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Abstract In this study, the characteristics of sewage of

small community were determined for 6 months to ascer-

tain the type of treatment required in subtropical condi-

tions. The results demarcated sewage of this community as

a medium-strength wastewater (chemical oxygen demand:

475 mg/L, biochemical oxygen demand: 240 mg/L and

total suspended solids: 434 mg/L). Chemical oxygen

demand to sulphate ratio of the sewage (11.6) established

that it was amenable to anaerobic digestion. The temper-

ature, strength, biodegradability and components of sewage

were suitable for anaerobic digestion, and thus, upflow

anaerobic sludge blanket reactor (UASB) was selected for

its treatment. These reactors are often shutdown in small

communities due to environmental and/or socio-economic

factors. The ability of two UASB reactors, seeded with cow

dung (UASBCD) and activated sludge of a dairy treatment

plant (UASBASDIT) to restart after a long idle period of

12 months, was investigated along with sludge analysis by

scanning electron microscope. Biomass in both reactors

reactivated rapidly after shutdown period and within

30 days after substrate feeding achieved uniform removal

efficiencies for chemical oxygen demand, total suspended

solids, total dissolved solids, chloride and oil and grease.

Chemical oxygen demand removal efficiency of both

reactors became uniform and remained close to 80% after

30 days through reactivation of microbes in sludge bed due

to adequate food and temperature conditions. During

restart-up, at an average organic loading rate of 0.902 kg

COD/m3 per day, methane yields of 0.091 and 0.084 m3/kg

COD removed were achieved for UASBCD and

UASBASDIT reactors, respectively.

Keywords Municipal wastewater � Characterization �
Anaerobic � Restart-up

Introduction

Pakistan, like many other developing countries, lacks

municipal wastewater treatment facilities, and almost total

domestic wastewater is indiscriminately discharged

untreated in water bodies, especially in the vicinity of

metropolitans, where untreated municipal wastewater is

also used for irrigation which can cause soil contamination,

surface and groundwater contamination and ultimately risk

to human beings through food chain. There is a strong need

to provide improved water and wastewater facilities to the

poor (especially in developing countries) and reduce the

environmental impacts of our practices (Gray 2010;

Elmitwalli and Otterpohl 2011). This situation also

demands to reclaim nutrient-rich municipal wastewater by

using simple, efficient and cost-effective sewage treatment

techniques compatible with local conditions. Generally,

characterization demonstrates the physical, chemical and

biological composition of wastewater. However, the char-

acteristics like organic matter, suspended solids and tem-

perature are considered most important in a wastewater

treatment plant (van Haandel and Lettinga 1994; Abbasi
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and Abbasi 2012). The concentration of these pollutants is

the main factor that determines the applicability of anaer-

obic technologies for domestic wastewater treatment. The

characteristics of sewage also help determine the wastew-

ater treatment sequence (Levine et al. 1991; Mikosz 2015).

Anaerobic digestion is a complex biological process in

which the facultative and anaerobic microorganisms digest

organic material in the absence of oxygen in order to obtain

energy for their survival, and resultantly generate gaseous

methane and carbon dioxide (CH4, CO2) emissions. The

anaerobic digestion process, in its simplest form, can be

explained by following reaction (Reynolds and Richards

1996).

Organic matter �!Anaerobic
microbes New cells

þ Energy for cells þ CH4 þ CO2

þ Other end Products

Anaerobic digestion involves various steps, including

(1) hydrolysis, (2) acidogenesis, (3) acetogenesis and (4)

methanogenesis (van Haandel and Lettinga 1994;

Seghezzo 2004). During the hydrolysis, the enzymes

excreted by fermentative bacteria decompose the

complex and insoluble organic polymers (proteins,

carbohydrates, fats) into simple soluble compounds such

as fatty acids, amino acids, sugars and alcohols (van

Haandel and Lettinga 1994; Shieh et al. 2000). The

acidogenesis phase converts the dissolved compounds to

ethanol, propionate, butyrate and new cell matter. The

acetogenesis process converts the long-chain fatty acids

into acetate, hydrogen (H2), CO2 and new cell matter.

