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a b s t r a c t
Anaerobic digestion of fish meal wastewater with high salinity and sodium (Na) content was 
investigated. The wastewater was collected from a fish meal factory. The chemical oxygen demand 
(COD) and pH of the wastewater were 8,530  mg/L and 6.58, respectively. The characteristics of 
wastewater were appropriate to be digested anaerobically except for the high salinity (13.03 ppt) and 
the Na content (7,986 mg/L). The wastewater was treated using single-stage and two-stage processing 
systems at room temperature (30°C). The organic loading rates to the single-stage reactors were 0.28, 
0.43, 0.85 and 1.71 kg COD/m3 d. The organic loading rates to the two-stage reactors were approximately 
five times higher than those of the single-stage reactors. The results revealed that the percentage of 
methane (CH4) production from both types of operation was approximately 21%. For single-stage and 
two-stage operation, the COD degradation efficiency reached 75% and 69%, respectively; however, the 
maximum CH4 yield was 45 and 36 L, respectively, at STP/kg COD degraded, at an organic loading 
rate of 0.28 and 1.42 kg COD/m3 d, respectively. An anaerobic process can be used for the treatment 
of organic wastewater with high salinity and Na content but not for CH4 production. The results 
indicated that high salinity and Na content adversely affected methane production.
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1. Introduction

Global consumption of fish has increased in both devel-
oping and developed countries [1]. The projected total 
consumption of food fish per capita in 2020 for the devel-
oping and developed countries is estimated to be 16.2 and 
21.5  kg/capita/year, respectively [2]. Water consumption in 
the fish-processing industry and the high strength of waste-
water are of great concern. Canada, Sweden, China, India 
and Thailand are countries where the fishery sectors (catch-
ing and processing) contribute significantly to the national 
gross domestic product [1]. Fish-processing operations pro-
duce wastewater containing organic contaminants, including 

high contents of chemical oxygen demand (COD), nutrients, 
oil and fat. The level of COD varies largely between factory 
and fish type.

Thailand is now a leading fishing nation and as water 
consumption in fish processing is very large, pollution con-
trol in fish-processing plants in Thailand could be achieved 
through water conservation and water reuse [3]. Thailand 
is located in Southeast Asia, bordering the Andaman Sea of 
the Indian Ocean and the Gulf of Thailand in the South. Fish 
meal factories are important in Thailand where there are 23 
coastal provinces and 96 fish meal processing factories, with 
19 factories in the central part, 67 factories in the south and 10 
factories in the east of the country [4]. The raw material used 
in fish meal includes small mackerel, sardines, anchovies and 
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other small ocean fish types and additives such as sodium 
chloride (NaCl). Fish is a source of high quality protein that is 
easier to digest compared with other animal proteins. High-
strength fish meal wastewater should be treated using good 
waste management and treatment technology.

Anaerobic technology is considered favorable for high-
strength wastewater treatment. Anaerobic systems are well 
suited to the treatment of fish-processing wastewater because 
a high degree of biodegradable organic degradation can be 
achieved at a significantly lower cost than with comparable 
aerobic systems, resulting in the generation of only a small 
amount of sludge [5]. However, the differences in anaero-
bic treatment performance can be explained by the different 
wastewater characteristics, which include salinity [6]. High 
salinity in wastewater affects the performance of biologi-
cal processes because high salinity could cause unbalanced 
osmotic stress across the cell wall and lead to plasmolysis as 
water is lost from microbial cells through osmosis [6]. This 
could eventually lead to the failure of biological treatment 
systems [7].

