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a b s t r a c t

The aim of this study was to investigate the new structure of SBR (placement of baffles in dif-
ferent way) and its ability to treat petroleum wastewater, compared to a conventional system, as 
well as investigate the effects of pollutant concentration on the granules’ performance at ambi-
ent temperature (24 ± 1ºC). Two SBR were tested. R1 had baffles including three risers and three 
down-comers, and R2 had one riser and one down-comer. After an adaptation period of about 
59 d, granules with a mean diameter of 6 mm and 5 mm, medium density of 1.0132 and 0.87720 
gr/ml, and settling velocity of 2.51 and 2.13 cm/s were observed in R1 and R2, respectively. Step-
wise increasing the OLR in R1 and R2, affected size, density, settling velocity, and the granules’ 
stability, by increasing them and gradually decreasing the COD removal efficiency. Maximum 
COD removal in R1 and R2 was achieved in OLR equal to 0.9 kg/m3d (95.4%–91.4%), and minimum 
COD removal was achieved in OLR equal to 2.4 kg/m3d (85.5–71.1%). Corresponding amounts for 
maximum removal of total petroleum hydrocarbon (TPH) were 94.2% and 90.8% (TPHin equal to 
104.2 mg/l) and minimum amounts (TPHin equal to 157.9 mg/L) were equal to 82.1% and 70.4%, 
respectively. Appropriate placement of baffles in R1 caused faster formation of granules, improved 
their physical properties and increased removal efficiency compared to R2. By increasing in OLR 
and consequently, increasing in granule size and according to cell death, an anaerobic core gen-
erated in the center of the granules. Instability of anaerobic core as well as reduction of the gran-
ules’ ability to tolerate oil and toxic pollutants, gradually decreased removal efficiency, integrity 
coefficient and increased SVI.
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 reactor (SBR)

1. Introduction

A large volume of water is used for refining crude oil in 
petroleum refineries, producing a great amount of waste-
water. The composition of these wastewaters differs and 
depends on the crude oil and purification processes [1]. Petro-
leum compounds are classified into two main groups: (1) the 
hydrocarbons, which consist of paraffin, naphthene, and aro-
matics, and (2) other compounds, such as oxygen, nitrogen, 
sulfur, and rare metal atoms such as nickel and vanadium [2].

The high molecular weight of polynuclear aromatic 
hydrocarbons (PAHs) is known to cause mutations and can-
cer, while lightweight PAHs have acute toxicity [3]. Since 
1979, the United States Environment Protection Agency 
(EPA) has considered PAHs as priority pollutants [4]. 
Therefore, it is necessary to treat these compounds before 
releasing them into the environment. 

Conventional treatment methods of petroleum waste-
water include different physical methods such as adsorp-
tion [5], physical separation [6], membrane filtration [7], 
flotation [8], centrifuge [9], freezing [10], chemical methods 
such as coagulation and flocculation [11], electrochemical 
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processes [12], advanced oxidation [6], biological methods 
such as activated sludge systems [13], UASB [14], SBR [15], 
and MBBR [16].

Granular sludge is one of the most useful technologies 
for wastewater treatment [17]. In this technology, aerobic 
particles, which formed by self-aggregation processes, 
cause appropriate solid-liquid separation [18]. A work-
shop held in Germany in 2004 defined aerobic granules as 
microbial origin aggregates with a high settling velocity as 
compared to activated sludge flocs, which have tremen-
dous stability against coagulation under low hydrody-
namic shear. In the last decade, the results of several 
studies indicate that aerobic granular sludge technology 
is an evolution in the biological treatment of wastewater 
[19]. Characteristics of aerobic granules can be described 
by morphology, settle ability, density,physical strength, 
cell surface hydrophobicity, and storage stability [20]. 
Aerobic granule reactors have attracted direct attention 
because of their excellent sludge settleability, shock load-
ing resistance ability [21], long sludge retention time, 
and no sludge bulking [22]. Factors affecting granulation 
include seed sludge, substrate composition, organic load-
ing rate, feeding strategy, reactor operation, settling time, 
exchange ratio, aeration intensity, and environmental fac-
tors such as temperature and pH [23].

