recent laboratory
investigations have shown that the anaerobic digestion of
sisal leaf tissue and sisal fibres residues is technically
feasible (Mshandete et al. 2004; Bjornsson et al. 2005;
Mshandete et al. 2005, Mshandete et al. 2006).
Furthermore, a project for production of biogas, electricity
and bio-fertilizer from sisal waste at pilot scale in Tanzania
has been proposed.The US$ 5.3 million project is co-

financed by United Nations Industrial Development
Organization (UNIDO), the Common Fund for
Commodities (CFC), the International Fund for

Agricultural  Development (IFAD), the Belgian
Government and counterpart contributions from Tanzania
and Kenya. This project provides an opportunity and a
challenge for further research to improve on biogas
production from sisal residues prior to full scale plants.

Anaerobic digestion systems are limited by two major steps
depending on the nature of the substrates. Hydrolysis is
often limited if the substrate is complex organic solids
while in the digestion of soluble organic matter, the rate
limiting step has been identified as methanogenesis. Since a
major drawback in a bioreactor based on anaerobic
digestion of soluble substrate is the slow growth rate of
methanogens, the desirable degree of organic matter
degradation is achieved after along residence time in the
anaerobic reactor (Yang et al. 2004). Attempts are being
made to overcome this problem in the today’s high-rate
reactors with effective biomass retention (Harendranath et
al. 1996; Ince et al. 2000). To maintain high microbial cell
densities in the anaerobic bioreactor, methods of
immobilizing microbial cells on various supports/medium
have been studied (Lalov et al. 2001; Held et al. 2002;
Suvajittanont and Chaiprasert, 2003; Yang et al. 2004).
Adhesive growth supports high cell density and thus high
activity. However, adoption of immobilization technology
by the developing countries requires the use of cheap and
easily available biofilm carriers. The sisal fibres waste from
Agaves species are extremely strong, rough, hard, durable
fibre, and resistant to the effects of many chemical
solutions and solvents, contains two steroidal saponins-
yuccagenin and ruizgenin which can be used as natural
chelating agents (Romero-Gonzalez et al. 2006). These
characteristics make sisal fibre waste a potential
biomaterial for the microbial cell immobilization. Another
locally available alternative in Tanzania is pumice, which is
a volcanic material; porous in nature with a high surface
area that could be useful for microbial immobilization. In
this paper results of the evaluation of sisal fibre waste,
pumice stone and porous glass beads as biofilm carriers in
the methanogenic bioreactors treating sisal leaf tissue waste
leachate are reported. To the best of our knowledge, results
on performance of these materials as biofilm carriers for
anaerobic digestion of sisal residues are being reported for
the first time.

MATERIALS AND METHODS
Biofilm carriers

The sisal fibre waste was collected from a sisal-processing
factory at Ubena Zomozi, Tanzania and was sun dried for 5
days and then stored at room temperature. The
characteristics of sisal fibre waste are given in (Table 1).
Pumice stones which are, light, siliceous, greyish-coloured
volcanic rocks, with a size of 7-23 mm and high porosity
(>95%), were provided by the National Housing and Building
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Figure 1. Scanning electronic micrographs of support
materials: (a) sisal fibre waste (mag. x 500), (c) pumice
stone (mag. x 35) and (e) porous glass beads surface
and cross section (mag. x 150) before microbial
colonisation, and after colonisation with anaerobic
microbial biofilms: (b) sisal fibre waste (mag. x 6000), (d)
pumice stone (mag. x 3000) and (f) porous glass beads
(mag. x 2300).

Research Unit, NHBRU (Dar es Salaam, Tanzania). Porous
glass beads with a diameter of 15 mm and high porosity
(>90%) made from recycled glass were supplied by
Dennert Poraver GmBH (Lauingen, Germany).

