& Desalination and Water Treatment

¢ www.deswater.com
(

doi: 10.1080/19443994.2015.1033761

57 (2016) 10169-10180
May

Taylor & Francis
Taylor & Francis Group

Effect of inoculum to substrate ratio on the performance of modified
anaerobic inclining-baffled reactor treating recycled paper mill effluent

Haider M. Zwain?, Hamidi Abdul Aziz?, Nastaein Qamaruz Zaman?, Irvan Dahlan®*

“School of Civil Engineering, Universiti Sains Malaysia, Engineering Campus, Seri Ampangan, 14300 Nibong Tebal, Pulau Pinang,
Malaysia, Tel. +6012 5949482; email: eng.zwain@gmail.com (H.M. Zwain), Tel. +604 5996215; email: cehamidi@usm.my

(H.A. Aziz), Tel. +604 5996287; email: cenastaein@usm.my (N.Q. Zaman)

YSchool of Chemical Engineering, Universiti Sains Malaysia, Engineering Campus, Seri Ampangan, 14300 Nibong Tebal, Pulau

Pinang, Malaysia, Tel. +604 5996463; email: chirvan@usm.my
Received 27 August 2014; Accepted 20 March 2015

ABSTRACT

Three start-up techniques were investigated to evaluate the suitability of the bench-scale
modified anaerobic inclining-baffled reactor (MAI-BR) for the treatment of recycled paper
mill effluent (RPME) and to achieve an improved understanding of the inoculum to sub-
strate ratio (ISR). The ISR ratios used were 3.53, 1.17, and 10.63 g volatile suspended solids
(VSS)/g chemical oxygen demand (COD) for the first, second, and third start-ups, respec-
tively. On a 30-d duration, the first start-up succeeded in removing 72% of the COD with
an effluent pH of 6.2 and a methane production of 0.076 L/d. The second start-up was con-
sidered unfavorable after 16 d because of low methane production and effluent pH level.
The third start-up with a 21-d duration was the best because of its 87% COD removal, 6.82
effluent pH, and 0.164 L/d methane production. The effluent volatile fatty acid (VFA)/alka-
linity ratios were concurrently varied as 0.56, 0.45, and 0.034 for the first, second, and third
start-ups, respectively. Subsequently, the VSS/TSS ratio of 0.78-0.86 formed in the reactor
was sufficient to control biomass washout. The third start-up demonstrated that an ISR of
more than 10 g VSS/g COD is an important factor that leads to a successful and efficient
start-up operation. The batch feeding rate must be as low as 0.1 g COD/Ld. Furthermore,
the VFA /alkalinity ratio of the third start-up was excellent. The bench-scale unique design
of the MAI-BR showed good performance in the RPME treatment within a period of less
than one month.

Keywords: Anaerobic digestion; Recycled paper mill effluent (RPME); Bench-scale; Modified
anaerobic inclining-baffled reactor (MAI-BR); Start-up techniques

1. Background

Anaerobic reactors are a popular technology for
the treatment of industrial wastewater, and they are
broadly used around the world. The main advantages

*Corresponding author.

of anaerobic reactors are their low energy requirement
and minimal production of excess sludge. They can
also be combined with the use of other processes to
effectively remove organic matter and nutrients. This
combination is a promising alternative to the tradi-
tional treatment of industrial wastewater [1].
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Anaerobic baffled reactors (ABRs) are efficient
anaerobic reactors developed in the 1980s. The simple
structure, high organic loading rate (OLR), low operat-
ing costs, and excellent performance of each diverse
anaerobic microbe achieved by the separation of bio-
phases are some of the advantages of ABRs [2].
Research on the use of ABRs to treat high and low
organic wastewater has increased in recent years.
ABRs present a number of advantages for the hydroly-
sis process. Because of the several small compartments
in ABRs, phase-split anoxic conditions can occur in
each compartment along the wastewater stream. ABRs
are also resistant to shock load and toxicity, and their
other benefits are the partial separation of acidogene-
sis and methanogenesis and the absence of short
streaming, jams, or back streaming [3].