Anaerobic biodegradation is carried out by three groups 
of bacteria: (1) hydrolytic and fermentative bacteria, which 
hydrolyze the long-chain molecules to organic acids; (2) 
acetogenic bacteria, which convert these acids to acetate, 
hydrogen (H2) and carbon dioxide (CO2); and (3) methano-
genic bacteria, which convert the end products of acetogenic 
reactions to methane (CH4) and carbon dioxide (CO2). Some 
studies have proposed the phase separation in two phases 
to improve CH4 production [8–11]. The phase separation 
increases the stability of the process by preventing the 
build-up of toxic material [12]. The metabolic pathways of the 
two-stage anaerobic digestion process are the same as those 
of single-stage anaerobic digestion; they are physically sepa-
rated into: (1) an acidogenic stage (hydrolytic and acetogenic 
stage) and (2) a methanogenic stage.

The work of Omil et al. [13,14] on fish-processing effluent 
using an anaerobic contact system showed that the adapta-
tion of an active methanogenic biomass at the salinity level 
of the effluent was possible with a suitable strategy. Dimroth 
and Thomer [15] found that at low concentrations, Na is 
essential for methanogens. McCarty [16] reported Na con-
centrations in the range 100–200 mg/L to be beneficial for the 
growth of mesophilic anaerobes. According to Kugelman and 
Chin [17], the optimal Na content for mesophilic aceticlastic 
methanogens in waste treatment processes was 230 mg Na/L. 
The optimal growth conditions for mesophilic hydrogeno-
trophic methanogens reportedly occurred at 350  mg Na/L 
[18]. However, Lefebvre and Moletta [19] reported that 
methanogenesis was strongly inhibited by Na concentration 
of more than 10 g/L. At high concentrations, Na could read-
ily affect the activity of microorganisms and interfere with 
their metabolism [20,21]. The level of inhibition depends 
on the concentration of Na. The IC50 for Na inhibition has 
been reported to be 5.6–53 g/L, depending on the adaptation 
period, antagonistic/synergistic effects, substrate and reactor 
configuration [7,13,14,18,20,22–29].

The current research investigated the biodegradation of 
organics in the fish meal wastewater and the production of 
biogas through an anaerobic process using a single-stage 
and a two-stage operation system. The two-stage processes 
had the aim to prevent the build-up of salt which is a toxic 

material to the microorganisms. The organic waste degra-
dation efficiency and the CH4 production in terms of CH4 
content and CH4 yield were reported.

2. Methodology

2.1. Wastewater and mixed microorganisms

Fish meal wastewater was collected from a fish meal 
wastewater treatment plant in Samut Sakorn coastal prov-
ince, near the Gulf of Thailand. Mixed microorganisms were 
collected from the wastewater treatment plant in order to 
acclimate the microorganisms to high concentrations of light 
metals (Na, K, Ca, Mg among others) over prolonged periods 
of time and to increase the tolerance and shorten the lag phase 
before CH4 production began. The characteristics of the waste-
water were analyzed for COD, total volatile solids (TVS), total 
solids (TS) and pH according to the procedures of standard 
methods [30]. The salinity and conductivity of the wastewa-
ter were measured using a portable salinity/conductivity 
meter (model WTW). Nitrogen (N) was determined using 
the Kjeldahl method by digesting samples to convert organic 
nitrogen to NH4–N and determining NH4–N in the digest [31].
Total phosphorous (P) was determined by digesting sam-
ples with sulfuric acid and analyzing using the ascorbic acid 
method [32]. Elemental analysis was performed by using an 
atomic absorption spectrometer (GBC, AVANTA, Australia);  
however, for Na and K, an emission technique was used. The 
experiments were performed based on the characteristics of 
normal fish meal wastewater.

In this study, normal starch wastewater was selected to 
compare its characteristics with the fish meal wastewater in 
terms of salinity. The salinity of normal starch wastewater 
was recorded.

2.2. Anaerobic single-stage operation

Four sets of reactors were constructed using plastic 
bottles. Each set consisted of a 6  L working volume which 
was equipped with two outlet ports, one for effluent and 
other for gas venting (Fig. 1). The reactor was connected 
to a gas collection system, which was based on water dis-
placement by the exiting gases (using 0.05  M sulfuric acid 
to substitute water). Approximately 1  L of mixed microor-
ganisms were added to each reactor and their concentrations 
were recorded in terms of mixed liquor volatile suspended 
solids (MLVSS). This reactor was operated by daily feeding 
with the wastewater semi-continuously in an upflow mode 
with wastewater at various flow rates of 200, 300, 600 or 
1,200 mL/d resulting in hydraulic retention times (HRT) of 
30, 20, 10 and 5 d, respectively.