Successful performance of this technology have been 
reported in several studies. Derlon et al. used SBAR for 
treating municipal wastewater. They have reported high 
soluble COD (SCOD) removal efficiencies (>80%) after 4 h 
operation. Average input SCOD concentration was between 
127 ± 55 mg/L [17]. Ni et al. treated low-strength munic-
ipal wastewater (<200 mg L–1) of COD with use of SBR 
technology. They have reported that average COD removal 
efficiency was approximately 90% after the formation of 
aerobic granules [19]. Pajoumshariati et al. assessed MSBR1 
for petroleum refinery wastewater treatment. After 95 d 
operation, average COD and TPH removal efficiencies were 
80 and 93.4%, respectively. Input COD was in the range of 
43.4–335.3 mg/l [24].

According to successful granulation in conventional 
SBR (with riser and down-comer), the objective of the pres-
ent study was investigation of the SBR system’s new design 
(placement of the baffles in different way) in treating oily 
wastewater (contain petroleum contaminants). The main 
focus was on the challenges associated with the biogran-
ules, including (i) effects of baffles compared to conven-
tional systems on the granulation time and characteristics 
of biogranules; (ii) determination of the maximum tolerable 
concentration of COD and TPH in fed-batch condition; (iii) 
investigation of granules’ ability to withstand organic shock 
loading. Further, the granules were investigated for physi-
cal characteristics such as settling ability, density, physical 
strength in the presence of toxic compounds.

2. Materials and methods

2.1. Reactor setup and operation

In this study, two parallel Plexiglas reactors, R1 and R2, 
were operated under aerobic conditions. 

1Membrane sequencing batch reactor

Table 1 describes the characteristics and operation phase 
for R1 and R2. R1 had baffles including three risers and three 
down-comers, and R2 had one riser and one down-comer. 
The unique characteristic of R1 was its liquid flow rotation 
in the down-comer, which connected the top and bottom of 
the reactors. Due to the high flow rotation, effective mix-
ing and suitable oxygen transfer occurred without use of 
a mechanical stirrer [25]. Fig. 1 shows the schematic of the 
operated pilots. The systems were run on a 6-h cycle. Cycles 
were carefully controlled in timed steps by a PLC2. The PLC 
was connected to a supervisory control and data acquisition 
(SCADA) system. The discharge port was 28 cm above the 
base of the reactors, achieving a 50% volumetric exchange 
ratio per cycle.

2.2. Methods

Activated sludge was collected from a municipal waste-
water treatment plant in Tehran, Iran, and used as seed 
sludge for the reactors. Initial pH, temperature, DO, MLSS 
and MLVSS of the seed sludge (before injection into reac-
tors) were 7.2, 20°C, 3.4 mg/L, 3900 mg/L, and 3200 mg/L 
respectively.

To achieve a similar wastewater composition to that 
of the Tehran petroleum refinery, the combination of gas-
oline (C16–C20) and crude oil (C8–C37) with a volume ratio 
(v/v) of 1:2 was used. The mixture aerated for 48 h. By 
doing this, the light compounds exited with the water 
vapor and entered the gas phase and heavy hydrocarbons 
(heavier than C35) congealed in the container. This process 
prevented the entrance of too heavy and too light hydro-
carbons to the reactors [26]. Input COD (CODin) of the syn-
thetic wastewater for each cycle, calculated and adjusted 
by the C/N/P ratios (on a molar basis) at 100:5:1 and then 
fed to the reactors. CH4N2O, KH2PO4, K2HPO4 and glucose 
were used as the nitrogen, phosphorus, and carbon sources, 
respectively. Using KH2PO4 and K2HPO4, not only supplied 
needed phosphorus in the reactors, but also  acted as buffer 
against large change in the internal pH. A 1 mL·L–1 trace ele-
ment solution contained FeCl3, MnSO4·H2O, ZnCl2, CuCl2, 
AlCl3, CoCl2·6H2O, MgSO4·7H2O, and CaCl2 [27]. The bio-
reactors operated in 3 main stages included: (1) adaptation 
period (59 d, CODin = 200 mg/L), (2) increasing the OLR (90 
d, CODin = 225–600 mg/L) and (3) shock induction (10 d, 
CODin = 2400 mg/L).In the first step of adaptation (on days 
1–5), injected synthetic wastewater, contained glucose with 
an initial COD of 200 mg/L. After complete adaptation of 
microorganisms, the concentration of glucose reduced by 
10% (became equal to 180 mg/L) and the concentration of 
petroleum increased by the same percentage (became equal 
to 20 mg/L) to maintain the concentration of CODinat 200 
mg/L. This procedure was repeated to achieve a constant 
value in COD removal efficiency, ensuring that the microor-
ganisms adapted to the corresponding concentration. These 
steps continued by increasing the concentration of petro-
leum to 20%, 30%, and 40% and by reducing the glucose to 
80%, 70%, and 60%, so long as the 100% of the injected feed 
at the end of adaptation period (on days 56–59) contained 
200 mg/L petroleum compounds. After achieving a steady 
state in the final stage of adaptation, COD increased to 

2Programmable logic controller
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225 mg/L per cycle (equal to 0.9 Kg/m3d). The input COD 
of the reactors was then increased stepwise by 25 mg/L 
to reach 500 mg/L, then again by 50 mg/L up to 600 mg/L.

