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ABSTRACT 
 

 A novel oscillatory flow bioreactor (OFBR) was designed and constructed to investigate the start-up and performance of the reactor 
for the treatment of cattle manure for biogas production.  The start-up of the OFBR could be accomplished in less than 65 days through 
the stepwise increase of the organic loading rate (OLR) and sustaining a constant hydraulic retention time (HRT). Results showed that at 
OLR between 2.8 to 5.2 g VS/L/day, the biogas production of the OFBR varies between 3 L/day to 26 L/day, respectively with overall 
average methane content of about 67%. The pH and the volatile fatty acids (VFA) concentration remained stable. Overall, the process 
efficiencies appeared to increase considerably with increase in the OLR and providing a stabilised anaerobic treatment.  Hence, the use of 
OFBR seemed to have a positive effect on the process stability both at both lower and higher OLR as indicated by the improved 
performance.  
 
Keywords: Anaerobic digestion; Oscillatory Flow Bioreactor; Biogas production; start-up  
 

INTRODUCTION 
 

Anaerobic digestion is a waste management 
technique that is suitable for the treatment of animal 
manure to provide a source of renewable energy. The 
successful utilization of this technique relies solely 
on the type of bioreactor. There are many types of 
bioreactors in use today, and the choice of each 
bioreactor depends on the substrate characteristics 
especially solids particulate matter content [1]. The 
conventional type of bioreactors usually used for the 
anaerobic digestion of animal manure is the 
continuously stirred tank reactor (CSTR); other types 
of bioreactors are the continuous one or two stage 
designs [2]. 

In the last few decades, quite a number of novel 
bioreactor systems have been studied and developed, 
permitting a considerable higher reaction rate per 
unit volume of reactor [3]. Among such novel 
reactors are: anaerobic filter (AF), leach bed reactors 
(LBR), up-flow anaerobic sludge blanket (UASB) 
reactor, anaerobic sequencing batch reactor (ASBR), 

anaerobic fluidized bed (AFB) reactor, plug flow 
reactor (PFR), the oscillatory flow reactor (OFR), etc 
[4]. The AF, UASB, ASBR and AFB can accumulate 
high biomass concentration and can permit long solid 
retention time (SRT) even with low hydraulic 
retention time (HRT) having got wider application in 
treating different types of waste [5]. 

Among these anaerobic bioreactor systems, the 
OFR is regarded as a continuous-flow; completely-
mixed homogeneous system because mixing 
intensity is controlled by oscillating conditions [6]. 
Its configuration has a number of advantages over 
the other anaerobic reactors, e.g. effective mixing 
accompanied with low shear; enhanced mass transfer 
rates; linear and predictable scale up; and continuous 
operation under plug flow conditions [7]. Recently, 
the OFR based on the oscillatory flow mixing (OFM) 
technology has been developed as a novel 
biotechnology to produce energy from biomass 
sources [7, 8, 9]. The OFR is mainly a tube provided 
with periodic sharp baffles working under OFM, 
resulting in the creation and dissipation of eddies 
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which leads into significant improvement in reaction 
performance including the heat and mass transfer, 
mixing, residence time distribution, etc [9]. These 
therefore suggest that the OFR could be suitable for 
biological process applications, such as the aerobic 
or anaerobic digestion. It has been reported by Parkin 
and Owen [10] that good contact between 
microorganisms due to uniform mixing and mass 
transfer are important for biological processes, which 
require efficient and adequate contact between the 
biomass and organic content in an anaerobic 
environment. Owing to this, long residence time 
processes needed for biological processes is possible 
to be shortened in the OFR compared to the 
conventional tubular reactors that rely on high flow 
rates to achieve mixing. Hence, it is possible to 
operate the OFR at the condition of high organic 
loading rates (OLRs) and short HRT which give rise 
to good performance of the bioreactor.  

