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THE NAME OF

THE MOST BENEFICENT,THE MOST MERCIFUL

LLAH,

Importance of Water as Mentioned in the Holy Quran (63 times)
Water was the first thing to have ever existed
Allah said in His Book: «And His throne was over water
—that He might try you, which of you is best in conduct» (Hud 7).
All organisms depend on Water
«We made from water every living thing» (Anbiyya’ 30)
Water is the source of all vegetation
«It is he who sends down rain from the sky; from
it ye drink, and out of it (grows) the vegetation on which you feed
your cattle. With it He produces for you corn, olives, date palms,
grapes and every kind of fruit: verily in this is a sign of
those who give thought» (Nahl 11).
Water: promises and threats
«Say (O Muhammad): Tell me? if (all) your water were to
sink away, who then can supply you with flowing water» (Mulk 30).
Water is a Source of Food
«Lawful to you is the pursuit of water-game and its use for
food—for the benefit of yourselves» (Ma’ida 96).
«Nor are the two bodies of flowing water alike,- the one
palatable, sweet, and pleasant to drink. And the other, salt and
bitter. Yet from each (kind of water) do ye eat flesh fresh and
tender, and ye extract ornaments to wear» (Fatir 12).
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Abstract
Attached growth processes for wastewater treatment have been significantly improved during
recent years. Their application can be extended to sustainable municipal wastewater treatment
in remote locations and in developing countries for the purpose of organic matter (BOD)
removal and pathogenic decontamination. The formation of specific biofilm on support media
is the essential part of attached growth processes, having peculiar mechanisms of pollutants
removal.
The present research work aimed to monitor the successive biofilm development and its
physiological activities on polystyrene, tyre derived rubber, polypropylene and stone media,
under aerobic and anaerobic conditions. These filter media were artificially colonized with
biofilm by incubating it with activated sludge at 30°C±2 for nine weeks. Biofilm formation
was monitored by gravimetric weight analysis, spectrophometric absorbance technique,
heterotrophic plate count and scanning electron microscopy. The wet weight of polystyrene
media biofilm was significantly increased from 1st till 9th week of incubation (0.56 to 1.59 g
under aerobic condition). While, in case of other tested media weight of the biofilms
increased till 7th week during succession and then started reduction. Relatively less growth
was recorded under anaerobic condition as compared to aerobic conditions. Selected
pathogenic indicators (Escherichia coli, Salmonella typhimurium, Shigella dysenteriae,
Pseudomonas aeruginosa) monitored by HPC/mL considerably declined (90-99%) in the
biofilms of all the media under both conditions, signifying microbial reallocation from
pathogenic to beneficial microbial community. The MPN index of fecal coliforms and E. coli
in the sludge also showed considerable reduction. Correspondingly the decreasing levels of
COD and BOD5 (69.9─74.9%) showed signs of sludge digestion by biofilms on selected
media types under both the environments. Further, changes in pH and nutrients (nitrites,
nitrates, phosphates and sulphates) indicated the other key-organisms with efficient nutrient
consuming capabilities in the biofilms. The surface analysis of media by SEM revealed
emergence of profound bacterial growth on all media and emergence of cracks on tyre
derived rubber media surface and slight deformation was further confirmed by FTIR.
Further the microbial community composition in the biofilms of different packing materials
was investigated using high-throughput pyrosequencing technology. Sequences of 16S rRNA
gene fragments were recovered from biofilm samples of 12 laboratory scale reactors operated
at different temperatures i.e., 10, 20 and 30°C for two weeks. Analysis of pyrosequencing and
water physico-chemical data showed that substrate type (media vs. bioﬁlm) and temperature
conditions inﬂuence bacterial community structure and composition in experimental reactors.
Greater bacterial diversity was observed in each sample (3142 operational taxonomic units),
primarily due to the large number (22029) of sequences available for analysis and the
identification of rare species.The number of classified sequences per sample ranged from
1016 to 2919.The results showed that there were 12 phyla and the relative abundance of
phylum Proteobacteria was highest (54.06%) followed by Bacteroidetes (28.97%), Firmicutes
(5.30%), Actinobacteria (3.88%) etc. in all the samples. The data set illustrated 23 genera of
bacterial populations to be commonly shared by all samples, including, Rheinheimera,
Rhodococcus, Aquabacterium, Trichococcus, Acidovorax, Flavobacterium, Roseateles,
Aeromonas, Sediminibacterium, Hydrogenophaga, Aquimonas, etc., indicating core microbial
community in the microbial populations of reactors.
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In the next step, study was carried out to assess selected packing media for locally designed
and lab scale trickling biofilters systems and to develop a simplified model for describing the
capacity of BOD removal in trickling biofilter systems. Trickling biofilters with four different
media were investigated at two temperature ranges of 5-15°C and 25-35°C. The average
removal of both COD and BOD5 was higher than 80% and 90% at temperature ranges of 5-15
and 25-35°C respectively. The geometric mean of fecal coliforms reduction was achieved up
to4.0 log10 with polypropylene media at low temperature range of 5-15°C. While at higher
temperatures range of 25-35°C reduction up to 3.97 log10 was observed with polystyrene
media. A simplified model was developed and used to estimate the optimal BOD loading
rates (Bvd) for designing robust trickling biofilter systems, with appropriate filter media which
can be capable of treating organic loading rates of higher than 3kg BOD/m3.day.
Finally, a simple, robust and a low-cost pilot scale stone media trickling biofilter system for
municipal wastewater treatment was establishment at Quaid-i-Azam University, campus. The
wastewater treatment efficiency of this locally designed prototype pilot scale stone media
trickling biofilter was tested at 20-40.5°C for the removal of different pollution indicators
(COD, BOD5, NH4-N, and pathogens). Simultaneously, the biofilms were sampled from the
top and deeper layers of stone bed of the reactor for characterization. The Nitrosonoma sp.
and Nitrobacter sp. were identified in the deeper layers while, 13 bacterial strains viz.,
Escherichia coli, Salmonella typhimurium, Shigella dysenteriae, Pseudomonas aeruginosa,
Enterobacter aerogenes, Proteus vulgaris, Klebsiella pneumonia, Bacillus subtilis,
Staphylococcus aureus, Micrococcus luteus, Staphylococcus epidermitus, Streptococcus
lactis and Corynebacterium xerosis were identified in the top layer of the stone media bed.
The results signify the COD and BOD elimination efficiency from wastewater considerably
increased with passage of time from Day 1 to day 40 of operation (62.4- 98.1%; COD and
56.4 - 98.6% BOD) at flow rate of 1.2 L/min and average BOD5 loading rate of 0.063 kg
BOD/m3.day.The average NH4-N levels of the influent were low (0.0024 kg NH4-N/m3.day).
However, the result indicated an excellent correlation of the average consumption of 7.55
mg/L of alkalinity per mg of NH4-N removal during 40 days of reactor operation. Moreover, a
signiﬁcant connection between nitriﬁcation efficiency and decrease in the average pH range
(7.52 to 6.62) was observed, indicating the process of nitrification. The removal of pathogenic
indicators from wastewater was evaluated and an average reduction of 88.8% in the MPN
index of fecal coliforms in the effluent was recorded. Overall, a significant correlation of
COD, BOD5, NH4¯N, and pathogenic indicators removal efficiency were noticed with
increase in seasonal temperature from 20 to 40.5°C.The overall results proved that pilot scale
trickling biofilter has a great potential to be transferred to field scale for treating sewage for
small communities in developing countries even at low temperature conditions. It will not
only help to improve the public health in terms of removal of wastes and pathogens from
wastewater but also treated water could be used for agriculture purposes without any
hesitation.
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Water is crucial for all facets of life. However, about 900 million people lack access
to drinking water, and an estimated 2.6 billion people lack access to basic sanitation
(WHO/UNICEF, 2010). A survey by FAO shows that two third of the world’s
population is at risk of extreme water scarcity by 2025 (FAO, 2011). Rapid
population growth, urbanization, industrialization, unsustainable water consumption
practices and poor sanitation have immensely undermine the quality as well as
quantity of water resources (Mokaya et al., 2004; Singh et al., 2006; Shalizi, 2006;
Burton et al., 2007; WWF, 2007).Wastewater production was estimated to be 60-150
L/person/day in developing countries and 500-800 L/person/day in the industrialized
countries (UNEP, 2010). About 80–90% of all wastewater generated in developing
countries is discharged directly into surface water bodies (UN Water, 2008). This
discharge is the major cause of water pollution and is leading to health associated
risks. According to WHO, approximately 30% of all diseases and 40% of deaths
throughout the world are due to polluted water (Kantawanichkul, 2009).
Like other developing countries, Pakistan is facing severe fresh water shortages (UN,
2010). The situation is aggravated further by the pollution of fresh water resources
due to the discharge of untreated municipal wastewater containing household effluent
and human wastes. An estimated 2000 million gallons (7.5708×109 L) of sewage/day
is discharge directly to a natural drain or open agricultural land (WB-SCEA, 2006;
WWF, 2007). Direct and indirect input of waste from industrial, agricultural and
municipal sources is continuously deteriorating quality of water (Azizullah et al.,
2011). This water contamination is affecting not only flora and fauna along with their
biodiversity but also leading to water borne diseases and decreased agricultural
productivity (Ensink et al., 2002; Memon et al., 2011). It was estimated that 26% of
the total domestic vegetable production of Pakistan is cultivated with sewage, which
when consumed by people resulted in health problems (Ensink et al., 2004); and
approximately, 35-40% of deaths were also reported due to water borne diseases
(Mashiatullah et al., 2010). It is very essential to decrease level of pathogens in
wastewater before use for agriculture purposes (WHO, 2006).
In Pakistan there is severe shortage of wastewater treatment plants. Only about 12%
of the urban wastewater is treated in municipal treatment plants and even these
treatment plants are not performing to their expected efficiency level due to
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unavailable resources and maintenance cost (Government of Pakistan, 2010). This
alarming situation of deteriorating fresh water quality and its growing demands for
human consumption calls for effective indigenous remedies in terms of devising cost
effective wastewater treatment and water reuse systems in order to ensure public
health and environment sustainability (USEPA, 2000; Ensink et al., 2004; Mara,
2013).
There are numbers of wastewater treatment processes with varying degree of
effectiveness to control water pollution based on the physical and chemical removal
of contaminants (Rela et al., 2000; Basfar and Rehim, 2002; Sincero, 2002; Ali and
Jain, 2005; Danish et al., 2011; Ali et al., 2012). These processes offer varying degree
of effectiveness besides presenting environmental and economic disadvantages
(USEPA, 2000). However, along with physical and chemical treatment systems,
biological wastewater treatment technologies have been gaining much attention in
recent years. They offer low operational cost, easy handling and have comparatively
less harmful effects on the corresponding environment (Shalaby et al., 2008). Since
bacteria or other microbes are used for the treatment, therefore it is necessary to
understand the composition of wastewater (Schultze, 1960; Andersson, 2009).
Depending on the composition of wastewater, generally two types of biological
systems have been developed: suspended and attached growth (Verma et al., 2006).
Activated sludge technology is most commonly used in industrialized countries for
the removal of the biological solids by sedimentation. Poor settling of these solid
pollutants can lead to increased solid treatment costs, increased effluent solids
concentrations,