During the study, pH and DO were measured regularly. 
By using buffers (K2HPO4 and KH2PO4), pH maintained in 
the range of 6.8–7.2 and DO was kept in the range of 2–6 
mg/l, respectively. The laboratory’s ambient temperature 
was in the range of 24 ± 1°C. An aquarium air pump (RS-
8801) supplied needed oxygen in the reactors.

2.3. Analytical methods

Soluble COD was determined by the closed reflux, colo-
rimetric method-5220D using standard methods [28]. A COD 
reactor (Hach-DR4000) was used after filtering the samples 
through 0.45 µm cellulose filters (Millipore). TPH was deter-
mined using (TOG/TPH Analyzer-Infracal). The formation 
and alternation of aerobic granules were frequently moni-
tored using a binocular optical microscope (Nikon-YS100).
The granules’ physical properties including settling veloc-
ity and integrity coefficient (%), which indirectly indicates 
the physical stability and compactness of the granules, 
were measured using Orbital shaker-TM52, according 
to the procedure described by Rosman et al. [29]. Storage 
stability was determined following the procedure detailed 
by Tay et al. [30], and density was performed according to 
Taheri et al. [31]. SVI and MLSS were determined at the 
end of the aeration phase, and the image analysis method 
was used for measuring the granules’ size and distribution. 

Finally, a GC/MS analysis (Agilent-7890A/5975C) was 
performed for identifying intermediate compounds, and 
transmission electron microscopy (Zeiss- EM10C-80 KV) 
was conducted according to Tang et al. [32] for observing 
the granules’ micro structure and microbial compositions. 
All tests were performed at ambient temperature (24 ± 1ºC), 
and each experiment was performed three times. The error 
rate was equal to 4.2%.

3. Results and discussion

3.1. Reactor operation

The removal efficiency of COD in R1 and R2 on day 59 
reached 95.4% and 92.9%, respectively. Input OLR, COD 
and TPH in this stage was equal to 0.8 Kg/m3d, 200 and 
53.6 mg/L, respectively. In this situation, the TPH removal 
efficiency of R1 and R2 were 95.5% and 93.2%, respec-
tively. After complete adaptation and granulation (during 
59 d), the reactors operated for 90 d with the initial and 
final OLR equal to 0.9 and 2.4 kg/m3d. To achieve a better 
comparison throughout the entire study, MLSS was kept 
in the range of 3500 mg/L. TPH tests were performed 
when the COD removal efficiency in each stage, reached 
a constant value (steady state). The overall performance 
of the reactors can be seen in Fig. 2. By increasing OLR 
in each stage, an average of 5.2 d were needed to reach 
steady state. When input COD (on day 84) was equal to 
325 mg/L, the COD removal efficiency reached the steady 
state after 4 d, and the loading rate immediately increased 
to 350 mg/L. This caused disintegration and reduction of 
granules number. Consequently, the removal efficiency of 
COD in R1 and R2 reduced to 77 and 74.3%. The related 
reduction in TPH removal, were equal to74.1 and 72.4%, 
respectively. In order to improve the condition, the load-
ing rate in the reactors decreased to 325 mg/l. In doing so, 
after 5 d removal efficiency of COD in R1 and R2increased 
to 91 and 82.8%, and TPH removal reached the constant 
value of 88.8 and 85.1%, respectively. Although, the sys-
tems experienced disintegration of large sized granules 
rather than the small one, removal efficiency increased 
quickly. This implies that smaller size granules, benefits 
the aerobic treatment in maintaining good performance 
stability with high treatment efficiency. After an interrup-
tion in this stage, the input organic load increased to 350 
mg/L (1.4 kg/m3d).The maximum COD and TPH removal 
were achieved when OLR was equaled to 0.9 kg/m3d. The 
maximum removal values for COD in R1 and R2were 95.4 
and 91.4% and maximum removal of TPH were 94.2% 