A wide range of organic loading rates (OLRs) 
has been reported in the literature for anaerobic 
digestion, depending on the substrate used and the 
operational condition. Soto et al. [11] achieved an 
excellent stability and high treatment efficiency with 
HRT as low as 2 h at an OLR of 6 g COD/L/day, the 
COD removal was 95%. Also, Ahring et al. [12] 
obtained a stable reactor performance in a 
continuously stirred reactor fed with cattle manure at 
an OLR of 3 g VS/L/day and an HRT of 15 days. 
According to Callaghan et al. [13], continuous co-
digestion of cattle manure with fruit and vegetable 
wastes and chicken manure improved the methane 
yield at an OLR maintained in the range 3.19 to 5.01 
g VS/L/day and an HRT of 21 days. Organic loading 
rate of up to 4.45 to 7.78 g VS/L/day have been 
reported for anaerobic co-digestion of crop silage 
mix and cow manure [14].  

Studies conducted by Sakar et al. [15], 
suggested the optimal OLR for cattle manure at the 

range of 2.5 to 3.5 g VS/L/day, while for cattle 
manure and co-substrate at 5.0 to 7.0 g VS/L/day.   

On the other hand, another major drawback of 
anaerobic digestion is the start-up phase which is 
supposed to immediately develop very active 
digester content. Usually, longer start-up period is 
needed because the anaerobic microbes are slow 
growing bacteria; therefore, the reduction of start-up 
time is one of the basic factors to improve the 
effectiveness of the OFR for anaerobic treatment of 
animal manure [16, 17, 18].    

Thus, the objective of this study is to assess the 
start-up performance of a novel oscillatory flow 
bioreactor (OFBR) system for the anaerobic 
digestion of cattle manure at various organic loading 
rates (OLRs). The performance of the OFBR was 
assessed based on the VS (volatile solids) and COD 
(chemical oxygen demand) removal efficiency, pH 
stability and rate of biogas production. 
 
Materials And Methods 

 
1.1 Substrates and inoculum: 

Cattle manure was collected from a livestock 
farm located at Taman Pertanian Universiti (TPU), 
Universiti Putra Malaysia campus in Serdang, 
Selangor, Malaysia. Palm oil mill effluent (POME), 
used as the inoculum, was collected from an 
anaerobic pond of the Seri Ulu Langat Palm Oil Mill 
Sdn Bhd, Dengkil, Malaysia. Cattle manure was 
mixed 1:1 with water, filtered through a screen (0.5 
cm × 0.5 cm), and stored at 4°C for further use, while 
the inoculum was stored at 4°C until use. The 
characteristics of the cattle manure and the inoculum 
are given in Tables 1 and 2, respectively. All samples 
were analysed in triplicate, and the averages of three 
measurements are given.

  
Table 1: Characteristics of cattle manure 

Parameter Unit Average value 
pH - 7.6 
TS % 11.7 
VS mg/L 51500 
NH3-N mg/L 2733 
COD 
Alkalinity 

mg/L 
gCaCO3/L 

21440.3 
4.34 

DM %dry base 16.7 
CF g/kg DM 34 
CP g/kg DM 11.8 
NDF g/kg DM 83.36 
ADF g/kg DM 71.77 
Lignin g/kg DM 30.61 
Cellulose g/kg DM 41.16 
Hemicellulose g/kg DM 11.59 
Acetic acid mg/L 399.4 
Propionic mg/L 277.5 
Butyric mg/L 120.4 
Isovaleric mg/L 83 
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Table 2: Characteristic of POME inoculum 
Parameter Average value (mg/L) 
pH 4.2 
TSS 16,700 
TVS 31,300 
COD 51,560 
NH3-N 51 

 
2. Experimental setup and operation: 
2.1 Bioreactor system: 

The novel laboratory-scale OFBR designed for 
this experiment was a 5.8 L jacketed stainless steel 
vertically positioned tube (Figure 1). The tube was 
fitted with plate baffles, equally spaced at 1.5 tube 
diameters apart, with external diameters of 97 mm 
and 28-mm diameter orifices. The OFBR, with an 
internal diameter of 98 mm, an external diameter of 
146 mm, and a length of 732 mm, was mounted on a 
hydraulic pulsation unit that provided substrate 
oscillation at the base of the tube. The contents were 
mixed completely at an oscillation amplitude and 

frequency of 20 mm and 2 Hz, respectively. The 
system was heated by a thermostatically regulated 
water jacket maintained at 53°C. A condenser was 
installed on the gas outlet to trap moisture from the 
exiting biogas. Additionally, the bioreactor was 
equipped with sampling and filling ports. The 
bioreactor was operated at a thermophilic 
temperature and mixed periodically (8 h per day). 
The pH was maintained in a range from 6.8 to 7.1, 
and it was controlled automatically by a pH 
controller that continuously monitored the pH and 
added acid or base, as required.