A slow start-up procedure is a significant difficulty
in ABR operation, and it is crucial to the overall
wastewater treatment process because of the slow
growth rate of methanogen micro-organisms. The
start-up of anaerobic reactors is determined by the pri-
mary transient period, which is characterized by
operational instabilities. The start-up of an anaerobic
reactor is a relatively fragile process that depends on
various factors, such as reactor configuration, operat-
ing conditions, available inoculum, and wastewater
composition. The start-up of ABR and the factors that
affect it have been investigated in depth by Barber
and Stuckey [4].

Meanwhile, the inoculum to substrate ratio (ISR)
has been shown to affect the consumption of volatile
fatty acids (VFAs), methane production rate, and
methane yield. The ISR is generally presented on the
basis of volatile suspended solids (VSS). The ISR
affects the duration and occurrence of the lag phase
(extracellular  hydrolysis), = VS/chemical oxygen
demand (COD) reduction, methanogenesis, and sus-
ceptibility of micro-organisms to inhibitory effects [5].
The ISR is a major parameter that affects the process
of anaerobic digestion, and it should be higher than 10
in terms of the VSS to COD for a constant process.

Dealing with the long and difficult start-up periods
of anaerobic reactors can often be frustrating for
researchers in the laboratory. The ISR is a crucial
parameter, but it is unfortunately excluded by many
researchers from the experimental design [6]. Mean-
while, few studies have reported on the start-up varia-
tion techniques of ABRs [7-9], which include
treatment of the recycled pulp and paper mill
wastewater with the use of anaerobic technology
[10,11].

Few relevant data on the parameters of the efflu-
ents released from recycled paper mills are currently
available. The most important task is the assessment
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of the effluents of recycled paper mills to design speci-
fic treatment systems for recycling mills. In this
regard, this study aims to explore different start-up
strategies to determine the importance of the ISR on
the performance of a bench-scale modified anaerobic
inclining-baffled reactor (MAI-BR) in the wastewater
treatment of recycled paper mill effluent (RPME).

2. Materials and methods

2.1. The bench-scale modified anaerobic inclining-baffled
reactor

The laboratory-scale MAI-BR used in this study
was fabricated with the use of plastic polypropylene.
The MAI-BR details have been reported elsewhere
[12], and the reactor schematic diagram is shown in
Fig. 1. With a total effective volume of 35 L (calculated
without baffles and packing materials), the MAI-BR
was constructed with dimensions of 80 cm in length,
15 cm in width, and 30 cm in height (without water
jacket). The MAI-BR consisted of five chambers, each
separated by a modified vertical baffle, with the bot-
tom portion of the hanging baffles bent to direct the
flow into upflow chambers.

Each modified baffle has its own characteristics
(form/shape) to facilitate good contact and mixing of
the feed RPME and sludge at the bottom part of the
MAI-BR. About 50% of the total volume of the second
and third compartments was filled with 7L of packing
materials. The reactor had an attached water jacket to
maintain the reactor temperature at 37°C. Centrifugal
pumps were used to control the influent feed rate to
the first chamber of the reactor system.

2.2. Substrate and seeding inoculum

For the seeding process, flocculant anaerobic palm
oil mill effluent (POME) sludge was obtained from
Malpom Palm Industries Bhd, Penang, Malaysia. The
POME sludge was kept in closed containers to avoid
biological contamination by air. The microbial activi-
ties of the seed sludge were then tested in three sets
of serum bottle by analysis of biogas production after
7d. The gas produced contained 11.3% methane,
which indicates that the sludge is active and favorable
to use as a source of anaerobic micro-organism during
the MAI-BR start-up operation for the RPME treat-
ment.

A new sludge sample was collected, immediately
used, and fed to the reactor. The POME seed sludge
had solid contents of 4,135 mg total suspended solid
(TSS)/L, 3,535 mg VSS/L, and 32,137 mg COD/L. The
substrate used in this study was wastewater obtained



Centrifuge

Pump #

H.M. Zwain et al. | Desalination and Water Treatment 57 (2016) 10169-10180 10171
L shape Packing Material Liﬂumpianmpliﬂﬂ Biagas Calleciioh
Biogas Outlet/Tubing \ @
| 'I'LI' 'I"LI' \ L1 \
T—— [e)

8
x

Effluent Recycle

-

@
X
o]
9;\&%
|
T A
Peristaltic
/_\ Pump
¢&

Mixer

N _\ _____ }L __________________________ J\ ______ \
» Feeding Tank
Sludge/Liquid
Peristaltic Recycle
Pump
Hanging/Inclined Sludge Sampling Water
ﬁ (Modified) Baffle Port Jacket
Effluent Collection
Tank Sewer

Fig. 1. The modified anaerobic inclining-baffled reactor (MAI-BR) schematic diagram.

from Muda Recycled Paper Mill, Penang, Malaysia.
The substrate was kept in a cooling room at 4°C until
use in the seeding process. The RPME was diluted
four times before being directly fed to the reactor.