Finally, methane-producing bacteria complete the

decomposition process by producing methane and carbon

dioxide through the (1) cleavage of two acetic acid

molecules and (2) reduction of carbon dioxide with

hydrogen. About 70% of the total methane generated is

produced from acetate because limited amount of hydrogen

is available to produce methane by the reduction of carbon

dioxide. There are two main types of methane-producing

microorganisms such as methanothrix and methanosarcina.

However, only one species of methanogenic organisms

usually dominates in the system depending on the

conditions in the reactor (Shieh et al. 2000).

Anaerobic treatment, such as upflow anaerobic sludge

blanket (UASB) reactor, is preferred for treatment of

municipal wastewater because of its merits over conven-

tional treatment methods (van Lier and Lettinga 1999).

These advantages are (1) its ability to treat high organic

loads and withstand fluctuation in the influent, (2) biogas

formation and (3) effective treatment of wastewater in a

short period of time (Chong et al. 2012; Cervantes et al.

2015). Anaerobic reactors reduce pollution load and pro-

vide good stabilization of solids. Furthermore, depending

on the design of a UASB reactor, a high sludge hold-up

time can be obtained so that the excess sludge is discharged

only once every 3–4 years (Lettinga 1996; Elmitwalli and

Otterpohl 2011).

The start-up and restart-up of anaerobic reactors are very

important issues for their applicability in the treatment of

wastewaters. However, very little information is available

about the restart-up and its modelling in the literature (Zhao

et al. 2010; Xing et al. 2014). The study of biomass (sludge

bed) reactivation is important to determine the ability of

UASB reactors to withstand long shutdown period in small

community municipal treatment plants which face accidental

shutdown due to different environmental (rainy season),

economic and social factors (strikes etc.). Shutdown, in sea-

sonally operated industries, occurs repeatedly after every

6 months. The restart potential of anaerobic reactor can be

monitored in terms of removal of parameters like volatile fatty

acid (VFA), chemical oxygen demand (COD), total sus-

pended solids (TSS), pH fluctuation and methane (CH4) pro-

duction. Successful restart of anaerobic reactors has been

reported in the literature; however, time taken by reactors to

restore normal functioning after shutdownvaries considerably

and is dependent on the history of the reactor, type of packing

material/sludge used and type of wastewater treated before

and after shutdown (Sanz and Fdz-Polanco 1989; Manariotis

and Grigoropoulos 2006, 2008; Dong et al. 2010).

In the present study, the characteristics of raw municipal

wastewater of a small community are presented which were

monitored for 6 months (January to June, 2005 in Punjab

University, Lahore, Pakistan) in terms of (COD), biochemical

oxygen demand (BOD), total suspended solids (TSS), volatile

suspended solids (VSS), pH, conductivity, turbidity, temper-

ature, alkalinity, sulphide, sulphate, chlorides, ammonia

nitrogen, detergent, oil and grease and other elements such as

cyanide, arsenic, iron and zinc, to assess the applicability of

UASB reactor for its treatment in subtropical conditions.

Furthermore, this study evaluates the return of biomass to

active state in UASB after a long non-feeding period and the

time needed to achieve steady-state under laboratory condi-

tions with specific hydraulic retention time (HRT), substrate

and temperature. For this restart-up study, in 2008, in Punjab

University Lahore, twoUASB reactors seededwith cow dung

and activated sludge of a dairy industry wastewater treatment

plant termed as UASBCD and UASBASDIT, respectively,

previously used to treat sewage were used.

Materials and methods

Sewage sampling

Composite samples of domestic sewage were collected

from the Garden Town municipal wastewater pumping
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station of Metropolitan Lahore. Sampling period was

spanned over 6 months (from January to June). Sampling

was carried out at an interval of 3 h and 3 days a week

during the operation of pumping station. Sewage was col-

lected in 20-L plastic can which was duly labelled, sealed,

transported to laboratory and stored at 4 �C for further

analysis. Wastewater was then characterized in terms of

various parameters (i.e. temperature, pH, turbidity, con-

ductivity, BOD, COD, TSS, VSS, alkalinity, oil and grease,

ammonia nitrogen (NH4-N), detergents, chlorides, sulphate

and sulphide).