decreased

disinfection

efficiencies,

washout/low

biomass

concentration and increased risks to downstream ecosystems and public health
(Metcalf and Eddy, 2003; Martins et al., 2004; Kim et al., 2010). These hurdles can be
overcome by employing fixed film or attached growth systems (Metcalf and Eddy,
2003). Wastewater treatment using attached growth biological process, under aerobic
or anaerobic conditions, has been widely practiced (Loupasaki and Diamadopoulos,
2013). Biofilms on carrier materials have been used in wastewater treatment since the
operation of the fixed biofilm reactor (FBR) since the 1880s (Lazarova and Manem,
2000).
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Biofilm systems permit the enhanced control of reaction rates and population
dynamics. This attached growth process is well established technology, in which solid
media are added to suspended growth reactors to provide attachment surfaces for
biofilms, thereby increasing microbial concentrations and rates of contaminant
degradation (Martins et al., 2004; Guo et al., 2010; Loupasaki and Diamadopoulos,
2013). Biofilm systems have several advantages such as operational flexibility,
reduced hydraulic retention time, resilience to changes in the environment, high active
biomass concentration, enhanced ability to degrade recalcitrant compounds as well as
a slower microbial growth rate resulting in lower sludge production (Chen and Chen,
2000; Wilderer and McSwain, 2004; Verma et al., 2006; Mahmoud et al., 2010).
Biofilms take advantage of a number of removal mechanisms such as biodegradation,
biosorption, bioaccumulation and biomineralisation (Singh et al., 2006; Pal et al.,
2010).
Attached growth reactor configurations applied in wastewater treatment (Figure 1.1)
include trickling biofilter systems, high rate plastic media filters, rotating biological
contactors, fluidized bed biofilm reactors, airlift reactors, granular filters and
membrane immobilized cell reactor (Henze et al., 2008; Loupasaki and
Diamadopoulos, 2013). Trickling biofilter (TBF) systems are fixed biofilm systems,
considered to be quite effective among all the biological treatment technologies on
basis of their low energy costs and maintenance requirements, ease of operation and
environmental compatibility. These biofilm reactors can be employed for treatment of
different industrial effluents, for the removal of carbonaceous, sulphur and
nitrogenous compounds from wastewaters (Terada et al., 2006; Chowdhury et al.,
2010). Because of their simple design, small foot prints, easy and reliable processing
(Lewandowski and DeFilippi, 1998), these systems provide an additional advantage
over suspended growth systems. They help to achieve high biodegradation due to
more contact time between biofilm and wastewater, less washout of biomass and
more stable operation (Wang et al., 2000; Loupasaki and Diamadopoulos, 2013).

3

Introduction

Chapter 1

Fig. 1.1 ─ Biofilm reactors configurations applied for wastewater treatment (Andersson,
2009)