2.3. Start-up strategy

The following three consecutive stages were fol-
lowed in each start-up:

* Acclimation of the inoculum POME seeding
sludge to the reactor condition: The reactor was
seeded with POME sludge only without adding
any source of nutrients (wastewater).

* Acclimation of the inoculum micro-organism
that was adapted in the reactor to the RPME
substrate: Daily batch feeding using a low OLR
of the RPME substrate was conducted.

¢ Acclimation of the reactor micro-organism that
was formed from the two previous stages to the
reactor operation technique (i.e. hydraulic reten-
tion time and OLR): Continuous feeding of the
RPME substrate was performed. Table 1 shows
additional details about each start-up operation
procedure and reactor conditions.

During the first start-up, the reactor was seeded
with only 3.5L (10% of the total effective reactor vol-
ume) of the POME anaerobic sludge, which gave an
ISR of 3.53 (g VSS/g COD). Then, the reactor was
operated on a daily batch stage by manual addition of
3.5L (10% of the total effective reactor volume) of the
RPME to the reactor as a substrate. The raw RPME
COD  concentration, which was diluted to
1,000 mg COD/L, gave an OLR of 0.1 gCOD/Ld.
During the batch feeding, the RPME was fed to the
reactor through the sampling ports at the top of each
chamber and the inoculum-substrate mixture did not
flow from one chamber to the next, the MAI-BR
served as five independent batch reactors. After the
MAI-BR reached its capacity, the continuous stage
was started with an influent COD concentration of
1,000 mg/L, which gave an OLR of 0.2 g COD/Ld. In
this stage, effluent recycling was not applied during
the continuous operation.

To investigate the effect of batch feeding on the
MAI-BR, the second start-up was conducted by addi-
tion of 10% of the seeding sludge to the reactor; this
gave an ISR of 1.17 (g VSS/g COD). The reactor was
then operated on a high daily batch stage by addition
of 10.5 L (30% of the total effective reactor volume) of
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Table 1

Reactor operation procedure during each start-up technique
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Period OLR (g COD/L  HRT Inoculum vol. ISR (g VSS/g
Stage (d) d) (d) @ COD)
First start-up  Stage 1 1 - - 3.5 3.53
Stage 2 (Batch mode) 1-9 0.1 (Intermittent) 10 -
Stage 3 (Continuous 10-30 0.2 5 -
mode)
Second start-  Stage 1 1 - - 3.5 1.17
up Stage 2 (Batch mode) 1-3 0.3 (Intermittent) 3 -
Stage 3 (Continuous 4-16 0.2 5 -
mode)
Third start-up Stage 1 1 - - 10.5 10.63
Stage 2 (Batch mode) 1-7 0.1 (Intermittent) 10 -
Stage 3 (Continuous 8-21 0.2 5 -
mode)

the RPME to the reactor as a substrate. The RPME
concentration was controlled to 1,000 mg COD/L,
which gave an OLR of 0.3 g COD/Ld. After the MAI-
BR reached its capacity, the continuous phase was
started with an influent COD concentration of
1,000 mg/L, which gave an OLR of 0.2 g COD/Ld.

Because the start-up of an anaerobic reactor
depends on various factors (e.g. available inoculum),
the third start-up was performed by addition of 10.5 L
of the seeding sludge (i.e. 30% of the total effective
reactor volume), which gave an ISR of 10.63 (g VSS/
g COD). The daily batch stage with 1,000 mg COD/L
concurrently followed, which gave an OLR of
0.1gCOD/Ld of the RPME. After the MAI-BR
reached its capacity, the continuous stage was started
with an influent COD concentration of 1,000 mg/L,
which gave an OLR of 0.2 g COD/Ld. During the
reactor start-up, the samples (including biogas) from
the effluent were collected every 2 d throughout the
operational period until a steady state condition was
achieved.