Table 1
Characteristics and operations for R1 and R2

Configuration R1 R2 Operation phase for R1 and R2 Time (min)

Average height (cm) 60.5 60.5 Feeding 3
Length (cm) 19.3 19.3 Aeration 310
Width (cm) 4.8 4.8 Settling 25
Riser’s dimension (cm) 4*4 4*10.5 Discharge 7
Down-comer’s dimension (cm) 1.5*4 3*4 Idle 15
Working volume of pilots (L) 3.6 3.6 Total cycles per day 360

Fig. 1. Schematic drawing in profile of pilot scale sequencing 
batch reactors and flow direction.
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and 90.8%, respectively. Moreover, the minimum removal 
was achieved when OLR equaled 2.4 kg/m3d. In the same 
way, the minimum removal values for COD in R1 and R2 
were 85.5 and 71.1% and minimum removal of TPH were 
82.1% and 70.4%, respectively. The figures show that the 
existence of baffles in R1 improved the system’s perfor-
mance and increased removal efficiency. By increasing in 
hydrodynamic shear force (due to the existence of baffles), 
sludge moved along a greater path and rotated more, and 
this caused formation of denser granules and increased 
the removal efficiency. As shown in Figs. 2 and 3, removal 
efficiency decreased as the pollutants’ concentration 
increased, which could be due to reduction in the sludge’s 
ability to tolerate the toxic pollutant. The results show that 
granular SBR technology can be as efficient as prospective 
technology for treating hard biodegradable components.

3.2. Sludge volume index

Sludge volume index (SVI) was used as an index for 
the sludge granulation value. Values of SVI30 for mature 
granules have been reported in the range of 20–60 ml/g 
[33]. Moreover, reduction in SVI represents formation 
of granules. Kusmierczak et al. [34] reported less differ-
ence between SVI5 (or SVI10) and SVI30 in granular sludge 
compared with flocculated sludge, and also reported the 
stabilized SVI between 90–110 mL/g. Therefore, as Liang 
et al. [33] report, SVI30/SVI5 is another index for granula-
tion rate. In this study, the tests on primary sludge indi-
cate high values for SVI30 (277 ml/g) and SVI5 (297 ml/g). 
As can be seen in Fig. 4, the overall profiles of SVI30 show 
a downward trend until day 90, and reached the lowest 
amount of 38 and 45 mL/g, respectively. This result con-
firmed that the biogranules had better settle ability than 
the flocs. During this period, SVI30/SVI5 was in the range 
of 0.83–0.97 and 0.82–0.95, respectively. Results indicate 
that the settling performance of the cultivated granules 
improved by increasing the OLR. On day 94, the rapid 
increase in OLR from 1.1 to 1.2 Kg/m3d (increasing COD 
from 325 to 350 R1 and R2 mg/L), increased the SVI30 in R1 
from 38 to 95 mL/g and also increased in R2 from 45 to 
101 mL/g. The reason for this increase was the granules’ 
intolerance to the input OLR, and consequently their dis-
integration. By increasing the OLR from 1.7 to 2.4 Kg/m3d, 
the overall profiles of SVI30 kept rising from day 125 until 
the end of the study and increased gradually from 62 and 
67 in R1 and R2 to 74 and 83 mL/g, respectively. SVI30/SVI5 
decreased from 0.98 and 0.94 to 0.81 and 0.77 due to the 
deterioration in the granules’ ability to with stand oil and 

toxic compounds, and finally their disintegration. Because 
of the high granulation rate in R1, it had less SVI and more 
SVI30/SVI5 compared to R2, meaning that granules in R1 
exhibited better settling properties than those in R2.

3.3. Characteristics of granules

3.3.1. Average particle size

Primary sludge had fluffy, loose, irregular-shaped, gray 
coloured flocs (Fig. 5a). Small granules became visible in 
R1 and R2, 5 and 7 d after inoculation, respectively (Figs. 
5b and 5c). Cultivated granules were round in shape and 
different from the sludge flocs and gradually turned dark 
brown over time. The morphology and characteristics of the 
granules varied on different d. By the end of the adaptation 
period (on day 59), the mean diameter of the granules was 
about 6 mm and 5 mm in R1 and R2. These amounts grad-
ually increased over time with the growth of the granules, 
reaching 8–10 mm and 7–9 mm in R1 and R2, respectively. 
High OLR and a strong shear force produced by aeration, 
caused the cultivation of larger sized granules. Figs. 5d and 
5e show the granules’ size on day 145.