Trickling biofilter system consist of three parts i.e. distribution system for monitoring
hydraulic load rates, filter media for development of biofilm and underdrain system
for collecting treated wastewater and solids (sludge) from filter. The core part of TBF,
biofilm, is basically the population of microbial cell that grows on the surface of
media, and is enclosed in a formless extracellular matrix (Donlan and Costerton,
2002). Distribution system is used to spray wastewater over filter media, and the
wastewater trickles through filter media supporting biomass, under the force of
gravity (Metcalf and Eddy, 1991; Ferchini et al., 1994; Tchobanoglous et al., 2003).
The biomass consists of aerobic and anaerobic sub-layers that remove pollutants by
aerobic oxidation, anaerobic digestion, absorption and adsorption from the wastewater
and provide treated effluent (Wood, 1967; Pal et al., 2010).
Despite having various advantages, TBF systems encounter a serious drawback when
required an additional treatment of the water for removal of carbonaceous matter and
pathogens, to meet strict discharge standards (Hathaway and Mitchell, 1985; Solomon
et al., 1999; USEPA, 2000). Usually wastewater treatment systems fail to give desired
efficiency level at very low or high atmospheric temperature conditions. Such
problems can be surmounted by designing treatment systems which compensate the
limiting factors associated with this treatment strategy. The capability of FBR to treat
wastewater is directly proportional to biomass concentration (Wang et al., 2000). A
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thorough understanding of microbial profile is essentially required to develop
operating strategies and to further improve process performance (Wagner and Loy,
2002). It is crucially important to correlate the microbial community structures with
the wastewater treatment efficiency involving; nitrification, de-nitrification,
phosphorus removal and aerobic/anaerobic digestion of organics. Moreover, the
changing dynamics of a microbial community has been believed to affect the
efficiency, robustness, and stability of wastewater treatment systems (Wagner et al.,
2002). In developed countries, many sophisticated techniques have been developed to
overcome challenges like organic matter (BOD) and nutrients removal (nitrogen,
phosphorus, etc). Thus high quality of treated effluent is produced thereby satisfying
strict discharge standards. On the other hand, in developing economies, wastewater
treatment in urban/semi urban areas is a great challenge even for the removal of BOD
and microbial contaminants, for the protection of water resources, public and
environment health.
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Aims and Objectives
The present study is designed considering the aforesaid factors limiting the
performance of an attached growth biological wastewater treatment system. The aims
of the study involved evaluation of different supporting media and most competent
phase/metabolically active biofilms on them responsible for organic/inorganic
pollutants removal of wastewater treatment in a bioreactor. Secondly, the
development and evaluation of the efficiency of small scale TBF system for removal
of carbonaceous pollutants and pathogens from wastewater. Finally, designing and
construction of a pilot scale TBF facility (pro-type) for treatment of domestic
sewage/municipal wastewater. The specific objectives of the study are;
1) Chemical characterization of different polymeric (Polystyrene, Polypropylene,
Tyre derived rubber and natural (Stones/Pebbles) biofilm supports by using
techniques like X-ray Photoelectron Spectroscopy (XPS).
2) Characterization of bacterial types and biofilm development on different
support media by culture dependent techniques like estimation of biofilm
weight, optical density and heterotrophic plate count (HPC/mL).
3) Biodegradation and biodeterioration studies on packing media used for biofilm
development using Scanning electron microscopy (SEM) and Fourier
transform infrared spectroscopy (FTIR).
4) Detailed investigation of complex aerobic biofilms developed on different
filter media for municipal wastewater treatment by next generation sequencing
(NGS) of 16S rRNA Genes.
5) Evaluation of trickling biofilter (TBF) system for municipal wastewater
treatment by designing and construction of laboratory scale TBF system and
operating it under different temperature, hydraulic retention time and with
different biofilm support material.
6) Development of prototype pilot scale TBF system and estimation of its
performance under different temperatures by using stone as biofilm support
materials.
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2. Trickling Biofilter Systems for Wastewater Treatment: Progress
and Challenges
Water is the defining feature of our globe, and the world is facing water crisis, both of
quantity and quality due to continuous population growth, industrialization, food
production practices, increased living standards and poor water use strategies
(Vickers, 2001; Narasimhan, 2008; Hammer, 2009). Wastewater emission and
inadequate management of water tend to trigger the growing human and
environmental health problems throughout the world. Presently, an appropriate
management of wastewater is required for the improvement of public health and
environment sustainability. This renders various scientific and technological
challenges across the world. Lack of wastewater management has a direct impact on
the biological diversity of aquatic ecosystems, disrupting the fundamental integrity of
our life support systems, on which a wide range of sectors from urban development to
food production and industry depend. It is essential that wastewater management is
considered as part of integrated, ecosystem-based management that operates across
sectors and borders, freshwater and marine (Serageldin, 1994; Serageldin, et al.,
1995).
Recently, different technologies have been developed for the treatment of municipal,
domestic, industrial and nuclear wastewater in the developed countries. The
management of wastewater of different nature and composition by these treatment
technologies are generally based on physical, chemical and biological processes
(Song et al., 2002; Bouzaza et al., 2004; Solano et al., 2004). However, biological
processes for the treatment of wastewater are best option as compared to physical and
chemical treatment processes due to their low operational cost, easy handling and
cause almost no harmful effects to the corresponding environment (Shalaby et al.,
2008).
The biological treatment systems include constructed wetland, activated sludge,
anaerobic digestion and trickling biofilter (TBF) systems. Constructed wetlands are
especially designed systems that use different types of plants, soils and microbes to
treat wastewater but the main drawback is that they required large space (Vymazal,
2010). Vucinic et al. (2012) compared the municipal sewage treatment in constructed
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wetlands and trickling filters. The efficiency of the purification process was
monitored over a period of three years and recommended implementation of
the trickling filter for high contaminants removal rates.
In activated sludge process, a microbial suspension is used for the removal of
pollutants but this system is only efficient in biological nitrogen and phosphorus
removal (Gernaey et al., 2004). Anaerobic digestion system is a new technology for
wastewater treatment. Although it is highly efficient in wastewater clarification but
the main drawback is that they are expensive because especially designed system
would be required for it (Rajeshwari et al., 2000). Among these different biological
treatment technologies, the attached growth process such as, TBF is assumed to be
quite effective in poorly developing areas of the world due to their low energy, space
and maintenance requirements, ease of operation, resistance to toxins and shock loads.
Moreover, due to their simple and reliable processing, effluents of high quality would
be produced, if properly designed (Defilippi and Lewandowski, 1998).
The objective of this literature review is to examine- firstly the design and operational
characteristics of TBFs, and types of filter media to be used. Secondly, this review
aims at critically analyzing the development, functions and characterization of
biofilms involved in the treatment of the wastewater. And finally, a critical review of
different models proposed for the design and scale-up of biofilm based bioreactors has
been attempted, particularly with regard to the tricking biofilters for the removal of
carbonaceous pollutants in the developing economies.
2.1 General Description of Trickling Biofilter System
Trickling filters are aerobic attached growth biological reactor used in wastewater
treatment (Van Rijn, 1996; Skjølstrup et al., 1998). TBF is an emerging manmade ecotechnology that gains popularity since the early 1982s (Chunrong et al., 2005). It is
recognized as reliable technology if properly designed for the treatment of
wastewater, comes from different sources that are industrial, agricultural, municipal,
swine wastewater and acid marine drainage etc. (Szogi et al., 1997; Evangelho et al.,
2000; Tanaka, 2002; Dermou et al., 2005; Dermou and Vayenas, 2007; Wang et al.,
2006). Kornaros and Lyberatos (2006) assessed the effectiveness of a TBF for the
treatment of wastewater containing organic dyes and varnishes. They found that TBF
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system operated either continuously or in batch mode proved to be a promising
pretreatment method for coping with dye manufacturing wastewaters in terms of
removing a significant portion of the organic content.
The TBF system has three potential ways of treatment, primary treatment of
wastewater to remove suspended solids and in reduction of nutrient load resulting in
25-30 % BOD reduction (Cripps and Bergheim, 2000; Boyd and Queiroz, 2001ab;
Lu, 2003; Koh, 2004), secondary treatment which diminish total suspended solids and
total dissolved solids (TSS, BOD5 and COD) and tertiary treatment that results in the
removal of nitrogen, phosphorous and sulphate from the wastewater (Mann et al.,
1998). Thus, the key mechanisms associated with TBF technology involve;
sedimentation, absorption, adsorption and microbial degradation of organic compound
(Sandip et al., 2009). Today, different designs of TBF such as Bio-filters, Aero-filters
and Accelo filters are developed to increase the hydraulic capacity of the filters
(Chunrong et al., 2005).
2.1.1 TBF compartments
Trickling biofilter systems have five primary compartments: (1) wastewater
distribution system, (2) containment structure, (3) Biofilm carrier media (growth
supporting substrates), (4) treated wastewater collection underdrain system (5) and an
aeration system. The TBF process typically includes an influent pump station, TBF
unit, TBF recirculation pump station, and liquid-solids separation unit as a secondary
or final clarifier (Daigger and Boltz, 2011).
2.1.1.1 Wastewater distribution system
The Distribution system distributes wastewater over the filter media surface in the
heart of TBF after primary sedimentation in the pri-clarifier. For optimum treatment
efficiency, a uniform hydraulic load per unit area is required. On the basis of
distribution system TBFs are classified in two types.
2.1.1.1.1 Circular trickling biofilter with rotary arms
It made up of either concrete blocks, or plastic sheets (sessile trickling filters), or
stainless steel sheets, in circular shape of about 20-200 ft in diameter. It contains filter
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media in its center. Which is considered as heart of the TBFs. Rotary arms also
known as distributor arms consist of two or more horizontal pipes suspended 12-24
inch above the filter media. Wastewater is distributed over the media through orifices
located along one side of the pipes. They are typically set in motion by the force of
the wastewater flowing out of nozzles on one end of the arm. They can also be motordriven to control the rotational speed (Figure 2.1 and 2.2).
2.1.1.1.2 Stationary trickling biofilter with fixed spray heads
It is made up of blocks of rocks either in square shape or in rectangular shape which
also serve as filter media. Spray heads are arranged in a fixed pattern near the surface
of the media. They are supplied by a piping network maintained below the surface of
the media (Figure 2.3). Fixed-nozzle head distribution systems are not as common as
rotary arms due to an extensive piping and pumping system to provide even flow
distribution and difficult access for maintenance/repair (Metcalf and Eddy, 2003).
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Fig. 2.1 ─ Typical configuration and main parts of a typical circular TBF (trickling biofilter)
system (Jordão and Pessoa, 2009)

Fig. 2.2 ─ Basic constructional features of a conventional TBF (trickling biofilter) system
(Tilley et al., 2008)

(a)

(b)

Fig 2.3 ─ (a) Stationary TBF (Trickling biofilter) system with fixed spray heads and (b)
individual spray head
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2.1.1.2 Filter media
Packing or filter medium is the basic unit of a TBF system (Verma et al., 2006).
Generally, packing media could be classified into two main categories viz., random
and structured filter media (Metcalf and Eddy, 2003). The filter medium provides a
surface for the growth of biological slime layer called biofilm which consists of
bacteria and other micro-organisms. The filter media needs to be durable, insoluble,
and resistant to chemicals. Its selection is based on the size, porosity, density,
resistance to erosion and chemicals (Christensson and Welander, 2004). Ideal TBF
media provide a high specific surface area, low cost, high durability, and high enough
porosity to avoid clogging and promote ventilation (Tchobanoglous et al., 2003; Yu et
al., 2008). Matos et al. (2011) suggested that surface area and geometry of support
materials, effect the hydrodynamic conditions in the reactor, thus impacts biofilm
formation which ultimately effects wastewater treatment.
For supporting microbial film in attached growth reactors, different synthetic and
natural materials have been employed. During the 1950s and 1960s, Dow Chemical
Co. (Midland, Michigan) began early experimentation with modular plastic packing
media (Bryan, 1955; Bryan and Moeller, 1960). Plastic media is available in different
conﬁgurations such as vertical ﬂow, cross flow, honeycomb appearance, redwood
horizontal, rectangular and ﬂat modules (Daigger and Harrison, 1987; Parker and
Bradtby, 2001). Both vertical flow and cross-flow media are reported to effectively
remove biological oxygen demand (BOD) and total suspended solids (TSS) (Aryan
and Johnson, 1987; Harrison and Daigger, 1987). Parker et al. (1989) suggested
medium-density cross-flow media, in TBF systems where nitrification is required
from wastewater. This argument is supported by higher nitrification rates obtained in
the pilot application of lower density modular plastic media by Gujer and Boller
(1984) and Boller and Gujer (1986). The researchers claim that lower rates occur with
high-density media due to the development of dry spots below the flow interruption
points. Mofokeng et al. (2009) designed large scale TBF for the nitrification of
secondary wastewater and plastic balls were used as supporting media for microbes.
The maximum rate of ammonia nitrification was obtained under high hydraulic
loading rate that ensure approximately 71% of ammonia removal from the wastewater
and also 40-50 mg/L decreased in chemical oxygen demand (COD) was observed. On