Design of UASB reactor assembly

A bench-scale anaerobic UASB reactor was used in this

study. The set-up consisted of a pair of UASB reactors,

peristaltic pump, influent tank, effluent collection tank and

gas trapping system. Schematic diagram of the experi-

mental set-up is shown in Fig. 1, and Fig. 2 shows the

photograph of UASBCD and UASBASDIT reactors during

restart-up.

The UASB reactor was made of Perspex material and

comprised of a tubular section at the bottom and an

expanded section termed as gas–liquid–solid separator

(GLSS) at the top. Tubular section was a 120-cm-long

column with 7 cm internal diameter (ID) and a volume of

4.6 L. The length of the gas–liquid–solid separator was

40 cm and volume was 10.2 L. The GLSS section was

further divided into two parts: bottom half was tapered with

a slope angle (Ø) of 60� and top half was a 20-cm-long

column with an internal diameter of 22 cm. An inverted

canopy was also attached with the top lid of GLSS in order

to promote coagulation of suspended/colloidal particles,

boost the collection of suspended particles and enhance the

collection of biogas and to control the washout of particles

(Yasar et al. 2007).

Fig. 1 Schematic diagram of treatment system

Fig. 2 Photograph of UASBCD and UASBASDIT reactors during

restart-up
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Analytical techniques

Methods 5220 C, 4500-Cl C, 4500-NO3
-, 4500-P ascorbic

acid method, 4500-SO4
2- turbidimetric method, and 5220

B were used for the determination of COD, chloride,

nitrate, phosphate, sulphate, oil and grease contents,

respectively.

Standard method (5210 B) was followed to determine

BOD. Dilution water was prepared by adding 1 ml each of

phosphate buffer, MgSO4, CaCl2 and FeCl3 solutions per

litre of water at 20 �C. Dilution water was then aerated

with filtered air, and five dilutions were made for each

sample. Wastewater sample and dilution water were filled

in airtight 300-ml BOD bottles which were then water

sealed and incubated at 20 ± 1 �C for 5 days. Dissolved

oxygen (DO) was measured immediately after filling BOD

bottles with diluted sample and after 5 days of incubation

and blanks. COD was determined according to open reflux

method (5220 B) in standard methods. A sample of sewage

wastewater was refluxed for 2 h in a highly acidic solution

with a known surplus amount of potassium dichromate

(K2Cr2O7). After digestion, the remaining potassium

dichromate was titrated with ferrous ammonium sulphate

using ferroin indicator, in order to determine the amount of

K2Cr2O7 consumed. The end point of titration was the

change in colour from blue green to reddish brown that

remains for 1 min or longer.

Standard method (2540 B) was applied for the deter-

mination of total solids (TS). Wastewater sample (100 ml)

was evaporated in a pre-weighed dish and dried to constant

weight in an oven at 103 �C (APHA et al. 1998). The

increase in the weight of dish represented the TS. To

determine TDS by standard method (2540 C), wastewater

sample was first filtered through a standard pre-weighed

glass fibre filter. The filtrate was evaporated to dryness in a

pre-weighed dish and dried to constant weight at 180 �C.
The increase in dish weight represented the TDS. TSS were

measured following standard method (2540 D), wherein

the residue on the pre-weighed filter was dried to a constant

weight at 103 �C. The increase in weight of the filter

represented TSS. VSS content was determined in accor-

dance with standard method (2540 E). The residue of TSS

was ignited to a constant weight at 550 �C in a muffle

furnace. The ignited residue was transferred to a desiccator

to dissipate heat. The process of ignition, cooling and

desiccation was repeated until a constant weight was

obtained. VSS were calculated from the difference of

weight of residue and crucible before and after ignition.