Substrates and synthetic media

The sisal leaf tissue waste was collected from a sisal-
processing factory at Ubena Zomozi, Tanzania and was
stored at -20°C until use. Prior to the preparation of the
synthetic medium, an analysis of the effluent from the first
stage reactor was made for volatile fatty acids (VFAs) and
chemical oxygen demand (COD) which are the major
components. This was on the basis of a previous study by
Anderson and Bjornsson (2002) which measured COD and
all VFAs of an effluent of a first stage bioreactor fed with
sisal leaf residues where it was seen that the COD was
actually completely made up of VFAs. Hence even if other
organics were there, their concentrations were very low and
hence not likely to affect the degradation rates. Thus the
characteristics of the effluent from the first stage bioreactor
was used as a model substrate. However, in order to obtain
reproducible conditions for the evaluation of the
methanogenic step a synthetic substrate was used with a total
influent VFAs concentration of 20.6 g L. The individual
VFAs including propionate, n-butyrate and acetate were
added at concentrations of 4.5, 4.9 and 8.9 g L', while for i-
valerate, i-butyrate and n-valerate the concentrations were
0.4, 0.7 and 1.2 g L', respectively. The composition of other
compounds/nutrients in the synthetic substrate was as
reported by Andersson and Bjornsson (2002).

Bioreactor design

The experimental set-up consisted of three methanogenic
bioreactor configurations of identical size (volume 2 L,
height 420 mm and an internal diameter of 60 mm). The

bioreactors were operated under identical conditions but
packed with different biofilm carriers, and were run in
parallel. The sisal fibre waste was packed to a density of
145 g L'\, This is the packing density commonly used in
baling commercial sisal fibre. The second bioreactor
containing pumice stone was packed to a density of 271 g
L', while the third bioreactor was packed with porous glass
beads to a density of 174 g L', The study was carried out at
mesophilic conditions (35-37°C). All the packed-bed
bioreactors had a constant upflow recirculation of 10 mL
min™. In all the bioreactors, the substrate was pumped in at
the bottom (upflow) of the bioreactors and the effluent and
the biogas were discharged from the top through the same
outlet. The liquid was then separated from the gas, which
was collected in a gas-tight bag.

Experimental procedure

Each bioreactor was inoculated with 500 mL sludge from a
mesophilic sewage sludge digester (Eslov, Sweden). During
the start-up period, the inoculum was continuously
recirculated and 100 mL of leachate extracted during sisal
fibre waste pre-digestion was fed to each bioreactor once
every two weeks. A start-up period of five months was
employed in order to establish the biofilms, and to degrade
the biodegradable part of the sisal fibre waste, which would
otherwise wrongly contribute to the methane production of
that process. After the start-up period, the substrate was
added and the three bioreactors were operated continuously
for 70 days. In order to determine the maximum efficiency
of each packed-bed bioreactor, the organic loading rate
(OLR) was increased step-wise. Each process was
evaluated by analyzing the volume and content of the gas,
concentration of VFAs, COD, Partial Alkalinity (PA), Total
Alkalinity (TA) and the pH of the outflows. OLRs in the
range of 2.4-25 g COD L' d”' were investigated, and each
OLR was maintained for at least three retention times in
order to attain a steady state.

Scanning electron microscopy

Microbial cell immobilization on carriers was visualized
using scanning electron microscopy (SEM). The biofilm
carriers before and after the experiment were scanned. The
samples for SEM were fixed in 2.5% glutaraldehyde in 0.15
M sodium cacodylate buffer at pH 7.2, overnight. The
samples were then post-fixed in 1% osmium tetroxide for 1
hr, dehydrated in ethanol and then dried. Dried samples
were coated with gold/palladium (40/60) to make them
electrically conducting and to avoid space charge effects
during SEM. The samples were examined at 10 kV in
secondary eclectron mode using a JOEL JSM-5600,
scanning electron microscope (JOEL Ltd, Tokyo, Japan).

Analytical methods

The volume of biogas was measured using a wet-type
precision gas meter (Schlumberger, Karlsruhe, Germany)
and biogas composition was measured using gas
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chromatography, (Varian 3350, Walnut Creek, CA, USA)
as previously reported by Bjornssonet al. (1997). The PA,
TA, pH, VFAs were measured as previously described
(Andersson and Bjornsson, 2002). Neutral detergent fibres
(NDF, total fibre in the substrate), Acid detergent fibres
(ADF, primarily comprises of cellulose and lignin of the
substrate), cellulose and lignin (permanganate method)
contents of the sisal leaf tissue and sisal fibre waste were
analyzed in duplicate according to the method of Goering
and Van Soest (1970). Total solids (TS), volatile solids
(VS) and COD were determined according to standard
methods APHA (1998).