 
 

 
 

Fig. 1: Schematic diagram of experimental setup of a novel OFBR 
 

2.2 Experimental procedure: 
This study evaluated the start-up of the OFBR 

by maintaining a fixed HRT of 18 days determined 
from the result of the two earlier batch experiments 
(result not shown) and stepwise increase in the 
volumetric VS loading rate with the increase of the 
influent substrate concentration.  During the 
experiment, when the VS removal ratio and the 
biogas production were observed to be relatively 
constant within 5% for three successive days, the 
volumetric loading rate was increased to the next 
higher step. The volumetric VS loadings differed in 
the range of 2.8 to 5.2 g VS/l/day and VS feeding 
concentrations ranging from 51.1 g/l to 93.4 g/l were 
chosen. During the experiment, the OFBR was 
flushed with the nitrogen gas for 10 min prior to 
sealing. The produced biogas was collected in a 

Tedlar gas bag. The volume and composition of the 
biogas were measured daily. Samples were taken 
daily to analyse the pH, total solids (TS), VS 
removal, and volatile fatty acids (VFAs). 

 
2.3 Analytical methods: 

pH, TS, VS, ammonia nitrogen (NH3-N), neutral 
detergent fibre (NDF), acid detergent fibre (ADF), 
and lignin were determined according to standard 
methods [19]. The compositions of crude fibre (CF), 
crude protein (CP), and ash and dry matter (DM) 
were determined by proximate analysis using the 
AOAC method [20], while NDF, ADF, and lignin 
were analysed using a reflux apparatus. Methane and 
carbon dioxide concentrations in the biogas were 
determined directly using a portable gas detector 
(PGD2), and the biogas content was verified twice 
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per week using a gas chromatograph (HP 6890N) 
equipped with a thermal conductivity detector (TCD) 
and a 30 m × 0.5 mm ID HP Molesieve column. The 
splitless inlet, oven, and TCD detector temperatures 
were 60°C, 70°C, and 200°C, respectively. Argon 
served as the carrier gas. Samples for VFA 
determination were collected every other day and 
centrifuged at 11,000 rpm for 20 min. Then, they 
were filtered and acidified with 17% H3PO4 (150 μL 
per 1 mL of sample) and centrifuged again. A gas 
chromatograph (GC) (Agilent, 7890N) employing a 
100 m × 0.25 mm ID × 0.2 μm Supelco SP 2560 
capillary column (Supelco, Inc., Bellefonte, PA, 
USA) was used. The carrier gas was nitrogen, and 
the flow rate was 1.2 mL/min. Then, 1 μL of fatty 
acid methyl esters (FAME) was injected using an 
auto sample into the GC, which was equipped with a 
flame ionization detector (FID), at a split ratio of 
1:20. The injector and detector temperatures were 
maintained at 250°C and 270°C, respectively. The 
column temperature was initially held at 150°C for 2 
min, warmed to 158°C at 1°C/min and held for 28 
min, and then warmed to 220°C at 1°C/min and held 
for 20 min to achieve satisfactory separation. Sample 
peaks were identified, and concentrations calculated, 
based on the retention times and peak areas of known 
standards (Sigma-Aldrich, St. Louis, MO, USA). 
Fatty acid concentrations are expressed as grams per 
100 grams of the sum of the identified peaks 
measured in each sample. 