The organic loading rates (OLRs) of the single-stage 
operation were 0.28, 0.43, 0.85 and 1.71 kg COD/m3 d. The pH 
of wastewater was adjusted to approximately 7 using sodium 
bicarbonate (NaHCO3) in the start-up period. During the 
operation, the reactors functioned without pH control. The 
operating period was 80 d.

2.3. Anaerobic two-stage operation

Five sets of reactor were constructed using plastic 
bottles. Each set consisted of two reactors (an acidogenic 
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and a methanogenic reactor), with working volumes of 1.5 
and 4.5 L, respectively (Fig. 2). Total gas was corrected in the 
same manner as that of the single-stage operation. Mixed 
microorganisms were added to each acidogenic reactor and 
each methanogenic reactor for approximately 300 mL and 
1 L, respectively and their concentrations were recorded in 
terms of MLVSS. Initially, the wastewater was added to the 
acidogenic reactor at a rate of 0.5 L/d for 3 d. The acidogenic 
reactor was equipped with two outlet ports, with one port 
for gas venting and the other for digested wastewater, both 
of which fed to the methanogenic reactor. The acidogenic 
reactor was fed with wastewater at various flow rates of 250, 
500, 1,000, 1,500 and 2,000 mL/d giving rise to HRTs of 6, 
3, 1.5, 1 and 0.75 d, respectively, in the acidogenic reactor 
and 18, 9, 4.5, 3, and 2.25 d, respectively, in the methano-
genic reactor. The OLRs of the two-stage operation were 
1.42, 2.84, 5.69, 8.53 and 11.37  kg COD/m3 d. The pH of 

the wastewater in the methanogenic reactor was adjusted 
to approximately 7 using sodium bicarbonate (NaHCO3) 
in the start-up period. During the operation, the reactors 
functioned without pH control. The operating period was 
approximately 70 d.

For both types of operation, the results were recorded 
under steady-state conditions. The steady-state conditions 
indicate that there is stability in the reactors for the anaero-
bic reactions that produce biogas and COD in the effluent. 
The time to reach the steady state of each reactor was the 
time that exceeded its HRT. The ambient temperature of all 
reactors was 30°C. When the system reached steady state, 
the total gas production was recorded (at ambient tem-
perature) daily and the CH4 content was determined using 
a Shimadzu GC-14B (Japan) gas chromatograph equipped 
with a thermal conductivity detector (GC-TCD). The CH4 
volumes were then adjusted to standard temperature and 
pressure (STP). The digested wastewater from the meth-
anogenic reactor was analyzed for COD, TVS, TS and pH 
according to the procedures of the standard methods [30]. 
All experiments were conducted in duplicate and the results 
were calculated using the mean of the experimental values. 
Organic waste degradation (in terms of %COD and %TVS 
degradation efficiency) and CH4 production from the sys-
tems at various OLRs were used as indicators of reactor 
performance. The CH4 yield was calculated and reported in 
terms of CH4 produced/kg COD (and kg TVS) added to and 
degraded in the reactor.

3. Results and discussion

3.1. Characteristics of fish meal wastewater

The raw fish meal wastewater concentration used in 
the test was chemically analyzed because the most import-
ant parameters of biogas production are the composition 
of the waste. The analyses of the wastewater consisted of 
COD, TS, TVS, N (nitrogen), P (phosphorous), pH and 
trace elements. The COD of fish meal wastewater from the 
plant was 8,530  mg COD/L. These were characteristics of 
the wastewater generated during fish meal production and 
it was diluted with water from the overall process prior to 
disposal. TS and TVS were 9,720 and 6,370  mg/L, respec-
tively. The N content was 204 mg/L and the P content was 
1.24 mg/L. The pH was 6.58 (close to neutral). The salinity 
was 13.03  ppt. The characteristics of the wastewater are 
shown in Table 1.

