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A B S T R AC T

The treatment effi  ciency of two-stage and two-phase (TSTP) anaerobic process composed of 
hydrolytic acidifi cation reactor, fi rst-order and second-order external circulation (EC) anaerobic 
reactors were investigated and the characteristics of microbiological population composition 
in diff erent reactors were also studied through scanning electron microscope. Results showed 
that by seeding anaerobic granular sludge, controlling start-up volume loading rate and the 
type of loading rate increasing, hydrolytic acidifi cation reactor quickly started up in 34 d and 
formed stable ethanol-type fermentation. Under the conditions of organic loading rate (OLR) 
= 46.78 kgCOD/m3 d, hydraulic retention time (HRT) = 5.62 h, chemical oxygen demand (COD) 
removal rate of fi rst-order EC reactor was 93.2%, effl  uent COD was 700 mg/L, and that of sec-
ond-order EC reactor was 83.3% and 110 mg/L. Furthermore, TSTP process presented strong 
anti-shock loading capability. Dominant bacteria were diff erent in diff erent reactors. Bacil-
lus brevis and Bacillus were main microbial population existed on mature acidizing granular 
sludge. Methanosarcina barkeri were dominant bacteria at the bott om of 1# reactor. Methanosaeta 
were dominant bacteria in the whole 2# reactor.

Keywords:  Two-stage and two-phase anaerobic process; External circulation anaerobic reactor; 
Hydrolytic acidifi cation reactor; Dominant bacteria; Anti-shock loading capability

1. Introduction

Anaerobic process is being widely used in high 
strength organic wastewater [1,2], hazardous industrial 
wastewater [3], livestock wastewater [4,5] and even 
low concentration or low temperature wastewater [6,7] 
treatment plants as its high treatment performance, 
well running stability, powerful anti-shock loading 
capability and low operating cost. However, there is 
an obvious defect of single phase anaerobic reactor 

when treating high-strength wastewater under rapid 
changes of water quality. The reactor is easy to present 
acidifi cation phenomenon which leading to collapse. 
Two-phase anaerobic process and staged multi-phase 
anaerobic (SMPA) reactor system provides an eff ective 
method to solve this problem [8,9]. Phase separation 
technique makes most of the acid forming organisms 
and methane forming organisms exist in diff erent reac-
tors which are convenient to build up optimal habi-
tat conditions individually to enhance the anti-shock 
loading capability of process and improve its treatment 
effi  ciency. SMPA reactor system approaches more plug *Corresponding author.
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fl ow conditions in the whole process and continuous 
stirred fl ow conditions for each reactor. It forces the 
process of anaerobic reaction occurring in diff erent 
reactors or diff erent independent space of one reactor 
which not only be convenient to build up optimal habi-
tat conditions for diff erent functional bacteria, but also 
be benefi cial to reducing the impact of water quality 
fl uctuating by “stage by stage” results in a high treat-
ment effi  ciency and powerful stability. Based on it, 
some new processes emerged such as anaerobic baffl  ed 
reactor (ABR) and upfl ow staged sludge bed (USSB) 
[10–12].

Controlling the fermentation type of acidogenic 
phase reactor of two-phase and SMPA process is 
another important method to keep anaerobic process 
avoiding acidifi cation risk. Ethanol-type fermentation 
is considered as the optimal fermentation type, which 
not only provides suitable liquid terminal products 
such as ethanol and acetic acid which can be easily uti-
lized by methane forming organisms but also avoids 
the propionic acid accumulation [13,14]. To achieve 
this optimal fermentation type, many impact factors 
are considered such as the confi guration of reactor, the 
seed sludge, pH value, oxidation–reduction potential 
(ORP), etc. [15,16].

However, many studies on SMPA, two-phase 
and its optimal fermentation type have been car-
ried out individually, but there have been few stud-
ies focused on the performance and stability of an 
anaerobic process combined by the processes stated 
as above. Two-stage and two-phase anaerobic process 
(TSTP) composed of hydrolytic acidifi cation reactor, 
fi rst-order and second-order external circulation (EC) 
anaerobic reactor is a new anaerobic treatment process 
based on the concept of two-phase and SMPA [17–19]. 
In this study, it was utilized to treat high concentration 
artifi cial wastewater and its treatment effi  ciency and 
characteristics of microbiological population composi-
tion was investigated.

2. Material and methods

2.1. Experimental system

High concentration artifi cial wastewater from regu-
lation water tank was pumped into hydrolytic acidifi ca-
tion reactor; fi rst-order and second-order EC anaerobic 
reactor in sequence, as shown in Fig. 1. The eff ective 
volumes were 6 L, 7.85 L and 7.85 L. A submersible 
mixer was fi xed at the bott om of hydrolytic acidifi ca-
tion reactor.