12

Literature Review

Chapter 2

other hand under low hydraulic loading and under different environmental condition,
the efficiency of bioreactor to remove ammonia become decrease due to poor wet
ability of media, decrease microbial activity, filter flies and fly larvae.
In the early 1970s, USEPA issued description of secondary treatment standards and
TBF was regarded as being incapable to treat wastewater, and produce effluent that
consistently met published standards (Parker, 1999). This was partially because of
poor secondary sedimentation tank design. In 1982 Norris and co-workers followed a
rock-media TBF with a small aeration basin and a clarifier (Norris et al., 1983;
Daigger and Boltz, 2011). The use as rock-media in attached growth reactors like
TBF for treatment of wastewater was not a new idea (Grady et al., 1999). However, a
very little literature is available about comparative studies regarding wastewater
treatment efficiencies and about conventional methods used for study of biofilms in
such bioreactors (Aryan and Johnson, 1987). Rock is natural granular media and
seems to be a viable option because of the economic advantage, ease of availibity and
the high potential for biofilm attachment. Various researchers reported that the
selection of the granular media plays an important role in maintaining a high amount
of active biomass and a variety of microbial populations (Yu et al., 2008; Feng et al.,
2012). Usually, rock-media are considered to have a low specific surface area, void
space, shallow depth, and high unit weight. Although recirculation is common, the
low void ratio in rock-media TBF systems result in reduced hydraulic application
rates. However, well-designed and operated rock-media TBF systems can provide
high-quality effluent. Grady et al. (1999) suggest that for low organic loads (˂1 kg
BOD5), well-designed and operated rock-media TBF systems have efficiencies
approaching that of synthetic media TBF systems. Thus rock-media can be selected to
be used in the TBF systems in the developing countries.
Boltz et al. (2006) suggested uniform media particles to allow sufficient ventilation
through the void space and should be locally available and cost effective. The effects
of media type and configuration on TBF system effluent quality should be given
careful consideration. In the recent years, various researchers have started
experimentation with different types of media types, depending on its availibity. Hu et
al. (2012) carried out laboratory-scale experiments with wool fiber or commercial
plastic pall rings and Kaldnes packing media for sewage treatment. They found that
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the performance of the bioreactor with wool fiber was more stable than that with
Kaldnes medium, for both total organic carbon (TOC) and suspended solid (SS)
removal from sewage. However, both types of media gave complete nitrification at
the load of about 0.4 kg COD/m3/day and sludge production of the wool-media
bioreactor was half than that of the Kaldnes-media bioreactor. Another group of
researcher (Neto et al., 2012) compared the efficiencies of stone-media and peeled
dehydrated fruits of Luffa cyllindrica as media in laboratory pilot plants for domestic
sewage treatment. They found that the capacity to remove organic matter, suspended
and settleable solids were greater in Luffa cyllindrica-media TBF system as compare
to stone-media, owing to more microbiological growth due to organic nature.
Spychała et al. (2013) compared the domestic wastewater treatment efficiencies of the
biofilter by employing two types of geotextile (TS 50 and TC/PP 300). The
efficiencies of carbonaceous pollutants removal were similar for both types of
geotextile (COD: 64%, BOD 5: 80%). However, ammonium nitrogen removal was
higher for TS 50 (40%) as compare to TC/PP 300 (35%), most probably due to their
different structure. The mean concentration of matter accumulated on the geotextiles
was over one order of magnitude higher than conventional activated sludge
concentrations.
In TBF systems for wastewater treatment, hydrodynamic behavior is affected by the
development of biofilm on the spongy and porous medium. Therefore, modelling
hydrodynamic behavior is necessary to predict the efficient biodegradation of
pollutants. Zeng et al. (2013) studied laboratory-scale TBF systems filled with two
different porous media such as glass beads and plastic rings. Results showed that
medium had no significant effect on TOC removal rate. However, regarding the
hydrodynamic behavior, the effective volume ratio and hydraulic efficiency in the
glass beads bed increased remarkably with the reduction of dispersion coefficient. On
the contrary, no difference of hydrodynamic behavior in plastic rings bed was evident.
The biofilm growth concentration was higher in glass beads-media TBF system then
in the plastic rings TBF.
Mac Conell et al., (2013) used a new sponge-media TBF system treating effluent from
an up-flow anaerobic sludge blanket (UASB) reactor. They reported its good
performance for the removal of both chemical oxygen demand, nitrogen (N) due to
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large surface areas provided for microbial attachments. Onodera et al. (2014)
developed a sixth-generation novel aerobic down-flow hanging sponge reactor (DHSG6), using rigid sponge-media, as a post treatment unit for UASB treating municipal
sewage. This rigid sponge-media were made by copolymerizing polyurethane with
epoxy resin. The DHS-G6 reactor gave good wastewater treatment performance,
attributed to new rigid sponge-media. The sponge media provide a suitable hydraulic
retention time (HRT) and high biomass concentration and also extend the solids
retention time.
So far, various researchers are playing with different types of media in the TBF
systems for wastewater treatment. In recent years new types of attached growth
systems have been developed differing mainly in the packing material (Loupasaki and
Diamadopoulos, 2013). However, wastewater treatment practices differ for developed
and developing economies, for urban and rural areas, and for residential and industrial
producers. In the case of developed countries, more recently, plastic media are
specially designed and manufactured by companies to be used in the biofilters. On the
contrary, in the underdeveloped and developing countries, very little investment has
been made for sewage treatment because in these countries importance is given to
clean water supply rather than wastewater treatment (Rose, 1999).
In the developing world, there is also a problem of solid waste management. The
buildup of waste in the cities caused a rapid deterioration in levels of sanitation and
the general quality of life. Reuse of waste materials such as plastics of different types
(Polyvinyl chloride (PVC), low density polyethylene (LDPE), polypropylene (PP),
and polystyrene (PS) as filter media in TBF systems will serve dual functions such as
wastewater treatment and solid waste management. Motta et al. (2009) proposed that
synthetic polymers fabricated only of carbon and hydrogen atoms are usually less
susceptible to microbial attack. Their inertness is possibly due to a total lack of
carbon-to-oxygen bonds (considered as the sites of microbial enzymes attack). It is
less biodegradable in the challenging environmental conditions (Schlemmer et al.,
2009).
Polystyrene mostly collected in different forms as waste material and is recyclable in
waste management stream (Aarnio and Hamalainen, 2008). It can be used as a filter
media (Khaksar and Ghazi-Khansari, 2009) due to its recalcitrant nature
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(Bandyopadhyay and Chandra Basak, 2007). PS proved to be highly tensile and low
density provides a low density large surface area and porosity, low adsorption suitable
for supporting biomass growth (Hirai and Kamamtoo, 2001) for wastewater treatment
in the reactors. It can be an important source of support material to be used in
wastewater treatment systems (Cloete and Muyima, 1997).
Another important solid waste such as discarded or used tyres presented threat to the
environment. Globally, more than 330 million waste tyres are discarded each year.
Such tyres have become a serious source of waste to pollution. Tyre derived rubber
(TDR) material can be used as filter media, as it support microbial growth due to its
constant shape and durability (Seda et al., 2007). The recycled tyre rubber has
variable surface pH, and it tends to maintain a specific gravity close to unity, with a
hydraulic conductivity between 0.2 - 0.8 cm/s, and a water adsorption capability
between 5 - 10% (Moo-Young et al., 2003). It also represent interesting source for
activated carbons because of its high carbon content, it can be used as a filter media in
FBRs (Ariyadejwanich et al., 2003). TDR-media seems to be a valuable alternative
for wastewater treatment; they can be conveniently obtained at low costs, and in large
quantities.
2.1.1.2.1 Evaluation of the composition of filter media
The chemical composition of the filter media is very critical, with respect to its
compatibility with the developing biofilms on its surface. In case of solid wastes used
as packing material in the bioreactors, its elemental composition should be evaluated.
For the detection and quantification of the elements in filter medium different
spectroscopic techniques can be applied like X-ray Photoelectron Spectroscopy (XPS)
and Energy Dispersive X-ray spectroscopy (EDS or EDX or XEDS). XPS is a surface
chemical analysis technique used to analyze the surface chemistry of a material. It
measures the elemental composition at the parts per thousand range, empirical
formula, chemical state and electronic state of the elements that exist within a material
(Crist, 2007). EDS is another useful technique applied for the elemental
analysis/chemical characterization of a solid material (Hafner, 2006). To our
knowledge very little literature is available about characterization of the chemical
composition of media before its use in the TBF systems used for wastewater
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treatment. However, Park et al. (2006) analyzed tyre derived rubber particles before
its employment in the H2S odor removal filter by EDS.
2.1.1.3 Containment structure
Biofilm supporting media such as rock or plastic media are not self-supporting
structures and, therefore, necessitate hold up in the form of containment structure.
Typically, containment structures are precast or made up of materials such as
concrete, wood, fiberglass, welded and bolted (coated) steel. These structures serves
to avoid wastewater splashing and to provide media support, wind protection, and,
sometimes, flood containment (Daigger and Boltz, 2011).
2.1.1.4 Underdrain system
The underdrain system is located below or underneath the filter media and operates by
gravity flow. The underdrain system of TBF is designed for objectives such as to
collect treated wastewater after percolation through the media for conveyance to
downstream unit processes and to create a plenum that allows for the transfer of air
throughout the TBF media (Grady et al., 1999). The underdrain system shall be
manufactured of a strong lightweight, stainless steel and capable of supporting the
operating weight of random dump media. In case of rock-media TBFs, because of the
requirement of structural support clay or concrete blocks are usually used in the
manufacturing of underdrain system. While, a large variety of other support systems
are applied for other media types such as concrete piers and fiberglass grating
(USEPA, 2000; Daigger and Boltz, 2011).
2.2.Classification of Trickling Biofilters
Trickling filters on the basis of design, hydraulic and organic loading rates are
classified into four classes i.e. low rate filters, intermediate rate filter, high rate filters
and roughing filters (USEPA, 2000). Low-rate filters are commonly used for loadings
of less than 40 kg BOD5/100 m3/ day (25 lbBOD5/1000ft3/day). Low-rate filters with
a rock medium range in depth from 0.9 to 2.4 m (3-8 ft.). Intermediate rate filters can
be loaded up to 64 kg BOD5/100 m3/day (40 lb BOD5/1000 ft3/day). In order to ensure
good distribution and thorough blending of the filter and secondary effluent, the
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system should recirculate the trickling filter effluent. High-rate filters are generally
loaded at the maximum organic loading capabilities of the filter and receive total
BOD5 loading ranging from 64 to160 kg BOD5/100 m3/day (40 to 100 lb BOD5/1000
ft3/day). These filters should be used with second stage process in order to achieve a
good quality effluent. Roughing filter generally have a design load ranging from 160480 kgBOD5/100 m3/day (100 to 300 lb BOD5/1000 ft3/day) (EPA, 2007).
2.3. Trickling Biofilter Configuration
Trickling biofilters are generally preceded by primary clarifiers/ primary
sedimentation tank and followed by final clarifiers/ secondary sedimentation tank.
There are, however, several different variations of this theme. The TBF unit
arrangements/ configurations can be classified into the following two categories: such
as single-stage arrangement which involves a primary clarifier followed by a TBF unit
and then by a final clarifier, as shown in the Figure 2.5a. In this case oxidation of
organic carbon occurs in the upper portion while nitrification occurs in lower part.
Treated wastewater may or may not be recirculated according to the requirements.
Secondly, two-stage TBF systems typically have two TBF units, one flowing into the
other, as shown in Figure 2.4b. Removal of organic carbon occurs in first unit and
nitrification in second unit. Two-stage filters are used when high-quality effluent is
required; high strength wastewater is treated; or cold weather operation is required.
Often, two-stage TBF systems utilize an intermediate clarifier between the first and
second units to remove solids, including sloughed slime layers, from the first unit.
Removal of these solids minimizes clogging of the second unit, as shown in Figure
2.4c. Recirculation is the practice of recycling a portion of the TBF effluent back
through the filter unit. The recycled wastewater can be pumped from several different
locations, such as a TBF effluent, intermediate clarifier effluent, or secondary clarifier
effluent. There are several primary reasons to re-circulate effluent i.e., keep the filter
media wet, diluting toxic influent flow and improving treatment efficiency.
Michailides et al. (2011) used a full-scale TBF with a recirculation tank system for
treatment of olive mill wastewater with indigenous bacteria. The observed OLR
removal was > 50% from initial COD and phenol concentrations of 43,000 and 9500
mg/L, respectively, at HRT of 24 hrs without external source of nutrients.
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TBF systems can be oriented in series orientation, contains two or more units
connected in series, with one directly following the next. While in case of parallel
orientation, two or more TBF units operated side by side. One unit can be removed
from service without disruption of treatment in the other filters(s) or units (Figure
2.5).
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(a)