Turbidity was determined by using a portable micro-

processor turbidity meter (Hanna, HI 93703) having a

resolution of 0.01 and a measuring range of 0.00–1000

NTU. DO was measured by using a DO meter (Hanna, HI

9142) with a measuring range of 0–19.9 mg/L, and reso-

lution of 0.1. pH meter (JENCO, USA 6173) was used to

measure pH of water samples.

The heavy metals were determined with Varian atomic

absorption spectrophotometer (model-250) using standard

methods air–acetylene (3111 B) and nitrous–acetylene

(3111 D) flames, and relevant metal element standards.

The methane production was monitored by liquid dis-

placement method. The liquid displaced was alkaline

(NaOH) solution. The COD from wastewater that was

converted to CH4 was calculated by assuming that 1 ml

CH4 displaced 1 ml NaOH solution and that at 25 �C, 1 g

COD produces 394 ml moist CH4/382 ml dry CH4 (Ruiz

et al. 1998; Board 2004).

Results and discussion

Characteristics of sewage

The composition of sewage is shown in Table 1. Table 2

shows specifically the heavy metal contents of sewage. The

average pH value (7.16) of sewage was almost neutral. The

BOD and COD contents on average were 240 and 475 mg/

L, respectively. The COD, BOD and TSS contents varied

over time. BOD and COD contents were 257, and 506 mg/

L, respectively, in winter, and 224 and 445 mg/L, respec-

tively, in summer. Lower concentrations of COD, BOD

and TSS in summer owe to the dilution of wastewater in

rainy season. The TSS content and COD/BOD ratio

(1.97–1.99) designate sewage a typical untreated domestic

wastewater (Tchobanoglous et al. 2003). VSS/TSS ratio

(42.9–45.5) shows high biodegradability of wastewater and

renders it amenable to anaerobic treatment. COD to sul-

phate ratio of the sewage (10.8–12.4) also sufficiently

meets the requirement of anaerobic digestion because

anaerobic treatment is effective when the COD/sulphate

ratio exceeds 10 (Pol et al. 1998). Higher sulphate contents

of sewage, however, cause damage to infrastructure due to

the production of sulphuric acid (Tchobanoglous et al.

2003). Alkalinity level (146 mg/L) and NH4–N contents

(27 mg/L) were also similar to values for domestic

wastewater reported in the literature (Seghezzo 2004).

The characteristics of sewage demarcate it a medium-

strength municipal wastewater (Mahmoud 2002; Mikosz

2015). Oil and grease contents of sewage (229 mg/L) were,

however, higher than medium-strength domestic wastew-

ater, which may owe to the discharge of oily wastewater

from a number of restaurants in the area. The average

values of arsenic, cyanide, iron and zinc (0.1, 0.009, 0.06

and 0.1 mg/L, respectively) were within the accept-

able limits for irrigation water (Ayers and Westcot 1994).
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Restart of UASB reactor

The UASBCD and UASBASDIT reactors were restarted after

a long shutdown period of 12 months and were kept inside

the laboratory at room temperature varying from (15 to

35 �C) during the non-feeding period. The reactors were

operated after 12 months at a HRT of 12 h (hrs). The

UASB reactor operation parameters during restart-up are

given in Table 3. Colour of sludge of both reactors was

dark grey at the time of restart, and volume of sludge

blanket of UASBCD and UASBASDIT was decreased by 23

and 18% of the initial, respectively, due to compaction.