2.4. Sampling and analytical methods

Biogas production, biogas composition, and pH
were the parameters monitored during the batch and
continuous feeding, whereas COD removal efficiency
was monitored during the continuous feeding tech-
nique. To evaluate the performance of the MAI-BR
during the steady state of each start-up, eight parame-
ters, which included COD, biological oxygen demand
(BOD), pH, alkalinity, fatty acids, TSS, VSS, and floc
size, were tested. These various parameters were
evaluated for each compartment, the influent, and the
effluent.

For sample analysis, triplicate samples were col-
lected for each reading and analyzed twice to enhance
the precision of the results. Only the average value
was reported throughout this study. The repeatability
of the experimental data was found to be sufficiently
high, with a relative error less than 5% between
repeated analyses. These analyses included BOD, pH,
alkalinity, total solids (TS), suspended solids (SS), and
VSS, which all accorded with standard methods [13].

The COD was measured with DR-2800 Spectropho-
tometer according to the reactor digestion method
adopted from Jirka and Carter [14]. The total VFA was
determined also with DR-2800 Spectrophotometer
according to the esterification method by Montgomery
et al. [15]. The microbial floc size was measured with
Malvern Particle Size Analyzer Model 2000. Heavy
metals were analyzed with an inductively coupled
plasma-optical emission spectrometry model (Varian
715-ES). Methane (CH,) was determined with Shi-
madzu GC-FID with a ProPack N column.

3. Results and discussion
3.1. The RPME as a substrate and seed inoculum

Table 2 shows the physicochemical characteristics
of the RPME and POME. The RPME results showed a
relatively high COD value of 3,812 mg/L and a BODs
value of 1,789 mg/L, which reflect a BOD5/COD ratio
of 0.49. A BOD5/COD relationship of 0.49 indicates
that the wastewater is of high-strength organic type
and has a potential to increase in strength with time.
In addition, the wastewater is of high-strength
biodegradable type, so it is suitable for anaerobic
treatment [16,17]. Because of its relatively neutral pH
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Table 2
Physical-chemical characterization of substrate (RPME)
and seed inoculum (POME)

Parameter RPME POME
pH 6.6 8.3
Floc size 326 -
Temperature 40 32
Chemical oxygen demand (COD) 3,812 32,137
Biochemical oxygen demand (BOD) 1,789 14,578
BODs/COD 0.49 0.45
Alkalinity 340 1,755
Volatile fatty acids (VFAs) 566 7,324
Ammonia (NHy) 0.3 228
Total solids (TS) 4,814 13,540
Total dissolved solids (TDS) 2,465 9,405
Total suspended solids (TSS) 2,349 4,135
Total volatile solid (VSS) 1,967 3,535

Note: Parameters are in mg/L except pH, BOD5/COD, Tempera-
ture in °C, and floc size in um.

(6.6) and an alkalinity of 340 mg/L, the wastewater
was used without any alkaline adjustment. It also con-
tained a relatively high VFA of 566 mg/L, TS of
4,814 mg/L, total dissolved solids of 2,465 mg/L, TSS
of 2,349 mg/L, and total volatile solids of 1,967 mg/L.

The metalloids’ elements of the RPME and POME
were also recorded; these data were reported previ-
ously [3]. Most of metals’ concentrations exceeded
Malaysian standards according to the Environmental
Quality Act of 1974 [18]. The metals with the highest
concentrations that are present in the effluent stream
were Ca (399 mg/L), Mg (12 mg/L), and Fe (2.39 mg/
L). The high metalloids concentration shows that these
effluents are not suitable for discharge to the water
stream because they will increase the inorganic load
in water bodies [19].

3.2. Start-up performance of the MAI-BR during batch and
continuous feeding

The first start-up was conducted with 10% of the
seeding sludge of the total effective volume, and the
daily batch phase started from day 1 until the MAI-BR
reached its capacity on day 9. The continuous phase
started on day 10 until a steady state was reached on
day 30. The second start-up was conducted with 10%
of the seeding sludge of the total volume and daily
batch feeding of 30% for 3 d. The continuous feeding
started on day 4. After a few days, MAI-BR perfor-
mance significantly deteriorated, and the reactor was
soured on day 16. The poor quantity of the starting
inoculum (a low ISR of 1.17) and the high initial batch
loading rate (0.3 gCOD g/d) were assumed to be the
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reasons for the performance deterioration. Therefore,
the inoculum of the third start-up was increased to
30% of the seeding sludge of the total effective reactor
volume. The batch feeding proceeded for 7 d, whereas
the continuous feeding technique continued until a
steady state was reached within 21d.