(b)

(c)

Fig. 2.4 ─ Typical TBF (trickling biofilter) process flow sheets, indicates (a) single
single-stage, (b)
two-stage and (c) two-stage
stage TBF process configuration with intermediate clarification. While,
(PC) illustrates primary clarifier, (TBF) trickling biofilter unit, (FC) final
final clarifier and (IC)
intermediate clarifier (Daigger
Daigger and Boltz, 2011with
2011
modification)
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(a)

(b)

Fig. 2.5 ─ Trickling biofilter process orientations, (a) indicating series and (b) parallel
orientation of TBF units
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2.4 Biofilm Development, Structure and Function
The development of bioﬁlm on media is crucial in attached growth processes, like
TBFs. The capability of TBFs to treat wastewater is largely depended on the biofilm
concentration/composition on media surfaces (Wang et al., 2000). A bioﬁlm is a
complex microbial derived sessile coherent community of cells adhering to a surface
(Henze et al., 2008). When the wastewater is sprayed on top of the filter and it flow
down/percolates through filter media under the force of gravity during the course of
treatment (Metcalf and Eddy, 1991; Ferchini et al., 1994), after some time, formation
of a static bioﬁlm begins with the attachment of free-ﬂoating microorganisms to a
surface (Gottenbos et al., 1999).
During biofilm development, the ability of a cell to attach to a support/surface is
controlled by both environmental factors, including nutrient levels, temperature, pH,
and genetic factors, including the presence of genes encoding the motility functions,
environmental sensors, hydrophobicity, surface charge and adhesiveness factors,
speciﬁc surface proteins and appendages (Costerton et al., 1995; O’Toole et al.,
2000). After initial attachment, the cells grow and spread as a monolayer on the
surface to form microcolonies. During microcolony formation, cells undergo
developmental changes which give rise to the complex morphology of the mature
bioﬁlm. Dominant among these changes are the production of exopolysaccharide
matrix (EPS), an indicator of a mature bioﬁlm (Costerton et al., 1995; Danese et al.,
2000).
A model was developed by Stoodley et al. (2002) to clarify the development of
biofilm on carrier material as shown in the Figure 2.6. This model illustrates the
bacterial cells reversible attachment to the surface at stage 1. Then, at stage 2, the cell
attachment becomes irreversibly, a step mediated mainly by exopolymeric substances,
and, as a result, the cells lose their flagella-driven motility. At stage 3, the first
maturation phase is reached. The second maturation phase is reached at stage 4 with
fully mature biofilms. The dispersion of motile cells from the microcolonies is
indicated in stage 5.
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Fig. 2.6 ─ Stoodley’s model of bacterial biofilm succession on solid surface ((Stoodley et al.,
2002)
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The mature bioﬁlm is differentiated into base ﬁlm, surface ﬁlm, bulk liquid, and gas.
Both the base and surface ﬁlms consists of microorganisms and other particulate
material bound together by EPS excreted by the microorganisms. The base ﬁlm is a
structured accumulation, with well deﬁned borders. Transport of substrates carbon
and energy source, nutrients, electron acceptors oxygen, and electron donors to and
from the bacteria in the base ﬁlm is considered a molecular diffusion process. The
surface ﬁlm is a transition zone between the base ﬁlm and the liquid. Material
transport within it is dominated by advection and turbulent diffusion (Benthack et al.,
2001). Diffusion of the wastewater over the media provides dissolved air which is
vital for microbes to oxidize organic compounds (Metcalf and Eddy, 2003). The
consumption of oxygen and metabolization of soluble and colloidal organic matter is
contained in the wastewater to CO2 happens mainly in the outer part of the slime
layer, generally has 0.1 to 0.2 mm thickness (USEPA, 2000). Metcalf and Eddy
(2003) also confirmed that in a typical bioﬁlm, wastewater as it comes in contact with
the surface diffuses into the bioﬁlm, encounters all the three zones in a mature bioﬁlm
such as an aerobic, anoxic, and an anaerobic (Figure 2.7). The recalcitrant
compounds degrade in the interior zone; convert by simple organics mineralization
and resultant biomass. However, for higher efficacy of treatment in TBF system, the
substrate ﬂux to and through the liquid–bioﬁlm interface must equal the overall
utilization rate per unit of bioﬁlm planar area in TBFs. The substrate ﬂux to
(recalcitrant pollutants) and from bioﬁlm interface (simple/mineralized organics) in
largely depend on microbial distribution. The microbial distribution is neither
uniform, nor is its physical characteristics like porosity and density. These are actually
microbial aggregates with voids free of EPS (open structures relatively free of the
polymers). The effective diffusion coefficients thus vary with bioﬁlm depth, inﬂuence
by changes in the bioﬁlm structure (Kreft and Wimpenny, 2001; Sutherland, 2001).
To maintain metabolically active biofilms on media surface, it is very important to
control average hydraulic application rate under high organic loads. The active
biofilm surface area in a trickling filter is dependent on biofilm thickness and
decreases with increasing biofilm thickness (Albertson and Eckenfelder, 1984).
Usually, due to high hydraulic flow rate results in high shear stress. Which in turn
favour the assemblage of more thick and compact biofilms by the excretion EPS (
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Kwok et al., 1998; Pereira et al., 2002; Manuel et al., 2010) as an adaptative strategy
in response to higher detachment forces (Rochex et al., 2008).