Fig. 6 shows the granules’ growth process and the 
changes in their diameter during the operation of the reac-
tors. The mean diameter of the granules in R1 was more 
than those in R2 throughout the whole operation period. 
The difference was always in the range of 1–2 mm. The larg-
est observed granule had a 12 mm diameter.

In this study, the changes in the granules’ size were 
evaluated on six different days. Since the mean difference 
in the average size of the granules in the two reactors was 

Fig. 2. COD removal efficiency in reactors (OLRin = 0.8–2.4 Kg/m3d).

Fig. 3. TPH removal efficiency in reactors (TPHin =  0–157.9 Kg/m3d).

Fig. 4. Variation of SVI30 and SVI30/SVI5 during operation.
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always between 1–2 mm, the size distribution curve for the 
two reactors was the same, as shown in Fig.7.

By day 10, granules with approximately 0.5–4.0 mm 
in diameter were dominant in the systems. This range 
increased to 3–5 mm on days 30 and 60. On days 90, 120, 
and 150, granules with an average diameter of 5–10 mm 
were dominant. The most significant difference among 
these days was in the percentage of granules with an aver-
age size of more than 10 mm, which increased gradually. 
Variations of granules in the range of 5–10 mm were slight 
on days 30 and 60, but increased sharply on day 90 when 
they finally measured in the beneficial range. These results 
have indicated that the overall profile of granules in the 
0.4–3 mm range had a downward trend throughout the 
entire 150 d in forming larger sized aerobic granules. Gener-
ally, larger granules were more susceptible to disintegration 
due to their tendency to mix under high shear force and 
also small granules had low settling velocity. As Dahalan 
et al. [35] reported, the granules’ high density and settling 
velocity are suitable indicators of successful granulation.

TEM imaging was performed to understand the details 
of the granules’ microscopic structures. A mature granule 
sample was selected and investigated on d 150. As can be 
seen in Fig.8, various cocci, rod-shaped, filamentous cells, 
and alcanivorax bacteria were predominant. Kong et al. 
[36], also reported rod-shaped bacteria and filamentous 
cells, which were similar to the cultivated granules in this 
study.

3.3.2. Density

In environmental engineering, density is typically used 
to describe the structural  compaction of the microbial com-
munity [34]. According to Fig. 9, when OLR is increased, 
the density of the granules also increased and their over-
all profile shows an upward trend over time. The low den-
sity of some granules were due to high empty space inside 

them, thereby increasing their size. The mean density of the 
granules in R1 and R2 were in the range of 0.0354–1.2225 g/
mL and 0.0251–1.2008 g/ml, respectively. The difference in 
the density values in the two reactors was due to adequate 
rotation and compression in R1 and consequently, the for-
mation of denser granules toward R2. The aeration rate and 
existence of baffles play a crucial role in the production of 
hydrodynamic shear force and improving the compaction 
of the granules. 

For granules with a diameter in the range of 0.5–0.9 mm 
and settling velocity of 0.5–2.5 cm/s, Kuśmierczak et al. [34]
reported a mean density of 1.008 and 1.004 g/ml for gran-
ules and conventional sludges, respectively. Li et al. [37], 
reported density in the range of 1.082 ± 0.048 g/ml for gran-
ules with a diameter and settling velocity in the range of 
2.47 ± 0.97 mm and 1.69 ± 1.08 cm/s, respectively.

3.3.3. Settling velocity

The settling velocity of the granules at the end of the 
adaptation period in R1 and R2 were 2.61 and 2.32 cm/s, 
respectively. Light granules were washed out, and heavier 
ones with a settling velocity greater than 1.2 cm/s were 
retained in the reactors. On day 86, the average settling 
velocity in the R1 and R2 were 3 and 2.75 cm/s, respectively. 
Due to the rapid increase in OLR on day 94,these amounts 
decreased to 2.62 and 2.44 cm/s. As seen in Fig. 10, from day 
94 until the end of the operation, the profile had a mono-
tonic trend and was in the range of 3.12–3.19 cm/s and 2.71-
3.01 cm/s by reactor. The greater velocity of the granules in 

Fig. 7. Aerobic granule’s size distribution in R1 and R2.

Fig. 6. Changes in granule’s diameter within the period of ex-
periments.