Figures 3 and 4 show the scanning electron microscopic

view of sludge mass in UASBCD and UASBASDIT,

respectively. The sludge mass morphological configuration

in UASBCD was better than UASBASDIT and, therefore,

showed better stimulation after substrate feeding as

Table 1 Composition of sewage

aParameter No. of samples Winter Summer

Maximum Minimum Average *STD Maximum Minimum Average *STD

Temperature 72 25.8 16 20.9 ±2.8 32.8 26.4 30.6 ±1.8

Turbidity 35 87.9 54.7 70.7 ±9.7 84.4 33.8 61.3 ±16.5

Conductivity 35 2.11 0.68 1.38 ±0.45 1.74 0.65 1.08 ±0.38

pH 72 7.82 6.61 7.24 ±0.39 7.66 6.55 7.07 ±0.36

BOD 10 316.1 218.5 257 ±38.7 257.6 197.8 223.8 ±22.2

COD 72 604.4 390.6 505.9 ±47.6 573.8 267.6 444.5 ±78.1

TSS 35 587 245 460.9 ±86.5 503 219 408.5 ±87.4

VSS 10 256.3 183.8 209.6 ±28 235.7 125.6 175.1 ±52.7

Alkalinity as (CaCO3) 12 175.6 125.9 150.4 ±19.5 167.5 114.8 141.1 ±17.3

Oil and grease 12 354.4 198 275.1 ±62.9 254 143 182 ±48.1

NH4
?–N 12 37.1 22.6 29.8 ±6.2 31.2 18.3 24.6 ±4.9

Detergent 12 0.084 0.014 0.04 ±0.029 0.021 0.011 0.015 ±0.004

Chlorides 6 76.4 69.2 72.9 ±3.6 63.7 44.8 56.2 ±10.1

Sulphate (SO4-) 10 54.9 34.2 46.7 ±9 46.3 27.4 35.8 ±8.1

Sulphide (S2-) 10 1.1 0.5 0.8 ±0.3 1.0 0.5 0.6 ±0.2

VSS/TSS 45.5 42.9

COD/sulphate 10.8 12.4

COD/BOD 1.97 1.99

a Data are measured in units mg/L except for temperature (�C), turbidity (FTU), conductivity (mS/cm) and pH
* STD stands for standard deviation

Table 2 Heavy metal contents

of municipal wastewater

aMetal elements Heavy metal contents (mg/L)

Domestic wastewater bIrrigation standards (FAO)

Arsenic 0.1 ± 0.07 0.1

Cyanide 0.009 ± 0.006 –

Iron 0.06 ± 0.03 5.0

Zinc 0.10 ± 0.15 2.0

a An average of 12 samples
b Ayers and Westcot (1994)

Table 3 UASB reactor parameters during restart-up

Parameter Value

Temperature (� _C) 25–30

Volume of reactor (L) 6

Flow rate (L/h) 0.5

Concentration of influent (mg COD/L) 423–487

Hydraulic retention time (h) 12

Upflow velocity (cm/h) 13.3
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depicted in the scanning electron microscope analysis of

sludge of UASBCD and UASBASDIT reactor.

Overall better morphological structure of UASBCDCD

reactor’s sludge as compared to UASBASDIT reactor can be

explained by the longer time required for sludge develop-

ment, better granulation, biomass growth and settling

characteristics of cow dung sludge during the start-up of

these reactors. The sludge in UASBCD reactor was an

inhomogeneous suspended mass in the first 3 months dur-

ing start-up. After that, granulation started and was com-

pleted in the fourth month. The sludge bed in UASBASDIT

reactor was merely a suspended biomass up to a period of

60 days. After that, granulation of biosolids became

noticeable, which indicated successful start-up of the

reactor. However, sludge granulation fully appeared after

80 days, and the quality of sludge was comparable with the

well-matured sludge of a digester. The cow dung seed

sludge was comprised of predominantly organic matter and

heavy population of microbes. For UASBCD, VSS/TS ratio

gradually increased up to sludge age of 150 days followed

by a slight drop in this ratio. In case of UASBASDIT, VSS/

TS ratio was lower than the VSS/TS ratio for UASBCD and

Fig. 3 Scanning electron microscopic view of sludge mass in UASBCD
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it gradually increased (0.55–0.68) untill 120 days and

decreased afterwards (Rizvi et al. 2015). Difference in time

required for the granulation of the sludge can be due to a

number of factors including dissimilarities in seed sludge,

availability of micro-nutrients, availability of active

microbial population in the inoculum, microbial internal

storage and pH (Singh and Viraraghavan 2003; Ni et al.

2015). Predominance of active biomass is important for

reducing the start-up time and yielding better removal of

pollutants. A shortening of start-up time from 50 to 30 days

in a UASB reactor has been reported in the literature by

substituting seed sludge of domestic wastewater treatment

plant with distillery waste treatment plant (Vadlani and

Ramachandran, 2008).