Because of the high organic content and nearly neu-
tral pH, the fish meal wastewater in the present study was 
ready for rapid degradation by microorganisms. N and P 
are needed in CH4 production for their nutritious value. The 
COD:N was 100:2.39 which was suitable for anaerobic diges-
tion. The recommended COD:N ratio of organic substrate 
is 100:2.5 in order to assimilate the microorganisms using 
anaerobic digestion [33]. The conductivity of the wastewater 
was 20.67  m Siemens/cm which showed that this fish meal 
wastewater had a high metals content (Table 1). Calcium (Ca), 
magnesium (Mg), iron (Fe) and copper (Cu) were low, while 
potassium (K) was moderate (Table 1). Only sodium (Na) was 
clearly high at 7,986 mg/L (Table 1). High Na was the main 
cause of the high salinity and conductivity in the wastewater. 

Fig. 1. Single-stage experimental set-up: (1) anaerobic reactor 
and (2) gas collection system.

 
Fig. 2. Two-stage experimental set-up: (1) acidogenic reactor, 
(2) methanogenic reactor and (3) gas collection system.
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From the characteristics of the fish meal wastewater, only 
the salinity (caused by Na) was different from other types of 
food wastewater. The salinity of the fish meal wastewater was 
clearly higher than in other normal types of organic waste-
water. For comparison, the salinity of starch wastewater was 
measured and recorded at 1.08 ppt. The fish meal wastewa-
ter was rich in organic matter, protein-based N, and a large 
amount of salt (NaCl) which is required for fish conservation.

Chowdhury et al. [1] reported that fish processing is 
characterized by COD values of 1,000–18,000  mg/L and an 
N content of 80–1,000 mg/L. Normally, the pH of wastewater 
from a fish-processing factory was in the range 5.7–7.4 with 
an average pH of 6.48 [34]. The TS of fisheries are generally 
2,000–3,000  mg/L; however, with tuna processing it can be 
much higher at 17,900 mg/L [34].

3.2. Reactor performance of single-stage operation

The bacterial cell concentration was 14,400 mg MLVSS/L 
and the COD of the fish meal wastewater fed into the reactor 
was 8,530 mg COD/L, yielding a bacterial cell:COD of 1.69 g 
cell/g COD. The 6  L working volume reactors were fed at 
flow rates of 200, 300, 600 and 1,200 mL/d, which resulted in 
HRTs of 30, 20, 10 and 5 d, respectively, which corresponded 
to OLRs of 0.28, 0.43, 0.85 and 1.71 kg COD/m3 d, respectively.

3.2.1. Methane production from single-stage operation

Under steady-state conditions, the total gas produced 
from the reactors of the different OLRs of 0.28, 0.43, 0.85 and 
1.71  kg COD/m3 d was 267, 340, 600 and 866  mL at STP/d, 
respectively. The average CH4 content was 21.34%, 21.15%, 
18.16% and 14.89% which varied inversely to OLR. Thus, 
the CH4 production obtained by calculation was 57, 72, 109 
and 129 mL at STP/d. All results are summarized in Table 2. 
Normally, the average CH4 content obtained from anaerobic 

digestion of food wastewater should be 60% or more [35]. In 
this study, the highest CH4 content from anaerobic digestion of 
the fish meal wastewater was only 21.34% which was obtained 
from the OLR of 0.28 COD/m3 d (HRT 30 d) fed to the reactor. 
The fish meal wastewater had the characteristics of normal 
food wastewater, except the salinity of the fish meal wastewa-
ter was much higher. The salinity of fish meal wastewater was 
approximately 13 times higher than that of the normal starch 
wastewater (the salinity of normal starch wastewater was 
recorded at 1.08 ppt). This might show the inhibitory effect of 
salinity on methanogenesis stage. The result in this study was 
good in concurrence with a previous work which revealed 
that Na concentrations ranging from 3,500 to 5,500  mg/L 
were moderately and 8,000 mg/L were strongly inhibitory to 
methanogens at mesophilic temperatures [16].