Filter
media

Wastewater

Organic pollutants
Air
CO2
Other oxidized
products

Treated
wastewater

Aerobic

Anaerobic

Biofilm

Fig. 2.7─ A schematic of the cross section of the contact face of the bed of media in a TBF
(trickling biofilter) system
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2.5 Biofilm Community Characterization Approaches
The study of microbial communities is essential for improved understanding of the
functions and performance of wastewater treatment. Additionally, detailed
information of microbial communities is crucial to develop operating strategies and
improve process efficiency (Wagner and Loy, 2002). Further, the compositions,
diversity, and dynamics of a microbial community are supposed to affect the
competence, robustness, and stability of wastewater treatment reactors (Wagner et al.,
2002; Briones et al., 2003). Researchers have been trying to correlate the microbial
community structures with the performance of wastewater treatment reactors. They
have reported the link between the microbial community structures and the
efficiencies of such reactors for removal of various pollutants i.e. nitrogen removal
(Wells et al., 2009), phosphorus accumulation (Liu et al., 2005).
2.5.1 Traditional methods
Initial investigations into the composition of wastewater microbial communities were
based on traditional microscopy observations (Eikelboom, 1975) or culture-dependent
techniques (Ueda and Earle, 1972). Standard culture techniques to characterize
microbial ecology involve isolation and characterization of microorganisms using
commercially available growth media by different companies (Kirk et al., 2004).
However, the majority of bacteria cannot be easily cultivated on media (Amann et al.,
1995; Hugenholtz et al., 1998). Hugenholtz (2002) observed that > 99% of the
microorganisms observed through a microscope are not cultivable by standard
culturing techniques. These techniques select only fast-growing heterotrophs that are
able to acclimatize to the growth conditions; therefore these strains do not exactly
characterize the composition and diversity of existing microbial communities
(Borneman and Triplett, 1997; Felske et al., 1998). Such methods can be considered
biased, based on the selection of species which obviously do not represent the real
dominance structure (Gilbride et al., 2006; He et al., 2011).
Thus, conventional methods including, gravimetric analysis parameters (optical
density (OD), thickness, total cell count and dry weight) and cell activity (kinetics of
degradation of carbonated substrate) for biofilm characterization during its
succession, detachment and composition on media for wastewater treatment can be
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considered. Bakke et al. (2001) quantitatively analyzed the biofilm by OD based on
Pseudomonas aeruginosas. Biofilm OD, measured as intensity reduction of a light
beam transmitted through the biofilm, correlated with biofilm mass, measured as total
carbon and as cell mass. The method is considered as most sensitive and less labor
intensive than other commonly used methods for determining extent of biofilm mass
accumulation. Alnnasouri et al. (2011) have made comparison of two nondestructive
techniques of biofilm quantification i.e., estimation of its OD and thickness, to two
destructive techniques such as crystal violet staining after biofilm disintegration and
measurement of dry weight. Biofilms developed on a modified rotating biological
contractor (RBC) were tested and the results of the different methods were found to
be highly correlated.
The review of traditional techniques revealed that under lab conditions easily
assessable methods such as the weight (wet and dry); spectrophotometric absorbance
and physiological activities of the biofilms (substrate utilization tests) can be applied
to detect the attachment and different growth phases. It will explore the metabolically
active phase of biofilms on filter media, which will explore the duration of the stating
phase of the TBF systems (Kirjanova et al., 2011).
Some other techniques also help to understand the biofilm formation process such as
scanning electron microscopy (SEM), confocal electron microscopy (CEM),
spectroscopic analysis, i.e. FTIR. Scanning electron microscopy is a well-established
fundamental technique to examine the morphology of bacteria adhered on surfaces,
the topography of the material surface, and the associations between them
(Bragadeeswaran et al., 2010). Weber et al. (2007) studied microbial composition in
sewage biofilms by using light microscopy and SEM and observed different bacteria,
EPS, protozoa and also some fungi. They also studied different phases in biofilm
development.
The development of non-invasive and non-destructive techniques, such as CEM has
stimulated the research on microbial biofilms. Morató et al. (2004) employed CEM to
analyze the biofilms developed on a packed bed reactors exposed to continuous
groundwater flow. They examined thickness and surface-height parameter such as
different horizontal (xy) sections, vertical sections (xz) and stereoimages, which
permits the analyses of the architecture of biofilms, identifying the precise situation of
27

Literature Review

Chapter 2

microbial cells, channel voids and EPS materials. With the aid of confocal scanning
laser microscope (CSLM) different optical sections (horizontal or vertical) of fully
hydrated and intact live biofilms can be performed (Lawrence et al., 1991). Used in
conjunction with different fluorescent molecular probes, the CSLM can provide
information on cell morphology, metabolism and phylogeny and at the same time on
biofilm matrix structure and architecture (Costerton et al., 1995). The limitation of
this technique is cost and requirement of trained staff.
2.5.2 Traditional molecular methods
The use of molecular techniques to study natural and engineered environmental
systems has increased our insight into the immense diversity and interface of
microorganisms present in composite environments (Gilbride et al, 2006; Rastogi and
Sani, 2011). In wastewater treatment, these techniques have been applied mainly to
the study of ﬂocs in the activated sludge processes and bioﬁlms that grow in aerobic
treatment systems such as TBFs. Generally, these molecular techniques are based on
polymerase chain reaction (PCR) of total DNA/RNA extracted from sample. Such
amplified PCR product is used as a template for the characterization of microbial
community and usually analyzed by clone library method, genetic fingerprinting,
DNA microarrays, or by a combination of these techniques.
2.5.2.1 Clone library technique
Of all the molecular techniques, cloning and sequencing of the gene that codes for
16S rRNA is still the most widely used (DeSantis et al., 2007). Its methodology
implies the extraction of nucleic acids, ampliﬁcation and cloning of the 16S rRNA
genes, followed by sequencing and ﬁnally identiﬁcation and afﬁliation of the isolated
clone with the aid of phylogenetic software. This approach covers most uncultured
microorganisms. However, it is time consuming, laborious and requires specialized
personnel and so its introduction in wastewater treatment has been slow. The major
limiting factor of this technique was the cost and time involved, with the result that
most of the studies included sequencing of only few hundred clones. Sequencing of a
low number of clones captures only the dominant components of microbial
communities that mask the detection of low abundance microorganisms (Rastogi and
Sani, 2011).
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2.5.2.2 Genetic fingerprinting methods
Genetic fingerprinting generates a profile of microbial communities based on direct
analysis of amplified PCR products extracted from directly from environment
(Muyzer, 1999). These techniques include Denaturing or Temperature gradient gel
electrophoresis (DGGE/TGGE) (Muyzer et al., 1993), Single-Strand conformation
polymorphism (SSCP) (Schwieger and Tebbe, 1998), Random amplified polymorphic
DNA and DNA amplification fingerprinting (RAPD) (Franklin et al., 1999),
Amplified ribosomal DNA restriction analysis (ARDRA) (Smit et al., 1997),
Terminal restriction fragment length polymorphism (T-RFLP) (Thies, 2007), Length
heterogeneity PCR (LH-PCR) (Mills et al., 2007) and Ribosomal intergenic spacer
analysis (RISA) (Fisher and Triplett, 1999). All these techniques produce a
community fingerprint based on either sequence polymorphism or length
polymorphism (Rastogi and Sani, 2011).
2.5.2.2.1 Denaturant gradient gel electrophoresis (DGGE)
Among them the most popular method is denaturant gradient gel electrophoresis
(DGGE). It is based on the differing mobility on a gel of denatured DNA-fragments
of the same size but with different nucleic acid sequences. It generates band patterns,
corresponds to the number of dominant species. Coupled with sequencing and
phylogenetic analysis of the bands, this method can give a good overview of the
composition of a given microbial community (Sanz and Kochling, 2006). It permits
rapid and simple monitoring of the spatial- temporal variability of microbial
populations if just band patterns are considered and adequate for analysis of a large
number of samples. However, depending on the nature of the sample, extraction and
ampliﬁcation of representative genomic DNA can be difficult as in cloning. The
sequences of the bands obtained from a gel correspond to short DNA fragments (200–
600 bp), and so phylogenetic relations are less reliably established than with cloning
of the whole 16S rRNA gene. In addition, short sequences are less useful for
designing new speciﬁc primers and probes (Muyzer and Smalla, 1998; Rastogi and
Sani, 2011).
Ahn et al. (2005) investigated biomass community by PCR-DGGE of 16S rRNA
genes in biofilms sampled from the bottom and middle of thermophilic TBF reactor,