Sludge granules are basically developed by self-granu-

lation of microorganisms, and dynamic balance between

granule expansion and decomposition results in coexis-

tence of UASB sludges with different sizes in the reactor.

Therefore, based on the physicochemical characterization,

the sludge having larger granular structure gave better

performance in UASB systems (Ahn et al. 2002). Adequate

temperature and appropriate alkalinity are required for

generation and preservation of granules. The type and

strength of substrate along with intra-granular diffusion

Fig. 4 Scanning electron microscopic view of sludge mass in UASBASDIT
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also play a vital role in determining the microstructure of

the granules. The presence of cations such as calcium and

iron also enhances granulation by ionic bridging and

linking exo-cellular polymers (Tiwari et al. 2006; Abbasi

and Abbasi 2012). Similarly, Bae et al. (1995) examined

the reactivation characteristics of anaerobic sludges starved

for 10 months and observed that microbial activity recov-

ered in the reactor after refeeding. According to the specific

biomass activity tests, the methanogenic activity was sus-

tained better in room temperature as compared to refrig-

erated conditions. The granular sludge was quickly

reactivated by refeeding the substrate, and in about 12

days, a 11.2 kg COD/m3 per day loading rate was achieved

after refeeding (Bae et al. 1995). Similarly, Jin et al. (2007)

demonstrated that pre-granulated seeding sludge could

significantly reduce the start-up time. They operated two

laboratory-scale and one pilot-scale expanded granular

sludge bed (EGSB) reactor to treat wastewater from a

treatment plant. The microbiological structure and particle

size distribution of three types of sludge (aerobic excess

sludge, sanitary landfill sludge digested for 1 year and

granular sludge of EGSB reactor after 400 days of opera-

tion) were analysed through scanning electron microscopy.

The laboratory-scale EGSB reactor seeded with anaerobic

sludge (after digestion for 1 year in landfill) showed better

COD removal efficiency than one seeded with aerobic

excess sludge.

Figures 5, 6, 7, 8 and 9 show the performance of both

UASB reactors after restart for the removal of COD, TSS,

TDS, chloride and oil and grease content. There was found

considerable fluctuation in the removal efficiency of these

reactors in the initial 25–30 days for COD, TSS, TDS,

chlorides and oil and grease. Figure 5 shows the COD

removal of both reactors during restart-up. COD removal

efficiency of UASBCD reactor varied between 50 and 81%,

whereas COD removal of UASBASDIT reactor was in the

range of 33–75% in the initial 28 days after restart. This

may owe to the inability of sludge to cope with the COD

loading. However, the reactors became stable and restored

normal functioning after 30 days and COD removal effi-

ciency of UASBCD and UASBASDIT became uniform and

remained close to 80 and 78%, respectively, which may be

due to better microbial activity in sludge bed (Kobayashi

et al. 2009). Both reactors behaved similarly for the

removal of TSS, TDS, chloride and oil/grease. The TSS

removal varied between 42 and 75% for both reactors

during the first 25 days and became uniform subsequently

as depicted in Fig. 6. The TDS removal efficiency of both

reactors varied considerably (4–22%) during the first

28–30 days and then became stable up to 65 days (Fig. 7).

The removal efficiency for chlorides varied between 32 and

63.5% for both reactors within 25 days as shown in Fig. 8

and remained close to 70% from 30 to 65 days. The

removal efficiency for oil and grease of the reactors varied

between 58 and 87%, and it took 35 days for them to

achieve consistent removal efficiency. The pattern of

overall removal efficiency of both reactors with respect to

reactivation time was similar. However, the performance of

UASBCD in terms of removal percentage was relatively

better than UASBASDIT which could be due to better

composition, settling, sludge growth, granulation, biomass

growth and ionic bridging and linking of exo-cellular

polymers of sludge in the former reactor. The time required

to achieve steady state in both reactors was considerably
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short, which could be due to the presence of sufficient

methanogenic microbial population retained in the sludge

of the reactors (Manariotis and Grigoropoulos 2008;

Kobayashi et al. 2009; Dong et al. 2010).

