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ABSTRACT 

The main effects of ultrasonic sludge are solubilization and release of organic components and 
biodegradability enhance of sludge by disrupting the physical, chemical and biological properties sludge. 
The objective of the current study was to determine the effect of ultrasound on anaerobic digestion of oil 
refinery sludge subjected to different pretreatments. A 300-ml anaerobic reactor was filled with 250 of 
the waste activated sludge and placed on a hot plate magnet for 41 d. A vibrato bath (40 kHz, 100W) was 
used in 30 min and 60 min and three cycles of 15 min. Mixed liquor suspended solids (MLSS)was ranged 
between 28100±282 and 12000±642 mg l-1. The data were collected in a log phase condition. TSS, VSS, 
TCOD and BOD5 were measured following the standard methods. The combined reactor had the best 
performance in sludge digestion compared to anaerobic reactor with/ without ultrasonic pretreatment. 
Between two irradiation times (30 and 60 min) and the same situation, 60 min ultrasonic pretreatment 
was found to be more effective. Ultrasonic pretreatment accelerated the digestion process. In this project, 
oil refinery sludge with industrial feature attained to log phase after 41 days. 
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1. Introduction 
 
Petroleum refineries use large quantities of water in extraction, desalting, and cooling processes, which 
generate waste streams, containing different petroleum compounds, and may be discharged to the 
refinery wastewater treatment plant (WWTP) (Misiti et al., 2013). 
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Because of strict environmental standards, more advanced levels of wastewater treatment measures are 
required to meet the effluents standard limits; this leads to greater energy use and sludge production at 
WWTPs (Xie et al., 2009). In WWTPs sewage and sludge are dealt with and well treated (Apul and Sanin, 
2010). Treatment and disposal of excess sludge can account for 25–65% of total plant operation costs 
(Cheng and Hong, 2013). It is thus essential to develop processes to reduce sludge quantity. One of the 
most interesting processes is anaerobic digestion (Kocyig and Ugurlu, 2015), which has widely been used 
to treat various industrial wastewaters for the stabilization of a large fraction of the organic matter 
entering the plant (Braguglia et al., 2012; Cesaro and Belgiorno, 2013; Şahinkaya and Sevimli, 2013). The 
efficiency of anaerobic digestion can be greatly enhanced by using physical and/or chemical pretreatment 
processes improving the rate of hydrolysis steps (Braguglia et al., 2012; Cesaro and Belgiorno, 2013; 
Şahinkaya and Sevimli, 2013). Recently, waste activated sludge (WAS) pretreatments like thermal, 
alkaline, ultrasonic, and ozone oxidation methods have been applied to improve hydrolysis and anaerobic 
digestion performance, and a range of acceptable results have been reported to date (Braguglia et al., 
2012; Muz et al., 2014; Salsabil et al., 2010; Naddeo et al.,2014). The term “ultrasonic” is generally taken 
to mean that the “frequency” of the wave is greater than the upper limit of human hearing (usually taken 
to be 20 kHz) (Erden et al., 2010). The main effects of ultrasonic sludge are solubilizing and releasing of 
organic components, by which the biodegradability of them is enhanced via disrupting the physical, 
chemical and biological properties of the sludge (Pilli et al., 2011; Dewil et al., 2006)., Hydraulic retention 
time of anaerobic digester can be shortened by using an ultrasonic pretreatment (Şahinkaya and Sevimli, 
2013). In noted method, oxidation by hydroxyl radical can break down the toxic chemical compounds like 
cyanide, oil, phenols, benzene, sulfide, ammonia and heavy metals that are present in refinery effluents. 
The rapid collapse and expansion of the micro-bubbles cause localized high-temperature and high-
pressure gradients in the liquid phase, which ruptures cell membrane, releasing intercellular matter in the 
bulk solution (Rocha et al., 2012; Rahmani et al., 2013). The aim of this research was to investigate the 
effect of ultrasound on anaerobic digestion of oil refinery sludge subjected to different variables. 
 