RESULTS AND DISCUSSION

Physical properties of biofilm carriers before and
after microbial colonisation

The size, shape, hydrophobicity, surface to volume ration
of the matrix, surface charge, porosity and roughness of the
carrier material are reported to influence bacterial
colonization on the support media (Harendranath et al.
1996; (degaard et al. 2000). Moreover, the ability of the
support material to entrap and prevent washout of biomass
has been found to sometimes be a more important
parameter than the surface area of the medium (Gikas and
Livingston, 2006). The three biofilm carriers investigated
had different porosities, sizes, shapes and surface areas,
resulting in different capabilities of retaining biomass in the
carrier. From the micrograph (Figure 1a) it can be seen that
uncolonized sisal fibre waste has rough, uneven surface
with crevices, microscopic ridges and pores which are good
for attachment and entrapment of microbes, as can be seen
in (Figure 1b). In studies of sisal fibres as reinforcement in
polymers, microscopic observations have revealed that the
presence of the rough surface of sisal fibres favoured
biofilm growth, which is a strong advantage (di Franco et
al. 2004). Furthermore, it has been shown in other studies
that jute fibre which is similar to sisal fibres possesses
natural chelating properties that make it a good adsorbent.
These characteristics make sisal fibre waste a potential
cheap bioresource for the microbial cell immobilization in
anaerobic biotechnological applications (Banerjee and
Dastidar, 2005). A micrograph of a pumice stone (Figure
Ic) shows, a rough, high porous surface area with
macrostructures variable in size and shape, which could
allow organisms which adhere to the surface to be
entrapped as seen in (Figure 1d). This could prevent
washout. Although porous, the internal pores of the glass
beads (Figure le) are not available for the attachment of
biomass, and hence biofilm growth takes place mainly on
the surface (Figure 1f). The microscope images in Figure la
and Figure 1b do not clearly show that the surfaces of the
sisal fibers are more suitable for biofilm attachment than
the pumice. However, biomass within in an anaerobic filter
grows in the form of both biofilm attached to the medium
and suspended particles entrapped within the medium. It

has been shown that in anaerobic filters, the organic
removal contribution from entrapped suspended biomass is
relatively significant (Alves et al. 1998; Agamuthu, 1999).
Hence the amounts of suspended biomass retained by sisal
fibre waste may have played an important role in the
observed differences in process performance. The
biodegradation of the sisal fibre was measured at the end of
the experimental period, and although around 50% of the
sisal fibre waste was degraded during the experimental
period of about 8 months no clogging or drainage problems
were encountered. This finding is important and it
illustrates that sisal fibre waste is a novel biofilm carrier
which could be successfully applied in anaerobic
biotechnology systems treating sisal leaf tissue waste
leachate for long time without serious technical problems.
Studies on characterizations and the effect of biofilm
formed on the surface of the three carriers are underway.
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Figure 2. Percentage degradation of individual VFA with
increasing OLR for sisal fibre waste (a) pumice stone (b)
porous glass beads (c¢) packed-bed bioreactors.