EC reactor contained external circulation system, 
cyclone-fl ow water distribution system and multiple-
stage three-phase separator. Each reactor was heated by 
heating wire which controlled by temperature controller 

at 32 ± 2 °C. The gas came from each reactor was calcu-
lated by wet-type gas fl ow meter.

2.2. The characteristics of wastewater

The artifi cial wastewater was made up of tap water, 
cane sugar, sodium acetate, NH4Cl, KH2PO4 to keep 
COD:N:P = 200:5:1, and the COD concentration was 
controlled between 3000 and 15,000 mg/L. Microele-
ment such as FeCl2

•4H2O, CoCl2
•6H2O, NiCl2

•6H2O 
were added into water in proportion of P:Fe2+ = 6:1, 
Fe2+:Co2+:Ni2+ = 10:1:2. In addition, some NaHCO3 was 
necessary to ensure the pH value was appropriate in 
reactor.

2.3. The seed sludge

Hydrolytic acidifi cation reactor was seeded with 30 
g/L of granular sludge obtained from sludge reservoir in 
brewery. The volatile suspended solid (VSS)/suspended 
solid (SS) was 0.52, the sett lement ratio was 75–80%. 
Two-stage anaerobic reactors were seeded with 60 mg/L, 
20 mg/L of granular sludge obtained from expanded 
granular sludge bed (EGSB) reactor in brewery. The 
VSS/SS was 0.63, and the sett lement ratio was 85–90%.

2.4. Experimental design

Firstly, hydrolytic acidifi cation reactor was started 
up with organic loading rate (OLR) of 10.45 kgCOD/m3 
d, corresponding to a hydraulic retention time (HRT) 
of 9.19 h. In this period, increased loading rate was 
mainly achieved by increasing feed concentration with 
the range about 7 kgCOD/m3 d. When it formed stable 
ethanol-type fermentation it was considered that start-
up process had been accomplished.

Then two-stage anaerobic system was start-up and 
combined with hydrolytic acidifi cation reactor. This 
process operation period could be divided into four 
periods as showed in Table 1. Period 1 was sludge 

Temperature controllerPeristaltic pumpValve Rotameter Submersible mixer

Second-order ECFirst-order EC Hydrolytic acidification reactorRegulation water tank

Fig. 1. Flow diagram of TSTP process.



W. Ma et al. / Desalination and Water Treatment 48 (2012) 207–214 209

naturalization period. Other three periods were load-
ing rate increasing period. The diff erences were that 
the infl ow COD concentration was remained stable 
while HRT was decreased in periods 2 and 4. In period 
3, HRT was remained stable while COD concentration 
was increased.

2.5. Analytical items and methods

COD, SS, VSS were determined according to Stan-
dard Methods [20]. Bicarbonate alkalinity and volatile 
acids were measured by the distillation method [21]. 
pH measurements were performed with a pH meter 
(pHS-3C, Leici, China). The liquid terminal products 
were analyzed by gas chromatography method [22]. 
The characters of microbiological population composi-
tion were investigated by scanning electron microscope 
(SEM).

3. Results and discussion

3.1. Treatment effi  ciency of hydrolytic acidifi cation 
reactor

The start-up period of hydrolytic acidifi cation reac-
tor was 34 day. The content of ethanoic acid and ethanol 
increased obviously in liquid terminal products, and the 
mass concentration percentage was up to 75.9%.

In order to construct appropriate start-up conditions 
of two-stage anaerobic reactor [23], the OLR of hydrolytic 
acidifi cation reactor was controlled at 10.4 kgCOD/m3 d 
and the increased the loading rate stage by stage (Table 1). 
The changes of COD removal rate are shown in Fig. 2. The 
changes of effl  uent VFA are shown in Fig. 3.

In periods 1 and 2, the COD removal rate was sta-
ble as 18.1–19.2%. Then it increased obviously with 
increasing feed concentration and the maximum value 
reached to 26.9%. During the course of HRT decreased 
from 9.18 h to 6 h, although OLR increased to 58.7 
kgCOD/m3 d, the growth extent of COD removal rate 
was only 1%. When HRT decreased from 6 h to 4.28 
h, COD removal rate declined to 25.4%. In the course 
of HRT decreased to 4 h, COD removal rate declined 

rapidly and the minimum value was 20.9%. Then HRT 
was adjusted to 5.4 h, COD removal rate restored 
gradually to 23.9%.