2. Methods 

 

2.1. Waste Activated Sludge (WAS) characteristics 

WAS for this experiment was taken from the return line of the sedimentation tank of the WWTP located 
in Kermanshah Oil Refinery, Iran. After passing the physical units and chemical processes (coagulation and 
flocculation), the refinery wastewater was transported to the biological treatment process. The activated 
sludge samples were kept at 2-4 °C to avoid unintended microbial reactions. The sludge had a mixed liquor 
suspended solid (MLSS): 30.7 g l-1, mixed liquor volatile suspended solid (MLVSS): 21.3 g l-1, total chemical 
oxygen demand (TCOD): 46.6 g l-1 and pH: 7.9. pH was adjusted by adding alkali solution (0.5 mol l-1 
NaHCO3 and 0.5 mol l-1 Na2CO3) (Jin et al., 2015). In order to minimize random errors, each experiment 
was triplicated and the mean of them was used (Table 1). 

Table 1. Characteristics of the inlet sludge. 

Concentration 2 Concentration 1 Unit Parameter 

642   ± 12000 282   ± 28100 mg l-1 MLSSin 

834   ± 20808 675   ± 46683 mg l-1 TCOD 

808   ± 4000 238   ± 10000 mg l-1 BOD5 

760   ± 15283 1188   ± 30766 mg l-1 TSS 

298   ± 10658 929   ± 21366 mg l-1 VSS 

0.29   ± 7.8 0.29   ± 7.8 mg l-1 pH 

2.2. Anaerobic digester set-up 

To set up the anaerobic reactor, 250 ml of WAS was poured into the batch reactor with a volume of 300 
ml and was placed on a hot plate magnet (ALFA D500) in 38 °C under 200 rpm shaking; necessary 
parameters like TSS, VSS and Total COD (TCOD) were monitored for up to 41 d. The generated biogas was 
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collected in calibrated glass cylinders containing deionized water acidified and was filled free space of 
each flask with pure N2.  

2.3. Ultrasonic irradiation pre-treatment 

A vibrate bath (DSA100-SK2) was used with an operating frequency of 40 kHz and a supplied power of 
100W. In the current study, four types of reactors were operated in mixed liquor suspended solids (MLSS) 
concentrations of 28100±282 (mg l-1) and 12000±642 (mg l-1). Reactor 1: anaerobic digestion, reactor 2: 
ultrasonic (US) pretreatment in 60 min irradiation, reactor 3: US pretreatment in 30 min irradiation, 
reactor 4: combined reactor (simultaneous irradiation along with an aerobic digestion), which was 
irradiated in three periods of 15 min. As each sonication pretreatment, 250 mL of the wastewater was 
filled in a glass beaker without temperature adjustment (without cooling) and submerged into the 
ultrasonic bath. Data were collected in steady state conditions. 

2.4. Analytical methods 

The sludge samples were used directly for the measurement of TSS, VSS, TCOD, biological oxygen demand 
(BOD5) and MLSS. The pH and COD were measured by a pH meter (MADC, Swiss) and a TCOD meter (HACH 
NATOQUE), respectively. All chemicals were purchased from Merck Inc. (Germany). The noted parameters 
were measured according to the Standard Methods (Association et al., 2008). 

2.5. Performance assessment of the system 

Removal efficiency was evaluated according to Eq. (1): 

Removal efficiency (%)=(
parameter value (t0)- parameter value (tf)

Parameter value (t0)
) ×100 (1) 

2.6. Statistical analysis 

Statistical analysis was performed using SPSS software aided (version 20.0, Chicago, IL) at the significant 
level of 95%. The results have been presented as means ± standard deviation. The obtained data were 
tested for normality by the Kolmogorov–Smirnov test and ttest was employed to reveal significant 
difference reactors in two MLSS concentrations.  

 
3. Results and discussion 

 

3.1. Mesophilic Batch Anaerobic Reactor 

Due to the industrial nature and the presence of persistent contaminants with having biodegradability, a 
hydraulic retention time (HRT) of 41d was exerted to digest organic solids in the sludge. The main 
objective of this study was to improve the bioavailability of particulate sludge material. 

Table 2. Reactor performance in COD, TSS and VSS removal. 