VFA degradation with increasing OLR

VFAs are important intermediary compounds in the
metabolic pathway of methane fermentation (Parawira et al.
2005). However, accumulation of VFAs and lowering of
pH are known to lead to suppression of methanogenic
activity and process failure in methanogenic, reactors. The
results of individual VFA degradation with increasing OLR
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for the three packed-bed bioreactors are shown in (Figure
2). The VFA degradation rate was calculated from the mean
values of the VFAs in the outflows for at least 3-6 days of
operation at each OLR, and is given as percentage of
individual VFA degraded. The amounts of VFAs in the
outflow of methanogenic bioreactors may change
significantly due to changes in the OLR. The results
showed that the total outflows of VFAs and COD
concentrations were fairly well correlated (Figure 3).
However, the pattern of individual VFAs in the outflow
varied between the bioreactors in response to the OLR
applied. The percentage degradation of acetate, n-butyrate,
i-butyrate and n-valerate in the three bioreactors shows
some similarities, being degraded by over 70%, even at an
OLR of up to 24.9 g COD L' d". Normally, acetate and
propionate are predominating VFAs found in the outflows
of methanogenic bioreactors in case of reactor overloads.
Thus the effects of acetate and propionate degradation are
most important for judging the performance of the digester
(Mosche and Jordening, 1999; Pullammanappallil et al.
2001). Acetate was added at high initial concentrations. In
addition, acetate is also a product of degradation of VFAs
with more than 4-C chains (Wang et al. 1999). In spite of
the high concentration, acetate degradation was over 85%
in all bioreactors even at the highest COD L™ d' applied
(24.9 g). This result implies that acetate was degraded into
CH; and CO, by the methanogens, indicating that the
overall process was not overloaded by acetate. However,
the degradation efficiency of propionate in the three
bioreactors decreased when the process was subjected to
high OLRs. High propionate concentration in methanogenic
bioreactors has been reported during changes in the process
balance in response to high OLRs (Pind et al. 2002). For
the bioreactors with pumice stones and glass beads packed
beds, propionate degradation efficiency dropped drastically,
and in some cases was even negative when the OLR was
increased over 12 g COD L™ d'. However, the propionate
degradation efficiency was still over 50% for the sisal fibre
waste biofilm carrier, even when the OLR was increased to
24.9 ¢ COD L' d. According to previous studies raw sisal
decortication residues contain relatively high concentration
of total VFAs, in the range of 4-6 g/, and propionic acid is
at more than 1 g/l (Rubindamayugi and Salakana, 1997). It
is hence likely that the sisal fibre waste which was used as a
biofilm carrier had an indigenous population of
microorganisms adapted to converting propionic acid. It is
hence most probable that this population increased and was
maintained with the step wise feeding of the bioreactor with
propionic acid. This view is in agreement with that of
Pullammanappallil et al. (2001) who managed to maintain a
population of propionate degrading microorganisms within
a digester by feeding propionate at 1 g/l with a medium
composed of glucose and phenol. Furthermore the
conversion of propionate has been reported to proceed
through different pathways including 1) syntrophic
conversion 2) reductive carboxylation and 3) conversion
into higher fatty acids which are thermodynamically easily
converted into methane. It is therefore likely that the
indigenous population in the sisal fibre waste biofilm

carrier consisted of microbes capable of carrying out one or
all of the three pathways (Lens et al. 1996). The
accumulation of propionate is caused by imbalance
between the acetogenic bacteria, converting higher VFAs
such as propionate and butyrate into acetate, carbon dioxide
and hydrogen, and the hydrogenotrophic methanogens,
which utilize H, and CO, to produce methane. Degradation
of propionate it is inhibited under high hydrogen
concentrations, thus a syntrophic association between the
obligate hydrogen-producing acetogenic bacteria and the
hydrogen-consuming methanogens is required for the
degradation to proceed (Pind et al. 2002). An accumulation
of VFAs will result in a decrease in pH, and finally lead to
failure of the methanogenic stage and the whole
degradation process (Wang et al. 1999). The results
presented by Andersson and Bjornsson (2002) from similar
treatment system showed a comparable decrease in
propionate degradation rate as the OLR was increased. The
degradation of i-valerate was distinctly different in the three
bioreactors. It was low in the pumice stone and glass-bead
packed-bed bioreactors when the OLR was increased over
12 g COD L' d"' .The effluent from these bioreactors at the
highest OLR applied contained 0.325-0.355 g L™ compared
to the influent of 0.400 g L. This demonstrates that the
microbial activity in the bioreactors was inhibited at a high
OLR. The most probable reason for better degradation
efficiencies of i-valerate for sisal fibre waste packed-bed
bioreactor compared to the pumice stone and glass-bead
packed-bed bioreactors is that indigenous microorganisms
capable of oxidizing i-valerate into acetate a mnatural
methanogens substrate, were probably present in sisal fibre
decortications wastes. The conversion of i-valerate to
acetate has been suggested to proceed via beta-oxidation
degradation pathways (Batstone et al. 2003). The
microorganisms in sisal waste fibres carrier seem to be able
to sustain much higher VFAs concentrations with
increasing OLRs without concomitant serious operational
problems. This shows that it could be a potential biofilm
carrier to facilitate the retention of slow-growing organisms
thereby stabilizing anaerobic digestion process in sisal
wastes based bioreactors.
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Figure 3. COD reduction % and methane yield methane per
gram of added COD at increasing OLR for sisal fibre waste (1 /
), pumice stone (/¥ and porous glass bead (A/A) packed-
bed bioreactors.
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COD reduction and methane yield