Fig. 5. Images of seed sludge (a), the first granules in R1 on day 5 (b) and in R2 on day 7 (c), existing granules on day 145 in R1 (d) and 
in R2 (e).
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R1 was due to their larger size compared to those in R2. This 
parameter clearly shows the baffles’ effect in R1, because the 
baffles caused the formation of dense granules with more 
sedimentation velocity compared to R2.

3.3.4. Physical strength

Integrity coefficient (IC) evaluated the physical strength 
of the granules, which indirectly indicated the compactness 
and activities of the granules. Five samples with different 
densities were selected to perform this test. Samples with 
a density equal to 0.0251, 1.0689, and 1.2234 gr/ml, had 
IC values equal to 54.2%, 21.3%, and 15.4%, respectively. 
Results can be seen in Fig. 11. Denser and stronger granules 
in the structure had lower IC. The lower IC value represents 
the higher granule strength, which results in keeping the 

microorganisms together in a granule. It is also notewor-
thy that permanent entrance of oily wastewater, caused 
increasement of filamentous genera which could have con-
tributed to granule compaction as they play crucial role in 
formation of granules.

 Rosman et al. [29] report a mean density of 0.0782 g/ml 
for granules with mean diameter in the range of 2.0 ± 0.1 
and settling velocity of 1.69 cm/s.

3.4. GC-MS analysis 

Since some compounds typically present themselves 
in relatively low concentrations, a GC-MS analysis was 
performed to identify the quality and quantity of the pol-
lutants’ different molecules before treatment with SBAR 
(sample a) and 60 and 360 min after treatment (samples b 
and c). This analysis was performed in optimal CODin (600 
mg/L) at neutral pH, 25°C and 30% humidity.  The results 
show that influent mainly consisted of normal alkanes (C14 
to C28) and some isoalkanes. Fig. 12 shows the results of 
chromatography for samples a, b, and c. When compar-
ing the peaks of the charts, it is evident that the concen-
tration of these compounds reduced significantly after six 
h’ treatment, thus confirming the ability of SBR technology 
in treating petroleum wastewater. For example, compounds 
such as hexacosane (C26H54) (1), heptacosane (C27H56) (2), 
and octacosane (C28H58) (3), which had 5.07%, 4.30%, and 
2.81% by weight in sample a, were treated completely and 
became equal to zero in samples b and c. Weight ratio for 
compounds such as 2-methyl decane, dodecane, and  tride-
cane were equal to zero in samples a and b, but after 360 
min, weight ratio for 2-methyl decane(C11H24) (5), dodec-
ane (C12H26) (4), and  tridecane (C13H28) (6), became equal to 
2.12%, 4.69%, and 4.82%  in sample c. Generation of these 

Fig. 8. TEM images of mature aerobic granule after 150 d of operation.

Fig. 9. Variation of granule’s density over time in R1 and R2.

Fig. 10. Variation of settling velocity in bioreactors.

 Fig. 11. Profile of IC (%) versus density.
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 Fig. 12. Chromatogram  of oily wastewater.
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compounds indicated that the heavier alkanes had been 
broken after 6 h and converted to lighter compounds.  

3.5. Effects of the shock on systems operation

With regard to the granules’ ability to withstand shock, 
the OLR in one cycle sharply increased from 1.4 kg/m3d 
to 1.6 kg/m3d. According to Fig. 13, shock loading signifi-
cantly decreased the COD removal efficiency in R1 and 
R2 and reduced them from  85.5% and 71.1% to 27.8% and 
12.1%, respectively. Results indicated that after 21 cycles, the 
removal efficiency reached 65.7% and 59%. These amounts 
reached constant values of 85.2% and 71.2% after 42 and 
46 cycles, respectively.  R1 with 57.7% reduction in removal 
efficiency, returned to the normal condition within 10 days 
and showed more ability to withstand shock compared to 
R2 with 59% reduction in removal efficiency and returning 
to the normal condition within 11 d.

4. Conclusion

Since R1 had baffles, sludge traveled further path and 
rotated more. Therefore, in the same condition, granules 
formed faster and were larger and denser in R1 than those 
in R2. Moreover, removal efficiency in R1 was always more 
than that in R2. The results also demonstrate the granules’ 
significant physical stability in different conditions. GC-MS 
results indicated that the concentration of some components 
have been decreased significantly after six h’ treatment, and 
other heavier compounds have been broken down and 
have been converted to lighter compounds.
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