Reactor MLSS COD removal, % TSS removal, % VSS removal, % 

Anaerobic digestion 
28100±282 80.9 52 50 

12000 ±642 72.6 50 45 

Ultrasonic (60 min) 
28100±282 82.3 61 60 

12000 ±642 86 55 55 

Ultrasonic (30 min) 
28100±282 80.3 56 55 

12000 ±642 82.5 54 53 

Combined reactor 
28100±282 88.4 79 71 

12000 ±642 85.4 76 66 
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The COD/BOD5, is a parameter that measures the rate of biological degradation of biosolids. The 
COD/ BOD5 ratios in MLSS concentrations of 28100 and 12000 mg l-1 were 0.21 and 0.19, respectively. 
These ratios were reached to 0.09 and 0.08 at the end of digestion.  

The anaerobic reactor (control reactor) could decrease 80.9 and 72.6% of TCOD and 50 and 45% of VSS at 
MLSS= 28000 and 12000 mg l-1, respectively.  

Nosrati et al., (2011) studied mesophilic anaerobic digestion by a batch anaerobic reactor in 2011 they 
reported that TCOD and VSS were reduced from 70000 to 32000 mg l-1 and 45000 to 20000 mg l-1, 
respectively (Nosrati et al., 2011). Also, TCOD and VSS reduction (43 and 41%) for a 20-day HRT was 
reported by El-Hadj et al., (2007). 

In this study, VSS/TSS ratio of the inlet sludge to the anaerobic digester was 0.69. Consequently, due to 
the high efficiency of anaerobic digesters in this study compared to the studies mentioned can be 
attributed to high the VSS/TSS ratio. 

3.2. Ultrasound pretreatment 

According to Figs.1and 2, the VSS and TCOD of MLSS concentrations 28000 and 12000 mg l-1 in reactors 
#2 and # 3 were similar and the flow in the reactors reached a steady-state condition. 

Dhar et al., (2012) reported that the greatest rate of increase in digestion process was observed after 30 
min at 90 °C followed by 10000 kJ kg-1 TSS for ultrasound pretreatment. Ultrasonic significantly improved 
VSS reduction by 29–38% (Dhar et al., 2012). In this study, with increasing US exposure time, TCOD 
removal efficiency increased. Erden et al., (2010) claimed that with the increase of ultrasonic irradiation 
time from zero to 60 min, soluble COD (SCOD) production rate has changed from 0 to 10000 mg l-1 (Erden 
et al., 2010). In other words, a longer contact time results in an increase in the amount of dissolved and 
biodegradable substances, which can be stabilized faster. 

Şahinkaya and Sevimli examined a US pretreatment (20 KHz, 200 w, t = 10 min) and reported that TCOD 
removal efficiency was improved from 37.5 to 42.9% (Şahinkaya and Sevimli, 2013). The cause of a 5.2% 
rise in this study, despite higher intensity, is due to low US exposure times. 

In the control reactor, TSS was removed with a gradual slope, whereas in reactor 2# there was a steeper 
slope and up to the first 6 days of digestion, most of removal happened. This illustrates the effect of 
ultrasonic waves on solubilization of sludge's solids that converts particles to smaller sizes (Cesaro and 
Belgiorno, 2013). 

Most of TSS removal efficiency of reactor2# has been at higher MLSS concentration (9%) compared to the 
control reactor. 

The performance of all reactors at MLSS=12000 mg l-1 was statistically significant, considering the standard 
error reported in Table 2. Also, reactors 2# and 3# were different only in performance at 
MLSS= 28000 mg l-1. In fact, the calculated t-test statistic for comparing these two concentrations reflects 
that the means of the two groups are different, which should be accepted at α= 0.05. 

At the 60-min pretreatment and lower concentration, reduction of total solid increased slightly to 5%. In 
fact, although the removal efficiency of TSS at a lower concentration is poor, the ultrasound pretreatment 
can be effective in anaerobic digester performance in comparison with the control reactor. Another study, 
in which the effect of ultrasound pretreatment on mesophilic and thermophilic anaerobic digestion was 
investigated, reported a 3% improvement in TSS removal (El-Hadj et al., 2007). 

Solubilization of TSS is a sure parameter for predicting sludge volume decreasing improvement. Bougrier 
et al., (2006) have attained to 80 and 89% sludge volume reduction by using a US pretreatment (sludge 
retention time (SRT) =7). 