By comparing the results of restart-up with start-up, it is

clear that within 35 days both reactors achieved their pre-

shutdown removal efficiencies for COD, TSS, chlorides

TDS and oil and grease at 12-h HRT. During start-up, at

sludge age of 150 days and 30 �C temperature, the

UASBCD reactor exhibited COD, TSS and oil and grease

removal up to 81, 73 and 93%, respectively. The removal

of these parameters by UASBASDIT reactor was 79, 65 and

91%, respectively (Rizvi et al. 2015). The better

performance of UASBCD reactor in terms of organics

removal was attributed to better granulation and increased

growth of biomass, which ultimately resulted into

enhanced degradation of organics and removal of sus-

pended solids (Weiland and Rozzi 1991; Yasar et al. 2007;

Lew et al. 2011).

These findings are in agreement with the results reported

in the literature (Sanz and Fdz Polanco 1989; Manariotis

and Grigoropoulos 2002, 2008; Dong et al. 2010). For

example, Sanz and Fdz Polanco (1989) reported more than

72% COD removal efficiency after 25 days of restart fol-

lowing a 6-month shutdown period in a UASB reactor

treating municipal wastewater. According to Dong and co-

workers (Dong et al. 2010), the COD removal efficiency

after 4-month shutdown of a UASB reactor treating soy-

bean processing wastewater varied significantly

(71.7–89.4%) in the initial 25 days and became uniform

after 35 days of operation. Manariotis and Grigoropoulos

(2002), however, reported rapid reactivation of anaerobic

reactor while treating low-strength wastewater at 26 �C
after a 2-year shutdown period, and COD removal effi-

ciency of 83% was achieved in the initial 10-day period

after restart. Manariotis and Grigoropoulos (2008) studied

the restart performance of four anaerobic reactors after

24-month shutdown and reported that a period of

2.5 months was required for these reactors to achieve the

normal treatment efficiency. There is wide variation in

COD removal efficiency of UASB (42–80%) reported in

the literature. COD removal efficiency (80%) of UASBCD

reactor obtained in this study is close to the COD removal

reported by Ruiz et al. (1998) who reported COD removal

varying from 73 to 80%. Whereas, Alvarez et al. (2006)

achieved 58% total COD removal at a temperature of 158C
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and HRT of 11 h. Lower COD removal in their study can

be explained by the low-temperature conditions. Kalogo

et al. (2001) reported COD removal efficiency of up to 65%

in a self-inoculated UASB reactor treating domestic

wastewater. In another study, Lew et al. (2011) treated

domestic wastewater in an integrated UASB–sludge

digester and found COD removal efficiency ranging from

42 to 78% at temperature ranging from 10 to 28 �C. In the

same way, Zhang et al. (2012) reported 75.6% COD

removal efficiency of modified UASB reactor treating

sewage at HRT of 10 h and temperature of 45–50 �C. COD
removal in these studies ranges from 42 to 78%.

COD removal efficiency higher than 80% was reported

by a few researchers. Khan et al. (2015) reported COD,

BOD and TSS removal efficiencies of 65–85% in UASB

reactor for domestic wastewater treatment at higher tem-

perature (8–40 �C). Similarly, 83–85% COD removal was

obtained with UASB, treating fortified municipal wastew-

ater and high-strength synthetic sewage, respectively

(Farajzadehha et al. 2012; Banihani and Field 2013).

The results of this study are comparable and better than

results reported in the literature treating medium-strength

raw municipal wastewater without fortification in a single-

stage UASB reactor at temperature of 30 �C. The higher

organics removal reported in some studies mentioned

above is due to difference in operating parameters such as

temperature (35–40 �C), strength of substrate, fortification

of substrate, type of reactor and inoculum used, modifica-

tion of reactor design and operating parameters such as

organic loading rate and hydraulic retention time (Alves

et al. 2000; Farajzadehha et al. 2012, Khan et al. 2015;

Rizvi et al., 2015).