29

Literature Review

Chapter 2

operated long-term to produce H2. Most DGGE bands revealed similar microbial
populations associated with the classes Clostridia and Bacilli in the phylum
Firmicutes, and the most dominant bands showed a high sequence resemblance to
Thermoanaerobacterium thermosaccharolyticum. Van den Akker et al. (2011)
examined the composition and structure of nitrifying biofilms from a high rate
nitrifying (NTBF) system using a combination of fluorescence in situ hybridization
(FISH) and SEM. Zou et al. (2011) analyzed bacterial population composition of
biofilms in TBF system by PCR-DGGE and found the dominant species of the
biofilms were Nitrobacter sp., Acinetobacter sp, Thermomonas sp. and Chloroflexus
sp. While, another group of researchers, used DGGE for investigation of diversity and
dynamics of ammonia oxidizing bacterial (AOB) communities in a spongebased trickling filtertr eating effluent from a UASB reactor (Mac Conell et al., 2013).
Quan et al. (2013) A one-stage aerobic moving bed biofilm reactor (MBBR) and a
combined reactor involving an anoxic gravel-bed biofilm reactor and an aerobic
MBBR were applied to the treatment of heavily polluted river water. Reactor
performance was investigated throughout the experiment for almost 200 days and
molecular techniques including PCR-DGGE, FISH/CLSM etc were used to reveal the
evolutions of bacteria community, abundance of nitrifying bacteria and their spatial
distribution in biofilms for the comparative study of the two reactors.
2.5.2.3 DNA microarray technology
Recent studies show that advances in microarray assays in detecting hundreds and
even thousands of DNA sequences simultaneously and rapidly (Gilbride et al., 2006).
The PCR products amplified from total environmental DNA is directly hybridized to
known molecular probes attached on the microarrays (Gentry et al., 2006). After
hybridization of the fluorescently labeled PCR amplicons to the probes, positive
signals are scored by employing of CLSM. Generally, the hybridization signal
intensity on microarrays is directly proportional to the abundance of the target
organism. Xia et al., (2010) used high-density microarrays targeting universal 16S
rRNA genes to evaluate microbial community composition in five biological
wastewater treatment reactors in China and the United States. Results suggest a
surprisingly consistent composition of microbial community structure among all five
reactors with Proteobacteria was the largest phylum and Firmicutes, Actinobacteria,
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Bacteroidetes were the subdominant phyla. The main pitfall of this technique is cross
hybridization and is not useful in identifying and detecting novel prokaryotic taxa.
Moreover, if the genus does not have a corresponding probe on the microarray then
the biological significance of a genus could be totally ignored.
2.5.2.4 Fluorescent in situ hybridization (FISH)
Fluorescent in situ hybridization is another excellent way by which non-cultured
microorganisms can be identiﬁed, localized, visualized and quantiﬁed in their
microcosm with hybridization. The speciﬁcity of the florescent probe enables
detection/identiﬁcation on any desired taxonomic level, from Domain down to a
resolution suitable for differentiating between individual species (Amann et al., 1990).
The Probes are short sequences of DNA (16–20 nucleotides) labeled with a
ﬂuorescent dye, which recognize 16S rRNA sequences in sample and hybridize with
them. If a particular microorganism has to be detected and quantiﬁed, its rRNA
sequence must be known (if the corresponding probe has not yet been published). The
design of a speciﬁc and unambiguously restrictive probe for a certain group of
microorganisms is not always possible, especially if metabolic criteria are applied e.g.
nitrifying bacteria, halo-respiring bacteria. The design and optimization of
hybridization conditions for a new probe is a difficult, and the results may not always
be satisfactory. Quantiﬁcation can be tedious and subjective in case of manual
counting, complex if image has to be analyzed. While structural analysis bioﬁlms
requires a confocal microscope and trained staff (Rastogi and Sani, 2011).
Persson et al., (2002) investigated the distribution and activity of AOB by using FISH
in combination with CLSM in a large full-scale NTBF treating municipal wastewater.
They found AOB belong to the genus Nitrosomonas at different depths of NTBF.
Lydmark et al. (2006) study vertical distribution of nitrifying populations in bacterial
biofilms from a full-scale NTBF by using FISH. It was observed that two
Nitrosomonas oligotropha populations dominating at all depths and a small
population of Nitrosomonas europaea was present only on top, while a population of
Nitrosomonas communis increased with depth. While, all nitrite oxidizers were
identified as Nitrospira sp., more associated with the biofilm base than the surface. A
small population of anaerobic ammonia-oxidizers was also observed at 6.0 m depth,
even though the biofilm was well aerated. Daims and Wagner (2011) outlined digital
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image analysis methods to quantify coaggregation, mutual avoidance, or random
distribution in microbial populations in biofilm and flocs. A protocol for fluorescence
in situ hybridization with an rRNA-targeted probe that preserves the threedimensional biofilm architecture for confocal microscopy and image analysis was
described. These approaches were combined to perform spatial analyses of nitrifying
bacteria in complex biofilm samples. Almstrand et al. (2013) used FISH with CLSM
for the optimization of the NTBFs process. They studied AOB population dynamics,
often grown as biofilms on (NTBFs) or on carriers in MBBRs in response to
controlled shifts of ammonium concentrations in wastewater for 6 months.
These methods usually have difficulty in detecting most of the low-abundance
organisms in biological wastewater treatment reactors and give information of such
microbial communities for which corresponding primers or probes are available. Like
conventional culture based methods, the traditional molecular techniques have their
own limitations due to bias at every step (Von Wintzingerode et al., 1997), associated
with DNA extraction, richness, and microbial community structure. Thus, the existing
information of the microbial communities within such reactors is incomplete.
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Table 2.1 ─ Traditional molecular techniques used to study targeted microbes in the biofilms
of trickling biofilter (TBF) systems.
Traditional Molecular

Trickling

Biofilter

Methods

Systems

Denaturant Gradient Gel

Thermophilic tickling

Thermophilic H2

Electrophoresis (DGGE)

biofilter

producing bacteria

Targeted Microbes

References

Ahn et al., (2005)

DGGE, Florescent InSitu Hybridization
(FISH) and Scanning
Electron Microscopy

High rate nitrifying
trickling biofilter system

Nitrifying biofilms

Van denAkker et
al., (2011)

(SEM)
Nitrobacter sp.,
PCR-DGGE

Trickling biofilter system

Acinetobacter sp,
Thermomonas sp. and

Zou et al., (2011)

Chloroflexus sp
Microbial community

Proteobacteria,

DNA Microarray

composition of biological

Firmicutes,

Technology

wastewater treatment

Actinobacteria,

reactors

Bacteroidetes

A high rate nitrifying

Ammonia oxidizing

trickling biofilter treating

bacteria at different

municipal wastewater

depths

FISH and CLSM

FISH

Nitrifying trickling
biofilter
Nitrifying trickling

FISH with CLSM

biofilter and moving bed
biofilm reactor

vertical distribution of
nitrifying populations in
bacterial biofilms

Xia et al., (2010)

Persson et al.,
(2002)

Lydmark et al.,
(2006)

Ammonia oxidizing

Almstrand et al.,

bacteria

(2013)
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2.5.3 Next generation sequencing (NGS) technology
Next generation sequencing technology transform microbial ecology; explore deeper
and deeper layers of the microbial communities and are vital in presenting an
unbiased view of composition and diversity of microbial communities in the
environment (Zwolinski, 2007). Next-generation sequencing platforms such as
Roche/454, Illumina/Solexa, Life/APG, and HeliScope/Helicos BioSciences are much
faster and less expensive than first generation Sanger’s sequencing (Metzker, 2010).
454 Life Sciences commercially developed a 454 pyrosequencing technique, which
allows massive parallel high-throughput sequencing of hypervariable regions of 16S
rRNA genes and offers two to three orders of magnitude higher coverage of microbial
diversity than typical Sanger sequencing of a few hundred 16S rRNA gene clones.
To our knowledge, this new technology has been used to compare bacterial
communities between various wastewater treatment plants (WWTPs) operated at
different geographic locations (Kwon et al., 2011; Ye and Zhang, 2011; Hu et al.,
2012b). Few studies were conducted for observation of core populations of bacteria
shared by multiple activated sludge samples from different WWTPs (Xia et al., 2010;
Zhang et al., 2011a). More recently, Kim et al. (2014) employed Pyrosequencing
technology for biological aerated filters (BAFs) microbial communities. Kwon et al.
(2010) studied the bacterial community composition and diversity of a full-scale
integrated fixed-film activated sludge system by two different methods i.e.,
pyrosequencing versus Sanger sequencing technique. There results strongly support
that conventional cloning and Sanger’s sequencing underestimated the bacterial
diversity of the samples compared with the pyrosequencing technology. The results of
Sanger’s sequencing have also shown different composition of the bacterial
community as well as for the diversity, compared with those obtained from
pyrosequencing. While, the bacterial richness (i.e., the Chao1 value) estimated by
estimated via pyrosequencing were about eight times higher than by conventional
cloning and Sanger’s sequencing. Kwon et al. (2011) investigated microbial
community composition in a pilot-scale microfiltration plant for drinking water
treatment using high-throughput pyrosequencing technology. They recovered 16S
rRNA gene fragments from raw water, membrane tank particulate matter, and
membrane biofilm and found greater bacterial diversity in each sample (1,133–1,731
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operational taxonomic units) than studies using conventional methods, primarily due
to the large number (8,164–22,275) of sequences available for analysis and the
identification of rare species. Moreover, signatures of potential pathogens including
Legionella, Pseudomonas, Aeromonas, and Chromo bacterium were also identified
suggesting a potential threat to drinking water.
One advantage of using the pyrosequencing technique is that multiple environmental
samples can be combined in a single run, and after sequencing, the reads can be
passed through their assigned nucleotide barcode, which is added in templates during
PCR. The latest release of the third-generation platform 454 Genome Sequencer XLR
(GS FLX Titanium) can yield read lengths exceeding > 450 bp and approximately 400
million high-quality bases per 10-h instrument run with an accuracy of 99.96%
(Metzker, 2010).
Zhang et al. (2011b) compared 16S rRNA gene cloning method and pyrosequencing
for microbial community analysis from a high-efficiency denitrifying quinolinedegrading bioreactor. They found that 622 pyrosequencing reads of the hypervariable
V3 region of the 16S rRNA gene revealed much higher bacterial diversity than the
130 sequences from the full-length 16S rRNA gene clone library. The 92 operational
taxonomic units (OTUs) detected using pyrosequencing belonged to 45 families,
whereas the 37 OTUs found in the clone library belonged to 25 families and 64 OTUs
detected by pyrosequencing were not represented in the clone library. Ye and Zhang
(2011) investigated pathogenic bacteria by next generation technique in activated
sludge from 14 municipal WWTPs across four countries i.e., China, USA, Canada,
and Singapore. A total of 370 870 16S rRNA gene sequences with average length of
207 bps were obtained and all of them. It was found that the most abundant
potentially pathogenic bacteria in the WWTPs were affiliated with the genera of
Aeromonas

and

Clostridium.