3.2.2. Organic waste degradation from single-stage operation

At the steady-state condition, the average pH of the 
effluent in all reactors was neutral (Table 2). The effluent 

Table 1
Characteristics of fish meal wastewater

Parameter Value

Chemical oxygen demand (COD, mg/L) 8,530
Total solids (TS, mg/L) 9,720
Total volatile solids (TVS, mg/L) 6,370
pH 6.58
Salinity (ppt) 13.03
Conductivity (mS/cm) 20.67
Nitrogen (TKN, mg/L as N) 204
Phosphorous (PO4

3–, mg/L as P) 1.24
K (mg/L) 104
Na (mg/L) 7,986
Ca (mg/L) 0.26
Mg (mg/L) 0.43
Fe (mg/L) 2.73
Cu (mg/L) 0.03
COD:N 100:2.39
COD:N:P 100:2.39:0.015
COD:P 200:0.038

Table 2
Reactor performance from fish meal wastewater anaerobic 
digestion using single-stage operation at various OLRs and HRTs

Parameters Organic loading rate,  
kg COD/m3 d

0.28 0.43 0.85 1.71

Reactor volume (mL) for each 
anaerobic reactor

6,000 6,000 6,000 6,000

Flow rate (mL/d) 200 300 600 1,200
HRT (d) in the anaerobic reactor 30 20 10 5
Initial MLVSS (mg/L) 14,400 14,400 14,400 14,400
Initial pH 6.58 6.58 6.58 6.58
Average pH at steady state 7.39 7.28 7.11 6.89
Initial COD (mg/L) 8,530 8,530 8,530 8,530
COD at steady state (mg/L) 2,129 3,000 4,215 5,189
COD degradation efficiency (%) 75.04 64.83 50.59 39.17
Initial TVS (mg/L) 6,370 6,370 6,370 6,370
TVS at steady state (mg/L) 1,520 1,890 2,598 3,276
TVS degradation efficiency (%) 76.14 70.30 59.21 48.57
Initial TS (mg/L) 9,720 9,720 9,720 9,720
TS at steady state (mg/L) 2,797 3,590 4,946 5,918
TS degradation efficiency (%) 71.22 63.05 49.10 39.10
Total gas production 

(mL at STP/d)
267 340 600 866

Average CH4 (%) 21.34 21.15 18.16 14.89
CH4 production (mL at STP/d) 57 72 109 129
CH4 yield (L at STP/kg 

COD added)
33 28 21 13

CH4 yield (L at STP/kg COD 
degraded)

45 43 42 32

CH4 yield (L at STP/kg TVS 
added)

45 38 28 17

CH4 yield (L at STP/kg TVS 
degraded)

59 54 48 35
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obtained from OLRs of 0.28, 0.43, 0.85 and 1.71 kg COD/m3 d 
contained 2,129, 3,000, 4,215 and 5,189 mg COD/L, respectively 
(or 1,520, 1,890, 2,598 and 3,276 mg TVS/L, respectively). The 
highest COD degradation of 75.04% (or TVS degradation 
of 76.14%) was obtained for anaerobic digestion of the fish 
meal wastewater at the minimum OLR of 0.28  kg COD/m3 

d and the maximum HRT of 30 d (Table 2). Increasing OLR 
from 0.28 kg COD/m3 d to 1.71 kg COD/m3 d, the COD and 
TVS degradation efficiency obviously dropped. The result is 
concurrent with that from the previous study. Prasertsan et 
al. [36] conducted anaerobic filter process in treating fishery 
wastewater and tuna condensate and found that the highest 
COD degradation of 84% was obtained for fishery wastewa-
ter at an OLR of 0.3 kg COD/m3 d and HRT of 36 d and the 
data from their study showed that with an increase in OLR, 
the COD degradation efficiency dropped.