The COD reduction is a measure of the treatment efficiency
in anaerobic filters (Agamuthu, 1999; Odegaard et al.
2000). Figure 3 shows the COD reduction and methane
yield for each OLR in the three packed-bed bioreactors.
The values are given as average values and standard
deviations for 3-6 measurements over 3-6 days of operation
at each OLR. Generally, there was a good correlation
between COD reduction and methane yield, which shows
how the treatment efficiency decreased with increasing
OLR. Such observed tendencies and phenomenon are
common in anaerobic treatment systems and have been
reported by others (Ince et al. 2000). In this study the
performance of the sisal fibre waste biofilm in
methanogenic bioreactor was very good, showing a COD
reduction of around 80% even at an OLR of 25 g COD L™
d” and a hydraulic retention time of 24 hrs.

Biogas content, methane production rate, pH and
alkalinity

The methane contents in all the three bioreactors varied
between 82 and 86% and were very similar as the OLR was
increased from 2.4 to 24.9 g COD L' d™! (data not shown).
The methane production rate (MPR) for the three
bioreactors varied between 0.3 and 2.6 L CH, L' d"! and
increased with increasing OLR. The maximum methane
production of 2.6 L L™ d, was achieved in the sisal fibre
waste packed-bed bioreactor at an OLR of 24.9 g COD L™
d' (data not shown). Measuring alkalinity provides a
picture of how safe the bioreactor is in relation to buffering
acidic shock loadings. The PA outflow values were
between 6.7-9.7 ¢ CaCO3 L™ (data not shown) and pH 8.1-
8.3 (data not shown) in all the bioreactors during stable
operation. The values obtained in this study for the outflow
PA and pH are within data reported in the literature. A PA
in the range of 1.0-5.0 g CaCO3 L™ and pH 6.5-8.5 were
reported for a normal and healthy operation of anaerobic
digester (Mshandete et al. 2004; Mshandete et al. 2006).
The inlet substrate pH was maintained at 5.6, and the
neutralizing capacity of the packed-bed systems was good
since the pH was stable without any need for pH control.
This is an interesting cost-effective approach for anaerobic
digestion of sisal residues in Tanzania since no eternal
buffer sources was added.

CONCLUDING REMARKS

This is the first study reporting the utilization of sisal fibres
waste, pumice and porous glass beads as a biofilm carrier in
anaerobic digestion of sisal leaf tissue waste leachate. From
the results obtained, we can conclude that the performance
of the packed-bed bioreactor containing sisal fibre waste as
a biofilm carrier was superior to those of the other
bioreactors investigated and sisal fibre waste is an
appropriate biofilm carrier to wuse in methanogenic
bioreactors digesting sisal leaf tissue waste leachate. Higher
COD removal and the degradation efficiency of individual

VFAs as well as an effluent with stable pH and high
alkalinity were observed. Furthermore, a biofibre carrier as
sisal fibre waste did not suffer from clogging or channelling
even though some degradation occurred during the 8
months duration of this study. An additional benefit is that
both sisal fibre and sisal leaf tissue are wastes produced in
sisal factories, which makes scale-up at sisal factory level
cost-effective in terms of handling and transport. However,
further research is necessaryto evaluate the feasibility of
pilot scale up and gain more understanding and improve the
anaerobic digestion system in the context of Tanzania’s low
technology environment.
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