3.2.1. COD remouval efficiency

At this start-up stage, the influent COD concentra-
tion of 3,812mg/L was used after dilution to
1,000 mg/L without further increase to actual amount.
In addition, the calculated COD removal efficiency
was based on the diluted amount of 1,000 mg/L.
Batch feeding OLRs were fixed to 0.1gCOD/Ld for
the first and third start-ups and were changed to 0.3 g
COD/Ld for the second start-up. During the continu-
ous feeding period, the OLR was fixed to 0.2 gCOD/
Ld for all the start-ups. Fig. 2 shows the variation in
COD removal efficiency during the continuous feeding
at different start-up techniques. COD removal was
found to be a function of operating conditions and
ISR.

The COD removal rate increased by the time a
steady state was reached on days 30, 16, and 21 for
the first, second, and third start-ups, respectively. All
start-up techniques achieved high COD removal effi-
ciencies of 72, 70, and 87% for the first, second, and
third start-ups, respectively. Comparison of the COD
removal at each start-up showed that the COD reduc-
tion efficiency was directly proportional to the ISR
with the obtainment of a high COD removal efficiency
of 87% at the third start-up. The effluent COD concen-
trations were higher (282 mg/L) at the first start-up
than at the third one (139 mg/L).

90
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COD removal (%)

—e— 1st start up
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Fig. 2. COD removal efficiency profile during continues
operation time.
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Turkdogan et al. [20] reported the start-up of an
upflow anaerobic sludge blanket (UASB) reactor that
treats pulp and paper. The reactor was seeded with
anaerobic granules, and the start-up period was 29d.
The overall COD removal efficiency of the UASB was
reported to be 60%. In another study on the effect of
the ISR, Eskicioglu and Ghorbani [21] indicated that in
an ISR range of 3.67-0.46 g/g on the basis of VS, the
kinetic constants (k) for COD and VS removals signifi-
cantly decreased, as a result demonstrating initial sub-
strate inhibition or reactor overloading. At the highest
organic loading (ISR of 0.46 g/g), degradation was
completed in 22d, and digesters achieved 76-86% of
COD removal.

3.2.2. Methane composition

Fig. 3 illustrates the methane production in the
reactor system during the batch and continuous treat-
ment of the RPME. Low but varying amounts of
methane production were observed during each start-
up because of the different ISRs. At the first start-up,
the methane composition was found to increase daily
during the batch phase, but it decreased during the
continuous phase because of the different feeding
techniques in the reactor. However, methane composi-
tion increased with a slight fluctuation. In the 30-d
duration of the first start-up, the methane composition
increased from 0.002 to 0.076 LCH,/d. At the same
time, methane production was observed to reach its
steady state on day 22.

For 16d of the second start-up, the methane con-
tent reached only 0.036 L CH4/d. Because 30% of the
seeding sludge of the total effective reactor volume
was used during the third start-up, the batch feeding
continued for 7d, and a similar pattern was observed
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Fig. 3. Methane composition profile as L CH4/d during
batch and continues operation time.
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as that of the first start-up, albeit with a high methane
composition. The continuous feeding technique contin-
ued until a steady state was reached in 21d. In addi-
tion, the third start-up demonstrated that the ISR was
necessary to achieve a high methane composition (i.e.
0.164LCH,/d) within a short time (21d). The
methane yields also varied as 0.009, 0.004, and 0.015
for the first, second, and third start-ups, respectively.

A similar result proved that ISR can affect the
methane yield or methane production rate. The kinetics
of methane production were dependent on the concen-
tration of the inoculums used; however, the final yield
was the same [22]. A relatively high COD removal rate
was achieved, whereas a small amount of methane gas
was produced. Therefore, a partial amount of the COD
was believed to be utilized for the new cell production
of micro-organisms, rather than for biogas production
at the start-up period. As regards the matter, Krishna
et al. [23] conducted COD mass balance in ABR. Only
31.6-39.7% of the total COD was found to be utilized
for methane gas production; the rest was used for bio-
mass production, uncounted COD, and other losses as
dissolved CHy in the effluent.