The negative effects of salinity on anaerobic digestion 
of treatment efficiency of fish meal wastewater have been 
reported. Although the organic degradation efficiency in 
terms of COD and TVS was up to 75% and 76% at an OLR 
of 0.28 kg COD/m3 d (Table 2), the CH4 content was low for 
all OLRs of the study. The highest CH4 content was only 
21.34%. This might show the inhibitory effect of salinity on 
methanogenesis stage.

3.2.3. Methane yield from single-stage operation

The CH4 yield at different OLRs was calculated in terms 
of liters of CH4 produced/kg COD (or TVS) added to the reac-
tor and liters of CH4 produced/kg COD (or TVS) degraded in 
the reactor. CH4 yield = V/QS0, where V is the CH4 produced 
in the reactor, Q is the flow rate and S0 is the organic strength 
of the substrate in terms of COD or TVS added to the reactor. 
CH4 yield = V/Q(S0 – S), where S is the effluent COD or TVS 
obtained from the reactor, thus, (S0 – S) is the organic sub-
strate degraded in the reactor. The results are summarized 
in Table 2 and Figs. 3(a)–(d). The maximum CH4 yields of 
just 33 L/kg COD added (or 45 L/kg TVS added) and 45 L/kg 
COD degraded (or 59 L/kg TVS degraded) were obtained at 
an OLR of 0.28 kg COD/m3 d

3.3. Reactor performance of two-stage operation

The bacterial cell concentration in the acidogenic and 
methanogenic reactor was 7,200 and 14,400  mg MLVSS/L, 
respectively, and the COD of the wastewater was 8,530 mg 
COD/L yielding a bacterial cell:COD in the acidogenic and 
methanogenic reactor was 0.84 and 1.68 g cell/g COD. The 
1.5  L working volume acidogenic reactors were fed at the 

 
(a) .                                     (b) 

 

33

28

21

13

0

5

10

15

20

25

30

35

0.28 0.43 0.85 1.71

C
H

4 
yi

el
d 

(L
 a

t S
TP

/k
gC

O
D

 
ad

de
d)

OLR(kgCOD/m3.d)

45

38
28

17

0
5

10
15
20
25
30
35
40
45
50

0.28 0.43 0.85 1.71

C
H

4
yi

el
d 

(L
 a

t S
TP

/k
gT

VS
 

ad
de

d)

OLR(kgCOD/m3.d)

45
43 42

32

0
5

10
15
20
25
30
35
40
45
50

0.28 0.43 0.85 1.71

C
H

4
yi

el
d 

(L
at

 S
TP

/k
gC

O
D

 
de

gr
ad

ed
)

OLR(kgCOD/m3.d)

59
54

48

35

0

10

20

30

40

50

60

70

0.28 0.43 0.85 1.71

C
H

4
yi

el
d 

(L
at

 S
TP

/k
gT

VS
 

de
gr

ad
ed

)

OLR(kgCOD/m3.d)

(c)                                                                   (d) 

Fig. 3. CH4 yield obtained from anaerobic digestion of fish meal wastewater at various OLRs using single-stage operation in terms 
of: (a) kg COD added to the reactor, (b) kg TVS added to the reactor, (c) kg COD degraded in the reactor and (d) kg TVS degraded in 
the reactor.
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flow rates of fish meal wastewater of 250, 500, 1000, 1,500 
and 2,000 mL/d, thus, resulted in HRTs in acidogenic reac-
tors of 6, 3, 1.5, 1 and 0.75 d which corresponded to the OLRs 
of 1.42, 2.84, 5.69, 8.53 and 11.37 kg COD/m3 d, respectively 
(Table 3). The HRTs of the wastewater in each 4.5 L meth-
anogenic reactor were 18, 9, 4.5, 3 and 2.25 d, respectively 
(Table 3).