Methane generated from UASB reactor can be effec-

tively used to meet partial energy requirements of the

system. During restart-up, under ambient temperature

conditions (25–30 �C) at hydraulic retention time (HRT) of

12 h, and corresponding average organic loading (OLR) of

0.902 kg COD/m3 per day, average methane production for

UASBCD and UASBASDIT reactors was found to be 0.091

and 0.084 m3/kg COD removed, respectively, as shown in

Fig. 10. Gas production was nil during the first 7 days and

thereafter showed considerable variation on daily basis in

both UASB reactors. The methane produced in this study

was significantly lower than the theoretical yield of 0.3 m3

methane gas/kg COD removed at 25 �C. The compara-

tively lower amount of methane generated is attributable to

substantial sulphate reduction and methane oversaturation

in liquid phase (Souza et al. 2011). However, production of

methane indicated that the reactor biomass was attaining

active condition and reaching the methane yield of 0.110

and 0.103 m3/kg COD removed achieved in the start-up

study for UASBCD and UASBASDIT reactors. Municipal

wastewater normally has a low COD concentration and

comparatively higher suspended solids’ concentration

which leads to small specific methane yield and makes the

initial hydrolysis step very important to convert the sus-

pended solids into soluble substrate (Lew et al. 2011). The

findings correspond with the results in the literature (Singh

et al. 1996; Ruiz et al. 1998; Manariotis and Grigoropoulos

2002, 2008). Singh and co-workers obtained methane yield

of 0.141 m3/kg COD removed while treating low-strength

domestic wastewater a 20–35 �C at 3-h HRT and OLR of

4 kg COD/m3 per day. Ruiz et al. (1998) reported average

methane production of 0.20 L CH4 per litre per day at an

OLR of 3 g COD per litre per day, treating domestic

wastewater in UASB reactor at 7-h HRT. Similarly,

Manariotis and Grigoropoulos (2002) reported a methane

yield of 0.102 m3/kg COD removed at 12-h HRT treating

domestic wastewater in an anaerobic baffled reactor.

Manariotis and Grigoropoulos (2008) reported a COD

conversion to biogas ranging from 0.140 to 0.160 m3/kg

COD removed at HRT of 0.3 day. The methane generation

results show that the digestion process in the UASB is

dependent on OLR and operational parameters and that

restart-up of reactors treating municipal wastewater is

feasible at mesophilic temperature.

Start-up and restart-up are very important phases of

UASB reactor with economic implications. Start-up and

restart-up are also considered to be the most difficult

phases in anaerobic digestion and usually take several

months with digested sewage sludge due to slow growth

rate of anaerobic microorganisms. In the literature, there is

lack of information on selection of sludge and kinetics

involved during start-up (Weiland and Rozzi 1991; Show

et al. 2004). The results of this study show great potential

for restart-up of UASB reactor after 12-month shutdown

period by shortening the restart-up time and achieving
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steady-state removal efficiencies for COD, TDS, TSS,

chlorides and oil and grease and methane generation within

30 days by the activation of methanogenic microbial pop-

ulation in the biomass of the reactors.

Conclusion

The COD, BOD and TSS and COD/BOD ratio of sewage

designated it a medium-strength wastewater. The VSS/TSS

and COD/sulphate ratio reflected higher biodegradability

and rendered it amenable to anaerobic treatment. The metal

elements contents of sewage were also in the permissible

limits for irrigation water. The overall performance of

UASBCD reactor was always relatively better than

UASBASDIT reactor due to better composition, biomass

development, granulation and settling of sludge with time

in the former reactor. The restart performance of anaerobic

reactors after 12-month shutdown revealed that a period of

2.5 months was enough for these reactors to restore the

normal treatment efficiency and use of stored anaerobic

granular sludge for restart of reactors was feasible. The

UASB technology provides an economical solution for the

direct treatment of municipal wastewater and can be

applied in small communities where the wastewater flow

variation is high due to rainy season or population load is

high during the tourist season and where the reactors have

to face shutdown due to environmental, technical and

socio-economic factors. They can also be used effectively

in seasonally operated food industries that have to face

shutdown repeatedly.
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