It was considered that the number of acidogenic 
fermentation bacterium was increasing with increas-
ing feed concentration. Nutrient substrates were used 
for bacterium growth and metabolism [15]. In the pro-
phase of period 4, although HRT continued decreas-
ing, the contact time of sludge and nutrient substrates 
was adequate. The rising of OLR had less eff ect on 
COD removal rate. In the later period 4, declining HRT 
reduced the contact time of sludge and nutrient sub-
strates. Some infl uent COD cannot be degraded com-
pletely and fl owed out from the reactor along with the 
effl  uent. So in this period, COD Rrmoval rate dropped 
obviously. Furthermore, the pH value also declined 

Table 1
Operation period of two-stage anaerobic reactor

Operation parameter Period 1 Period 2 Period 3 Period 4

Time (d) 1–4 5–23 24–57 57–92

COD (mg/L) 3173–3280 3113–3407 3789–10,998 9989–10,981

OLR (kgCOD/m3 d) 2.42–2.51 3.14–6.57 7.56–31.96 22.9–50.38

HRT (h) 31.4 12–31.4 12 5.2–12
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Fig. 2. Changes of COD removal rate of hydrolytic acidifi ca-
tion reactor.

Fig. 3. Changes of effl  uent VFA of hydrolytic acidifi cation 
reactor.
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and the minimum value was 3.89. To avoid the risk of 
over-acidifi cation, moderate NaHCO3 was added into 
infl ow to keep appropriate alkalinity levels and HRT 
was adjusted to 5.4 h [24]. Then the COD removal abil-
ity recovered gradually. Hydrolytic acidifi cation reactor 
presented well ability of resisting shock loading.

As can be seen from Fig. 3, effl  uent VFA increased 
with increasing feed concentration. The analysis of 
liquid terminal products showed that ethanol concen-
tration exceeded ethanoic acid and became the most 
products when OLR reached to 33.2 kgCOD/m3 d. At 
the end of period 3, the ratio of ethanol to ethanoic acid 
raised to 1.32:1. In period 4, although OLR increased 
rapidly, the growth extent of VFA turned to be gradual. 
This phenomenon can be interpreted as acidifi cation 
bacterium producing more ethanol to keep appropriate 
pH levels [25].

3.2. Treatment effi  ciency of two-stage anaerobic reactor

The start-up method was controlling two-stage 
anaerobic reactor at high level loading and recircula-
tion ratio. The fi rst-order reactor (1# reactor) hydrau-
lic upfl ow rate was controlled within 2.0 m/h, and that 
of second-order reactor (2# reactor) was 1.5 m/h. The 
changes of 1# and 2# reactors COD removal rate are 
shown in Fig. 4.

Although COD removal rate declined in every pro-
phase of loading-raised, it increased rapidly in a short 
time with increasing number of methanogens bacterium 
and keeping appropriate alkalinity levels. At the end of 
period 2, 1# reactor OLR arrived to 6.38 kgCOD/m3 d 
and the COD removal rate was up to 92.3%. The effl  u-
ent COD concentration was 24 6mg/L. In the course of 
OLR increasing to 21.96 kgCOD/m3 d, COD removal 
rate declined lightly, and the average value was around 
85.9%. The reason can be interpreted as fl occulent and 
small granular sludge being washed out of reactor 
which leading VSS continued to decrease [26].

In later period 3, hydraulic upfl ow rate was con-
trolled within 2.5 m/h. Although infl uent COD reached 

up to 11,000 mg/L, COD removal rate increased further 
and the maximum value was 96.7%. The effl  uent COD 
concentration was 309 mg/L.

When HRT declined from 11.21 h to 7.13 h, effl  uent 
COD concentration was 752 mg/L and COD removal 
rate maintained at a high level as 93%. In this stage, the 
gas production was high and accumulated within the 
sludge bed without released in time which leaded to 
sectionalization of sludge bed [27]. To avoid it, hydraulic 
upfl ow rate was controlled within 3.5 m/h.

As HRT fell to 5.62 h, OLR reached up to 46.78 
kgCOD/m3 d and hydraulic upfl ow rate was controlled 
4.5 m/h. With well hydraulic mixing, easily degradable 
infl uent and high activity of granular sludge, 1# reac-
tor presented high removal ability under the condition 
of high loading and low HRT levels. Effl  uent COD con-
centration was around 700 mg/L and COD removal rate 
maintained at a high level as 93.2%.

Further reducing of HRT (to 5.23 h) bringing about 
abnormal operation of hydrolytic acidifi cation reactor 
which caused a large quantity of unacidifi ed substrates 
infl ow to 1# reactor rapidly, which led to rapid prolif-
eration of acidogenic fermentation bacteria on granular 
sludge. The accumulation of organic acids lowered the 
pH value quickly which inhibited the activity of metha-
nogenic bacteria. Effl  uent COD concentration rose up 
to 4028 mg/L and the removal rate declined to 61.7%. 
To relieve to eff ect of shock loading, moderate NaHCO3 
was added into recirculation water to keep appropriate 
alkalinity levels and HRT was adjusted [26]. After 6 d, 
COD removal rate recovered to 86.9% gradually with 
high effl  uent COD concentration as 1430 mg/L (Fig. 5).