3.3.1. Methane production from two-stage operation

At the steady-state condition, the total gas produced 
from the reactors of various OLRs of 1.42, 2.84, 5.69, 8.53 
and 11.37 kg COD/m3 d was 255, 331, 497, 597 and 748 mL at 
STP/d, respectively (Table 3). The average CH4 content was 
20.80%, 18.76%, 15.50%, 15.42% and 13.63% (Table 3) and 
varied inversely with the OLR. Thus, the CH4 production 
obtained by calculation was 53, 62, 77, 92 and 102 mL/d at 
STP, respectively (Table 3). Although the operation type was 
changed to two-stage anaerobic digestion, the CH4 content 
produced was comparable with that from the single-stage 
operation and CH4 production was not satisfactorily high. 
The results are summarized in Table 3. The highest CH4 con-
tent from anaerobic digestion using the two-stage operation 
was only 20.80% which was obtained from an OLR of 1.42 kg 
COD/m3 d.

3.3.2. Organic waste degradation from two-stage operation

Under the steady-state conditions, phase separation was 
achieved. The average pH of the effluent in the acidogenic 
reactors was acidic and the pH of methanogenic reactors 
was neutral (Table 3). The effluent obtained from OLRs 
of 1.42, 2.84, 5.69, 8.53 and 11.37  kg COD/m3 d contained 
2,616, 3,508, 4,198, 4,387 and 5,652 mg COD/L, respectively 
(or 1,290, 2,053, 3,028, 3,134 and 4,100  mg TVS/L, respec-
tively). The highest COD reduction of 69.33% (or TVS 
79.75%) was obtained for anaerobic digestion of the fish 
meal wastewater at the minimum OLR of 1.42 kg COD/m3 d 
and the maximum HRT of 6 and 18 d in the acidogenic reac-
tor and methanogenic reactor, respectively (Table 3). 
Increasing the OLR to the acidogenic reactor from 1.42 
to 11.37  kg COD/m3 d resulted in reduced COD and TVS 
efficiency (Table 3). 

3.3.3. Methane yield from two-stage operation

The CH4 yield at different OLRs using the two-stage 
operation was calculated in terms of liters of CH4 pro-
duced/kg COD (or TVS) added to the reactor and liters of 
CH4 produced/kg COD (or TVS) degraded in the reactor 
in the same manner as those for the single-state operation. 

Table 3
Reactor performance from fish meal wastewater anaerobic digestion using two-stage operation at various OLRs and HRTs

Parameter Organic loading rate (kg COD/m3 d)

1.42 2.84 5.69 8.53 11.37

Reactor volume (mL) for each acidogenic, 
methanogenic reactor

1,500, 4,500 1,500, 4,500 1,500, 4,500 1,500, 4,500 1,500, 4,500

Flow rate (mL/d) 250 500 1,000 1,500 2,000
HRT (d) for each acidogenic, methanogenic reactor 6, 18 3, 9 1.5, 4.5 1, 3 0.75, 2.25
Initial MLVSS (mg/L) in acidogenic and 

methanogenic reactor
7,200, 14,400 7,200, 14,400 7,200, 14,400 7,200, 14,400 7,200, 14,400