 
Results and Discussion 

 
Studies were carried out using increasing 

organic loading rates, the OLR of 2.8 g VS/L/day 
being the initial and that equivalent to 5.2 g 
VS/L/day achieved at the end of the study. The early 

stage of the start-up phase at the initial OLR 
indicated, as expected, an increase in the VFA 
concentration in addition to a drop in pH, and low 
biogas production which was evidence of a period of 
imbalance in the anaerobic digestion process [21]. 
These changes may have been the result of a lag or 
adaptation period in which the methanogenic bacteria 
acclimatized to the new environment. The cattle 
manure used had a moderate pH of 7.6 and a total 
VFA (TVFA) concentration of 880 mg/L. TVFAs 
consisted of 46% acetic acid, 31 % propionic acid, 14 
% butyric acid, and 9 % isovaleric acid. At the initial 
loading, during the first 5 days of the experiment as 
can be seen from figure 2, biogas production was 
generally low below 5 L/day. Meanwhile, the 
production of biogas was observed to gradually 
increase from day 5 to 15 L/day, with lower methane 
content (about 20%) in the biogas. This might be the 
result of the abrupt increase in the acetic and 
propionic acid concentrations. At operating OLR of 
2.8 g VS/L/day, a slight increase in biogas 
production was observed, which corresponded to the 
biodegradation of a substantial quantity of TVFAs 
during the earlier peak period, as well as a decrease 
in the availability of organic material for the 
methanogenic bacteria. Finally, stabilized biogas 
production was observed during the OLR of 3.6 and 
4.3 g VS/L/day with biogas production maintaining 
at approximately 20 L/day. More also, the highest 
biogas production was noticed at this OLR around 30 
L/day. The final OLR showed a marked decrease in 
production, and the concentrations of TVFA were 
significantly reduced by microbial activity at the end 
of the experiment, which demonstrated that the 
hydrolytic bacteria performed actively during the 
start-up stage.

 

 
Fig. 2: Biogas production rate versus the organic loading rate during the start-up study 

 
Figure 3 show the volatile solid (VS) 

concentration profile of the OFBR during the start-up 
stage. Even though the initial concentration of the 
influent substrate and the organic loading rate (OLR) 

were just about 51.1 g/L and 2.8 g VS/L/day, 
respectively.  

Also, the VS reduction and the average rate of 
biogas production of the OFBR were around 9 % and 
3 L/day. After 18 days of operation, an increment of 
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the VS reduction and the rate of biogas production 
were observed with a value around 40.7 % and 15.3 

L/day, respectively.

 

                          
 

Fig0. 3: VS concentration and VS reduction versus the organic loading rate during the start-up study 
 
As explained earlier, the pH of the process was 

maintained at 6.8-7.1 and the production of TVFA 
in the OFBR was observed to be fairly active 
(Figure 4).

 

 
Fig. 4: VFA concentration versus the organic loading rate during the start-up study 

 
On day 19, the influent VS concentration was 

increased to 65.4 g/L equivalent to OLR of 3.6 g 
VS/L/day. The VS reduction was observed to 
decrease from around 40 % to 33 % possibly 
influenced by the increase of the organic loading, but 
the effluent VFA concentration improved slightly. 
Then again, after few days of organic loading the rate 
of biogas production was noticed to increase 
gradually. Within 12 days of operation, the VS 
reduction and the rate of biogas production amount 
to almost 52 % and 3.8 L/day, respectively, and the 
VFA: alkalinity was obtained as 0.3. However, the 
VFA accumulation at this stage did not result in a pH 
drop, possibly because of the buffering capacity of 
the animal manure.  

Weiland [22] reported that animal manure 
results in high alkalinity during anaerobic digestion, 
which stabilizes the pH during VFA accumulation. 
The methane content of the biogas was observed to 
increase slowly with time, whereas the carbon 
dioxide concentration continued to decrease. An 