Due to low infl ow substrates, granular sludge 
adapted to the water quality and the COD removal rate 
rose up to 80.3%. In period 2, infl ow COD concentration 
maintained within 330–240 mg/L. As running at low 
loading level, granular sludge begun to disintegrate from 
the 7th day. There were a lot of fl occulent sludge in recir-
culation water and effl  uent [28]. As OLR rising to 1.78 
kgCOD/m3 d, although water quality fl uctuated strongly, 
COD removal rate rose up to 88.5% with improvement 
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of sludge activity and well mass transfer effi  ciency by 
adjusting hydraulic upfl ow rate (1.5–2.5 m/h).

In period 4, hydraulic upfl ow rate was adjusted to 3.2 
m/h. From the 63th day, the interface between sludge and 
water became clear. In this period, 2# reactor had expe-
rienced steady loading-raised, shock loading and recov-
ery stage. In steady loading-raised stage, because of high 
treatment effi  ciency of 1# reactor, the 2# reactor OLR main-
tained within 2.52 kgCOD/m3 d and COD removal rate 
was around 83%. It presented well resisting ability during 
shock loading. Although OLR rose up to 19.29 kgCOD/m3 
d rapidly, the removal rate maintained 82%. Along with 
loading decreased, COD removal rate arrived to 86% and 
the effl  uent COD concentration kept below 200 mg/L.

3.3. Changes of pH value in TSTP

The changes of pH value in TSTP process in diff erent 
stages is shown in Fig. 6.

Infl ow pH value fl uctuation of hydrolytic acidifi ca-
tion reactor had less eff ect on effl  uent. It maintained 
within 4.0–4.6 which was benefi cial to stable operation 
of two-stage anaerobic reactors. The pH value of 1# 
reactor was within 6.51–6.72. It was mainly due to the 
high concentration of infl ow VFA [25]. Furthermore, the 
ethanoic acid produced by hydrogen-producing aceto-
genic microfl ora existed on granular sludge when they 
metabolized ethanol also lowered the pH value. As most 
of VFA had been degraded in 1# reactor, the infl uent 
substrates of 2# reactor mainly included undergraded 
cane sugar and organic acid. Under the conditions of 
low concentration, these substrates can be converted to 
methane and discharged out of reactor quickly. Accord-
ing to this reason, the pH value of 2# reactor was a litt le 
higher than 1# reactor within 7.03–7.21.

3.4. Characters of microbiological population composition in 
TSTP

S SEM was used to investigate the characters of 
microbiological population composition in TSTP at dif-
ferent stages.

Bacillus brevis and Bacillus were main microbial 
population existed on mature acidizing granular sludge 
after 40 days running (Fig. 7). The bacteria grew closely 
on the surface and interior of granular sludge and inter-
twined with each other. This construction was benefi cial 
to the well mechanical strength and sett le ability. The 
surface of granular sludge was smooth which probably 
caused by EPS of bacteria [29].

Methanosarcina barkeri wass the dominant bacteria on 
granular sludge at the bott om of 1# reactor (Fig. 8). The 
distribution range of Methanosaeta was small and they 
existed internally presented fi lamentous. Methanosar-
cina barkeri was also the dominant bacteria on granular 
sludge at the top. The distribution range of Methano-
saeta became larger. Methanosarcina barkeri and Metha-
nosaeta intertwined with each other on the surface and 
interior of granular sludge.

These phenomena probably related to the infl ow pH 
levels and substrates variety. The ethanol, ethanoic acid 
and butanoic acid were main infl ow substrates and accu-
mulated at the bott om which leaded to the low pH levels 
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of 1# reactor. In this situation, Methanosarcina barker with 
high acid resistance turned into dominant bacteria easily 
than others [30]. Along the height direction of 1# reactor, 
the ethanoic acid was degraded rapidly and the VFA con-
centration declined. Methanosaeta adapted to low ethanoic 

acid concentration condition multiplied rapidly which 
leaded to coexistence on the top.

Methanosaeta was the dominant bacteria on granu-
lar sludge in the whole 2# reactor (Fig. 9). The quantity 
of Methanosarcina barkeri became less and they mainly 

Fig. 8. Methanogen of granular sludge in 1# reactor.
Fig. 9. Methanogen of granular sludge in 2# reactor.
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