Initial pH 6.58 6.58 6.58 6.58 6.58
Average pH of acidogenic reactor at steady state 6.18 6.09 5.97 5.93 5.86
Average pH of methanogenic reactor at steady state 7.32 7.11 6.98 6.96 6.86
Initial COD (mg/L) 8,530 8,530 8,530 8,530 8,530
COD at steady state (mg/L) 2,616 3,508 4,198 4,387 5,652
COD degradation efficiency (%) 69.33 58.87 50.78 48.57 33.74
Initial TVS (mg/L) 6,370 6,370 6,370 6,370 6,370
TVS at steady state (mg/L) 1,290 2,053 3,028 3,134 4,100
TVS degradation efficiency (%) 79.75 67.77 52.46 50.80 35.64
Initial TS (mg/L) 9,720 9,720 9,720 9,720 9,720
TS at steady state (mg/L) 2,906 3,472 4,368 4,684 6,076
TS degradation efficiency (%) 70.10 64.27 55.04 51.80 37.47
Total gas production (mL at STP/d) 255 331 497 597 748
Average CH4 (%) 20.80 18.76 15.50 15.42 13.63
CH4 production (mL at STP/d) 53 62 77 92 102
CH4 yield (L at STP/kg COD added) 25 14 9 7 6
CH4 yield (L at STP/kg COD degraded) 36 25 18 15 17
CH4 yield (L at STP/kg TVS added) 33 19 12 10 8
CH4 yield (L at STP/kg TVS degraded) 42 29 23 19 22
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The results are summarized in Table 3 and Figs. 4(a)–(d).  
The maximum CH4 yields of just 25  L/kg COD added 
(or 33  L/kg TVS added) and 36  L/kg COD degraded 
(or 42  L/kg TVS degraded) were obtained at an OLR of 
1.42 kg COD/m3 d (Table 3).

4. Discussion

The single-stage and two-stage operation of anaerobic 
treatment could achieve high organic degradation for some 
OLRs (Tables 2 and 3) but the CH4 production and the CH4 
yields were very low (Tables 2 and 3; Figs. 3 and 4). This led 
to the conclusion that the anaerobic process could reduce the 
organics in the fish meal wastewater and implied that the 
organics were not satisfactorily transformed to CH4. Thus, the 
anaerobic process was suitable for organic degradation in fish 
meal wastewater but the process was not suitable for CH4 pro-
duction. The salinity of 13.03 ppt and the associated Na content 
of 7,986 mg/L might not inhibit microorganisms in the organic 
biodegradation of fish meal wastewater but might strongly 
inhibited methanogens in CH4 production. The CH4 yields 
obtained were much lower than the theoretical CH4 yield of 
350 L at STP/kg COD degraded [37]. Although the anaerobic 
process could reduce organics in the fish meal wastewater, the 
produced biogas contained a low CH4 content.

OLRs have a great influence on the biodegradation of 
organic matter in the wastewater, reflected by the COD and 
TVS degradation efficiency and the biogas yield. Although the 
OLRs for the two-stage anaerobic reactor in this study were 
approximately five times higher than those of single-stage 
reactors, the COD and TVS degradation efficiency of both 
systems were comparable. This showed that the two-stage 
operation achieved better biodegradation efficiency than the 
single stage. The only disadvantage of the two-stage process 
was that it required more sophisticated equipment and process 
control, resulting in the operation being more expensive.

5. Conclusion

Anaerobic digestion of fish meal wastewater with a high 
salinity level achieved high organic degradation for some 
OLRs but the CH4 production and the CH4 yield were not 
acceptably high. Single-stage anaerobic digestion achieved 
75% of COD degradation efficiency at an OLR of 0.28  kg 
COD/m3 d but the CH4 yield was just 45 L at STP/kg COD 
degraded. Two-stage anaerobic digestion achieved 69%of 
COD degradation efficiency but the maximum CH4 yield 
was just 36 L at STP/kg COD degraded at an OLR 1.42 kg 
COD/m3 d. Two-stage operation could carry a higher OLR. 
The CH4 content obtained from anaerobic digestion by 
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Fig. 4. CH4 yield obtained from anaerobic digestion of fish meal wastewater at various OLRs using two-stage operation in terms of: 
(a) kg COD added, (b) kg TVS added to the reactors, (c) kg COD degraded and (d) kg TVS degraded in the reactors.
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both types of operation was approximately 21%. Two-stage 
anaerobic digestion could not prevent toxicity of the meth-
anogens due to the high salinity. Thus, the high salinity of 
the fish meal wastewater negatively affected the process of 
CH4 production but not for organic waste digestion. This 
showed that salinity adversely affected methanogenesis. The 
anaerobic process can be used for the treatment of organic 
wastewater with high salinity and Na content but not for the 
purpose of CH4 production.
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