approximately 24% decrease in the acetic acid 
concentration, to 468 mg/L, was noted at OLR of 4.3 
g VS/L/day. Furthermore, the VS concentration of 
the influent was increased steadily from 65.4 g/L to 
77.5 g/L and 93.4 g/L. For each increase in the 
influent VS concentration, the OFBR only operate 
for a short period of time in adapting to the new 
conditions. After about 65 days of operation in this 
way, when the influent VS concentration and the 
OLR were 93.4 g/L and about 5.2 g VS/L/day 
respectively, the VS reduction and the VFA: 
alkalinity reached 93.2% and approximately 0.25. 
The highest biogas and methane production period 
occurred between days 39 and 52. On day 43, biogas 
production and methane content achieved their 
highest values of 30 L/day and 64 %, respectively. 
This corresponded to a neutral pH and a rapid 
decrease in the TVFA concentration, with about a 
65% decrease in the acetic acid concentration 
between days 28 and 41. Similarly, the propionic and 
butyric acid concentrations decreased significantly to 
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30% and 37%, respectively. After approximately 8 
weeks of operation, the acetic acid concentration 
reached 168 mg/L, which was followed by rapid 
decreases in the propionic and butyric acid 
concentrations. Mawson et al. [23] reported that an 
increase in the level of acetic acid from 0.5 to 2 g/L 
reduced the rate of utilization of propionic acid by 
around 50%.  

In this study, the acetic acid concentration was 
significantly reduced, and the small change in pH 
stabilized the process, thereby ensuring steady 
methane production. This was most likely possible 
because of the buffering capacity of the cattle 
manure that resulted from its high ammonia level, 
which prevented the failure of the bioreactor. 
Angelidaki and Ahring [24] suggested that a number 
of reactor configurations have their own standard 
VFA concentrations, which are determined by the 
composition of the substrate flowing into the 
reactor[29]. The VFA: alkalinity has been reported to 
be used as a yardstick to measure the process 
efficiency/stability of anaerobic digestion operation, 
and the process is considered favourable when the 
value is less than 0.3 to 0.4 [25]. Therefore, it is not 
possible to define specific VFA levels that are 
indicative of bioreactor failure. Hence, it appears that 
the OFBR system has a good buffering capacity and 
operates stably at low VFA concentrations[30]. In 
addition, these results showed that the oscillatory 

flow mixing could support the mass transfer of cattle 
manure in the OFBR and improve the efficiency of 
the anaerobic treatment. At the condition of the HRT 
of 18 days, low solids (VS = 51.5 g/L) in addition to 
high solid content (VS = 93.2 g/L) of the organic 
waste could be effectively treated with a high 
removal efficiency in the OFBR. Moreover, the 
result for COD in the effluent is shown in Figure 5, 
as can be seen the COD concentration decreases 
while the organic loadings were increased[31]. COD 
concentration was observed to increase slightly at the 
initial loading, this is clear evidence that bioreactor 
microbial population were continuously adapting to 
the change in environmental condition due to the 
daily loading. But, the system recovered shortly as 
indicated by increased biogas production and 
decreased COD concentration, although little 
variation in concentration was noted over time[28].  

Borja et al. [26] also reported similar findings 
when performing anaerobic digestion of 
slaughterhouse wastewater. The researchers found 
the concentration of soluble COD to increase with 
increasing OLR with an improved methane yield 
although the methane content showed an overall 
decrease. The COD concentration was observed to 
consistently decrease with little variation in the 
effluent except at the higher OLR of 5.3 g VS/L/day 
when gradual increase in COD concentration was 
observed.

 
 

 
Fig. 5: COD concentration versus the organic loading rate during the start-up study 

 
Generally, the OFBR was examined to stabilize 

and the overall COD reduction was 64 %, which 
corresponds to high efficiency of COD removal. This 
COD reduction is higher compared with the study 
conducted by Nasir et al. [27] in a lab-scale 
bioreactor and found COD reduction of 33%. 

 
Conclusion: 

Anaerobic digestion of cattle manure for biogas 
production from a novel oscillatory flow bioreactor 
(OFBR) was studied under four different organic 
loading rates (OLRs). The successful start-up 

operation of the OFBR was attained in less than 65 
days through the stepwise increase of the OLR and 
maintaining a constant hydraulic retention time 
(HRT). Results showed that at OLR of 5.2 g 
VS/L/day, the biogas production of the OFBR 
reached 26 L/day with methane content of about 
67%. Also, the pH and the volatile fatty acids (VFA) 
concentration remain stable. Hence, the OFBR 
demonstrated a higher stability under low and higher 
organic loading. 
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