3.2.3. pH

One of the important observations in the anaerobic
process is with regard to the pH level. Fig. 4(a) shows
the comparison of effluent pH profiles during three
operation techniques. No chemicals were added
during the start-up to maintain the pH levels of the
MAI-BR. The pH level of the first start-up fluctuated
(from 7.28 to 6.12), which indicated the adjustment of
the micro-organisms to maintain the desired pH levels
(6.6 to 7.7) for an anaerobic reactor [24].

Throughout the second start-up, the performance
of the pH level deteriorated and decreased from 7.77
to 5.95 until a further decrease was already unfavor-
able because of the unrecovered pH level during a
period of 16d. An accumulation of VFAs conse-
quently occurred. Another study has shown that a
low ratio of inoculums to the feed can lead to the
inhibition of methanogenesis and results in the
accumulation of VFAs [5]. Meanwhile, an excellent
performance was demonstrated by the third start-up.
The pH level decreased from 7.62 to 6.84 and
remained around this level until the steady state
condition was achieved on day 21.

To evaluate performance in terms of pH characteris-
tic level throughout the reactor, the pH profiles of the
influent, compartments 1-5, and the effluent of the first,
second, and third start-ups shown in Fig. 4(b)—(d),
respectively, were analyzed. All three start-ups showed
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Fig. 4. pH level profiles (a) effluent pH during batch and continues operation time of each start-up, (b) compartmental
pH level of the first start-up, (c) compartmental pH level of the second start-up and (d) compartmental pH level of the

third start-up.

the same pattern: the pH level linearly increased toward
the end of the reactor with the different pH levels.

Although the pH levels slightly decreased during
the operational period, high COD removal efficiencies
confirmed the ability of the MAI-BR configuration to
overcome the adverse effect of pH. One possible
explanation is the relatively low HRT (5d) applied to
the reactor system during the continuous feeding
phase. However, the third start-up showed a stable
performance compared with the others. Eskicioglu
and Ghorbani [21] reported the same result in which a
reactor system with a low ISR of 0.46 (high loading
rate) had VFA accumulations and a slight decrease in
pH, whereas other systems with a high ISR (low load-
ing rate) had negligible VFAs during the first 8d of
biodegradation.

3.3. Start-up performance of the MAI-BR during steady
state

The steady state was initially identified during a
less than 10% change in the removal efficiency of

organic matter. When the steady state was achieved,
the sludge and supernatant liquor samples were sepa-
rately collected from each compartment, influent, and
effluent to evaluate the performance of the MAI-BR.
Eight parameters, which included COD, BOD, pH,
alkalinity, fatty acids, TSS, VSS, and floc size, were
tested. The results for all the three start-ups are
discussed in the following sections.

3.3.1. BOD and COD

Table 3 presents the variations in COD and BOD
concentrations for each start-up. COD and BOD
showed the same concentration pattern that varied
according to each start-up. In compartment 1, the
COD removal efficiencies were 61, 60, and 76%,
whereas the BOD removal efficiencies were 46, 40,
and 81% for the first, second, and third start-ups,
respectively. The maximum COD removal efficiencies
were 71, 70, and 90%, whereas the BOD removal effi-
ciencies were 71, 69, and 91% for the first, second, and
third start-ups, respectively. These removal efficiencies
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observed an increase in pH in successive compart-
ments due to decreasing VFA concentration with
increasing alkalinity wherein methanogens convert the
hydrogen and acetic acid to methane gas and carbon
dioxide and causes rise in pH.

Similar results were reported by Torabian et al.
[25] who found that the pH in the initial compart-
ments was the lowest with the occurrence of acidoge-
nesis and acetogenesis. Despite the variation in the pH
of feed wastewater, the effluent pH levels were con-
stant at a particular start-up. The constant effluent pH
values implied the effective consumption of VFAs by
methanogens. Intriguingly, reductions in biogas produc-
tion and methane composition (% CH,) were observed
to be associated with the decrease in pH.

For all the three start-ups, the MAI-BR showed the
ability to partially separate the various phases of
anaerobic catabolism. Fast-growing bacteria capable of
growth at high substrate levels and reduced pH were
dominant in the front compartment of the reactor (the
acidification zone). By contrast, slow-growing scaveng-
ing bacteria that grow well at a high pH were domi-
nant toward the end of the reactor (the methanogenic
zone) [4]. Compared with the first and second start-
ups, the third start-up obtained a high pH level led to
its good performance.