In steady state condition, VSS variations marginally fluctuated lower than 5% illustrating that reactor 2# 
(at MLSS concentration: 28100 mg l-1) reached the steady state in 31 d, whereas in control reactor it was 
38 days from a digestion period. Pretreatment, due to hydrolyze acceleration and increase of soluble 

http://www.sciencedirect.com/science/article/pii/S0956053X11004661
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organic fraction, makes sludge digestion happen better and sooner than a control reactor (Braguglia 
et al., 2012).  

Maximum removal efficiency (60%) was observed in reactor 2#, which shows a 9% improvement in 
comparison with the control reactor. By comparing the results of reactors 2# and 3#, where the sludge 
was pre-treated at the same conditions, it was evident that mean difference was not statistically 
significant. In 60 min irradiation time, no effective removal of VSS was seen. Mohammadi et al., (2011) 
revealed that the reduction of sludge was affected by multiple factors including the energy supplied to 
sludge mass, the power used for wave generation, duration of wave usage, and percentage of sludge 
exposed to the waves (Mohammadi et al., 2011). Figs 1 and 2, demonstrate TCOD and VSS remaining 
trends in anaerobic digesters at a high concentration. 

 

Figure 1. TCOD reduction in reactors: 1 (anaerobic digester), 2 (anaerobic digester+ 60 min 
pretreatment), 3 (anaerobic digester+ 30 min pretreatment), 4 (combined reactor), MLSS= 28100 mg l-1 

 

Figure 2. VSS reduction in reactor: 1 (anaerobic digester), 2 (anaerobic digester + 60 min pretreatment), 
3 (anaerobic digester+ 30 min pretreatment), 4 (combined reactor) and MLSS= 28100 mg l-1 

3.3. Combined reactor (simultaneous irradiation & digestion) 

In 2, 10 and 20 d, reactor 4#, despite of other reactors, had a better variation trend due to periodical 
irradiation and a considerable slope can be observed in the graphs. For example, the control reactor 
removed TSS with a moderate slope, whereas reactor 4# had a keen slope at the first 20 d. In this study, 
maximum TCOD, TSS and VSS removal efficiency was obtained approximately 88.4, 79, and 71%, 
respectively, and statistical analysis confirms the efficiency difference between combined reactors and 
other reactors (P-Value < 0.05). It is obvious that high concentration of biosolids lead to an increase in the 
performance of the combined reactor. Ma et al., (2012) reported the sludge pretreatment system by 
ultrasonic performed well and its TCOD removal efficiency was 7.9%, which contributed to a sludge 

http://www.sciencedirect.com/science/article/pii/S0011916411001561
http://www.sciencedirect.com/science/article/pii/S096085241200555X
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reduction of 2.1% (Ma et al., 2012).However, in the present study, TCOD removal increased by 7.5 and 
12.8%, respectively, at two MLSS concentrations (28100 and 12000 mg l-1) due to the periodical irradiation 
(3 times & 15 min). The combined reactor had the best performance in sludge digestion compared to the 
anaerobic reactor with/ without the US pretreatment. Between two irradiation times (30 and 60 min) and 
at the same situation, 60 min of the US pretreatment was reported to be more effective. The US 
pretreatment method led to accelerate the digestion process. In this project, oil refinery sludge with 
industrial feature attained to steady state after 41 d; this resulted in a decline in anaerobic digester 
volume, and, in turn, it is presented as a method preventing from accumulation and disposal of dried 
sludge. 
 
4. Conclusions 
 
Recently, there have been increasing restrictions on water and wastewater treatment and studies 
research new measures having the lowest expenditure and advantages in terms of operating conditions 
for removal of organic matters from water and wastewater. The process of ultrasond irradiation in 
conjunction with anaerobic digestion has reached good results. In the current study, four combined 
reactors were utilized to survey the potential of treatability of oil refinery sludge. Anaerobic digestion of 
the sludge using with or without ultrasonic was introduced as an efficient method because the sludge was 
stabilized over 31 d. The ratio of COD/BOD5 decreased to 0.08-0.09 at the end of the 41th day. It shows 
that there has been an increase in the biodegradability of the sludge. In a steady state, the removal 
efficiency improved with increasing the time of irradiation. The bottom line is that ultrasound waves can 
reduce digestion time resulting in a decrease in the volume of anaerobic digesters and, in turn, costs.   
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