3.3.3. Alkalinity and fatty acids

Alkalinity levels indicate potential anaerobic pro-
cess performance. Low values of effluent alkalinity
signal impending reactor failure. A large number of
studies on the importance of alkalinity and VFAs in
anaerobic digestion have been conducted and are
reported in the literature [29]. During the start-up per-
iod (i.e. the time of acclimatization at new conditions),
the alkalinity levels were observed to be low at the
first compartments (Table 3). The low effluent alkalin-
ity coincided with the low COD reduction efficiencies.
However, once the start-up period is over, the reactor
performance at a particular start-up technique stabi-
lizes. The alkalinities of the first, second, and third
start-ups were found to be in the range of 155-215,
155-170, and 160-235 mg/L, respectively. At the third
start-up, the effluent alkalinity levels were 16-20%
more than the influent alkalinity levels. This increase
in alkalinity can be caused by the formation of carbon-
ates and bicarbonates in the reactor [30].

At the same time, phase separation will cause the
VFA concentration in each chamber to decrease toward
the rear of the reactor. Table 3 depicts that the high
level of VFA in compartments 1 and 2 can be caused
by the high activity of hydrolytic and acidogenic
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bacteria compared with methanogenic bacteria. How-
ever, the VFA level in the next set of compartments
decreased. During the third start-up, the VFA concen-
tration significantly declined compared with that in the
other two start-ups, especially in the rear of the reac-
tor; this phenomenon can be caused by methanogenic
bacteria becoming active with the increased availability
of inoculum [5]. Different microenvironments create a
domain of specific bacteria population.

Similar trends were observed by Malakahmad
et al. who found that the hydrolysis, acidogenesis, and
acetogenesis were occurred in the initial compart-
ments because the accumulation of fatty acids was
restricted only at the front compartment of the reactor
and did not affect the methanogenesis that occurred in
the rest of the compartments [28]. Malakahmad and
Yee [27] also observed an increase in alkalinity in con-
secutive compartments due to the decrease inVFA
concentration wherein methanogens convert the
hydrogen and acetic acid to methane gas and carbon
dioxide and causes rise in pH.

Therefore, VFA and alkalinity are reversely related.
The ratio of VFA to the total alkalinity is a measure of
the stability of an anaerobic process because this ratio
indicates a balance between acidogenesis and
methanogenosis within the reactor. For proper anaero-
bic functioning, the balance should be maintained well
below 0.5 [31]. The effluent ratios were observed to
vary among 0.56, 0.45, and 0.034 at the first, second,
and third start-ups, respectively. The ratio of the third
start-up was excellent.

3.34. TS and VSS

Table 3 shows the variation in TSS and VSS in each
compartment with the start-up variation. The TSS con-
centration of the diluted influent ranged from 309 to
500 mg/L with 77-80% in VSS form. Up to 45% TSS
removal was observed at the first start-up, and it
increased to 87% at the third start-up. The TSS concen-
trations in the treated effluent were 174, 98, and 67 for
the first, second, and third start-ups, respectively. The
TSS concentrations in the treated effluent were
observed to be unaffected by the varying TSS concen-
trations in the influent wastewater at a particular
start-up. At the third start-up, the VSS effluent concen-
tration was less than those at the first and second
start-ups. The VSS reduction efficiency was 46, 66, and
86% at the first, second, and third start-ups, respec-
tively. At the third start-up, the biomass washout was
unnoticed because of the poor structure of the MAI-
BR, the provision of an adequate number of chambers,
and the development of highly settleable sludge.
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Chelliapan et al. [10] indicated that low levels of
VSS were washed out from a stage anaerobic reactor
because the reactor baffles prevented solid washout.
The control of biomass washout is affected by granule
size distribution (GSD) in the sludge. Vlyssides et al.
[32] attributed GSD to granule density, diameter, and
VSS/TSS ratio. A VSS/TSS ratio of 0.78-0.86 observed
in the MAI-BR sludge was necessary and sufficient to
control biomass washout. Furthermore, separation of
individual sets of compartments helped in reducing
biomass carryover to the next set of compartments.
Granulation was unnecessary for optimal performance
in the ABR, but various studies have demonstrated
that the granules could appear in the reactor under
favorable conditions [33].

Furthermore, a low biomass washout is a result of
the use of packing media, which affected the achieve-
ment of an improved sludge retention time. In an
anaerobic baffled reactor that treats black liquor, Ken-
nedy et al. [34] reported that the attachment of high
concentrations of biomass (in terms of VSS) to filter
media minimized the risk for biomass washout. In
addition, the biomass film and the total quantity in
the system are highly affected by process configura-
tion and the characteristics of the support media. On
the basis of this result, the MAI-BR configuration pro-
motes the formation of granules and populations of
filamentous bacteria developed in the rear compart-
ments of granulation, rather than being the initial
nuclei for granule formation.

3.3.5. Floc size

Table 3 shows the compartmental floc sizes for
each start-up. At the steady state, the average floc
sizes after 30, 16, and 21d were 150 um, a decrease of
121 um, and a decrease of 63 um for the first, second,
and third start-ups, respectively. At the first start-up,
the flocs in compartment 1 grew to 164 um, whereas
the flocs in the rest of the compartments showed small
average sizes of 147 um. Compared with those in the
second start-up, the flocs in compartment 1 grew to
159 um, whereas those in the rest of the compartments
were reduced to an average size of 111 um. At the
third start-up, the flocs in compartment 1 grew to
160 um, whereas the flocs in the rest of the compart-
ments linearly decreased to an average size of 39 um.

During the first start-up, a low COD level, which
results in less gas production, can be a possible reason
for the decrease in floc size toward the end of the reac-
tor. Although this remains to be proven, a dip toward
the rear can be attributed to very low substrate levels,
which result in low bacterial growth and small flocs. A
consequent reduction in floc size, which was most
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extensive in compartments 4 and 5, was observed in the
second and third start-ups. Floc size has been hypothe-
sized to be mainly dependent on hydraulic shear, chan-
neling, and flow patterns, as well as to the mass transfer
driving force. In addition, one would expect an
increased microbial growth and a concomitant enlarge-
ment in floc size toward a certain maximum limit that is
controlled by mass transfer limitations in the middle of
the flocs if the feeding rate is slow [35].

In the third start-up, the decrease in particle size,
which was most severe in the second compartment
because of gas mixing effects, was probably caused by
hydraulic shear. This effect was subsequently
increased in compartments 3-5 because of the high
levels of gas mixing. The small particles were eventu-
ally washed out altogether, and a profile developed in
which the particle size grew to a maximum that
approached the center of the reactor. In this study, the
floc size seemed to be a function of gas production,
hydraulic shear, COD levels, and biomass washout.
Saritpongteeraka and Chaiprapat [26] reported that
the hydraulic load may have resulted in the move-
ment of methane-producing biomass, which tends to
be light and does not form flocs well, to the next set
of compartments or out of the reactor.

4. Conclusion

This study showed that during the start-up period,
the MAI-BR successfully removed COD, TDS, TSS, TS,
and VSS inside the RPME. A 21-d duration of the third
start-up was successful in achieving 87% COD removal,
an effluent pH of 6.82, and methane production of
0.164 L/d. The optimum ISR of the RPME and POME
was 10.63 g VSS/g COD. The increased seeding inocu-
lum volume encouraged methanogenic growth and was
manifested by a reduction in VFA effluent concentra-
tions, an increase in COD removals, and an increase in
system pH. A high batch-fed rate was observed to be
harmful to the MAI-BR process. However, the low con-
tinuous OLR of 0.2gCOD/Ld is part of the start-up
strategy, and the reactor will be further transited to the
target loading rate of 0.33-4 g COD/L d. Therefore, the
operation of the MAI-BR led to a complete biological
degradation of organic matter and a good adaptation of
the biomass for substrate degradation.
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Abbreviations

ABR — anaerobic baffled reactor

MAI-BR — modified anaerobic inclining-baffled reactor
CABR — carrier anaerobic baffled reactor

SAR — stage anaerobic reactor

UASB — upflow anaerobic sludge blanket

RPME — recycled paper mill effluent

POME  — palm oil mill effluent

OLR — organic loading rate (g/L d)

HRT —  hydraulic retention time (d)

VFA — volatile fatty acids (mg/L)

ISR — substrate to inoculum ratio (g VSS/g COD)
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