Aeromonas

veronii,

Aeromonas

hydrophila,

Corynebacterium diphtheria and Clostridium perfringens.
Wang et al. (2012) applied pyrosequencing technique for the analysis of bacterial
diversity in 14 WWTPs in china and found 60 genera of bacterial populations
commonly shared by all samples, including Ferruginibacter, Prosthecobacter,
Zoogloea, Subdivision 3 genera incertae sedis, Gp4, Gp6, etc., indicating that there is
a core microbial community in the microbial populations of WWTPs at different
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geographic locations. Their research also illustrated that the bacterial community
variance correlated most strongly with water temperature, conductivity, pH, and
dissolved oxygen (DO) content.
Hu et al. (2012b) investigated the microbial communities in 12 municipal WWPTs
with different treatment processes and recovered huge number (202,968) of effective
sequences of the 16S rRNA gene that widely represented the diversity of the
microbial communities. The dominant phylum was found to be Proteobacteria in
some samples, while some samples were dominated by Bacteroidetes. Lowest
diversity and evenness were observed membrane bioreactors (MBRs), possibly due to
the long sludge retention time (SRT) and low food/microorganism ratio (F/M). They
also studied, microbial communities in the two systems of one WWTP which had two
disparate treatment processes operating in parallel. The differences found between the
two indicated that the treatment process likely had effects on the structure of
microbial communities. Kim et al. (2014) analyzed relative abundances of dominant
bacterial species in the test and control BAF reactors during their startups by using
pyrosequencing technology. They also observed the different biofilm microbial
communities led to different treatment efficiencies, with higher TOC removal in the
test reactor than in the control reactor.
To date, a high-throughput pyrosequencing technique has not been applied for
revealing compositions, diversity, and dynamics of microbial communities in biofilms
developed on different filter media both synthetic and natural used in attached growth
system like TBFs for wastewater treatment. Though, exploration of thorough
microbial communities is essential in the wastewater processes and believed to affect
the efficiency, robustness, and stability of wastewater treatment bioreactors. The
application of Pyrosequencing for the development of understanding of how filter
media properties affect biofilm microbial communities will prove very helpful in the
assortment of appropriate media for respective wastewater treatment. Thus the
functional performance of biofilm reactors would enable the rational design of new
generations of packing media for the improvement of wastewater treatment.
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2.6 Trickling biofilter/biofilm reactors process models
Several design approaches, biofilm reactor model, and biofilm model types typically
are used in engineering practice. The primary objective of biofilm or biofilm reactor
models is to predict soluble substrate flux into the biofilm. This flux information can
be used to obtain an estimate of the overall biofilm reactor performance, active
biofilm surface area, electron acceptor (e.g., DO), external electron donor (e.g.,
methanol or hydrogen) and biosolids management requirements.
A protocol for the design of TBF was not developed until 1950s; during 1950s and
1960s, further studies regarding the design of efficient fixed-biofilm processes were
started by the Dow Chemical Company (Daigger and Boltz, 2011). Numerous
trickling filter process studies were conducted for developing the relationships among
variables that affect the operation of TBFs (Schulze, 1960; Germain, 1966). Both
empirical and mechanistic mathematical models were identified for TBF process
(Tchobanoglous and Schroeder, 1985; Wentzel and Ekama, 1997; Wang et al., 2006).
Existing TBF process models range from simplistic empirical formulations to
multidimensional numerical models.
Since all the fixed-film processes, in spite of great diversity in physical configuration,
contain biofilms, it is natural to think that these processes can be modeled by
developing a mechanistic model for the biofilm and then interfacing it with the
appropriate model for each of the physical process configurations. It is on these lines
that mechanistic biofilm modeling was initiated by Atkinson and his coworkers in the
early 1960s (Atkinson et al., 1974). First generation mechanistic models were
developed during 1970s to incorporate the substrate flux into the biofilm on media
used in TBF. This was based on fundamental mechanisms of substrate utilization and
mass transport by considering homogeneous biofilm distribution (Rittman and
McCarty, 1980; 1981). The major goal of these first-generation mechanistic models
was to describe mass flux into the biofilm and concentration profiles within the
biofilm of one rate-limiting substrate. The models assumed the simplest possible
geometry (a homogeneous “slab”) and biomass distribution (uniform), but they
captured the important phenomenon that the substrate concentration can decline
significantly inside the biofilm.
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During 1980s, these models began to include different types of microorganisms and
non-uniform distribution inside the biofilm (Wanner and Gujer, 1984; 1986; Rittmann
and Manem, 1992). The second generation models still maintained a one-dimensional
geometry; however, spatial patterns for several substrates and different types of
biomass were included. A main motivation for these models was to evaluate the
overall flux of substrates and metabolic products through the biofilm surface.
More recently, the third-generation mathematical models have been used since 1990s,
incorporating mechanistic representations for the factors controlling the formation of
complex two- and three-dimensional biofilm morphologies (Wimpenny and
Colasanti, 1997; Kreft et al., 2001; Laspidou and Rittmann, 2004; Picioreanu et al.,
2004; Xavier et al., 2005). The third-generation models can produce highly detailed
and complex descriptions of biofilm geometry and ecology. They are complicated and
demand a high level of modelling expertise. A pseudo mechanistic model or Logan
trickling filter model (TRIFL) has been used to design modular synthetic media
trickling filter processes (Logan et al., 1987ab).
The empirical models for biofilm processes do not require the measurement of
parameters such as oxygen utilization rate and mass transfer coefficients; they are not
based on consideration of uniformity of biomass distribution and ideal plug flow (Wu
et al., 1983); and they are not dependent on the measurement of parameters such as
oxygen utilization rate and mass transfer coefficients (Meunier and Williamson, 1981;
Hamoda, 1989). Some of the empirical models, based on the previously developed
equations and formulae, have been reported recently by and Boltz (2010) and Boltz et
al. (2011).
Various types of TBFs have been used for the treatment of wastewater for more than
60 years; their early forms were based on empirical understanding of biological
wastewater treatment (Henze et al., 2008). These models have their limitations, as
they are developed for specific reactor systems based on a particular data set. On the
other hand, mechanistic biofilm models considered processes on micro-scale such as
transport of nutrients across biofilm (Arvin and Harremoes, 1990). They demand
fundamental engineering and scientific knowledge about the chemical, physical and
biological processes of the system used for extrapolation (Andrews, 1992). However,
such knowledge is not always available to wastewater treatment process designers and
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operators and, often, the parameters required cannot be estimated (Tsuno et al., 2002;
Sarati et al., 2004). Application of biofilm reactor models to wastewater treatment
processes suffers due to the lack of knowledge of accurate kinetic models and
uncertainty in the model parameters. For simplification of mechanistic models some
parameters are often assumed to be constant. In many models, ideal plug flow has
been assumed, though it has been observed to be non-ideal with increased mixing and
dispersion at high flow rates (Mann et al., 1995). Since the bioﬁlm model covers the
entyre time scale of the dynamic processes in the bioﬁlm, it is an appropriate basis for
development of further simpliﬁed models for attached growth processes (Verma et al.,
2006).
In the developed countries, highly sophisticated bioreactors are working for removal
of organic pollutants (BOD) and nutrients in order to satisfy stricter discharge
standards. While, in developing economies, wastewater treatment in urban/semi urban
areas is a great challenge even for BOD and pathogen removal for the protection of
public and environment health. Moreover, it is evident that urban, semi-urban and
agricultural sectors in developing countries often suffer from lack of sufficient water.
Therefore, cost effective and environmentally friendly technologies, such as trickling
biofilters can play important role in achieving desired level of wastewater treatment
for potential reuse. This would require a systematic experimental and pilot scale study
to investigate the underlying key factors and mechanisms. Moreover, a simplified
model should be established that would allow improved design of BTFs for costeffective municipal wastewater treatment in developing/underdeveloped countries.
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3. Characterization of Biofilm Developed on different Support Media
for Wastewater Treatment
3.1 Introduction
Biofilm is a complex consortium, comprising either a single or multiple species of
microorganisms which affixes, survives, and grows on animate and inanimate
surfaces (Costerton et al., 1995; Davey and O’Toole, 2000; Flemming, 2010).
Biofilms occur frequently inside various engineered systems for wastewater
treatment, may be suspended or attached. The formation of biofilm on support media
is the essential part of attached growth processes; the microbial communities and their
metabolic pathways are distinct in aerobic and anaerobic processes, resulting in their
peculiar mechanisms of pollutants removal (Characklis, 1990). For supporting
microbial film in these systems different synthetic and natural materials have been
employed. Biofilm support media is one of the most critical factors by providing
surface to biomass growth and also microbial attachment and contact with
contaminants for removal (Seda et al., 2007).
To design and control the biofilm systems more efficiently, it is necessary to
understand the relationships between the growth supporting media, microbial
community succession and structure, and the process performance. The properties of
the carrier materials significantly influenced the early microbial attachment and
growth which thereby affected the performance of the biofilm reactors. However,
carrier media have been mostly chosen due to their less biodegradable nature in the
challenging environmental conditions and its availability. Thus it is very crucial to
analyze different simple and conventional methods, techniques and approaches to
study biofilms and its compatibility with media, with view of its possible application
in the study of the growth, composition and activity of biofilms on different growth
supporting media in wastewater treatment processes in the economically developing
countries. Key parameter from a water and wastewater treatment point of view is the
assessment of the active biomass/biofilm activity, which has a direct influence on the
rate of pollutants degradation. However, unfortunately most of the methods have been
developed and tested on free cell cultures and their application to biofilm analysis
requires adjusting/adaptation to the specific characteristics of the attached biomass.
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Therefore, this work aims to study the biofilm progression on different media i.e.
polystyrene (PS), polypropylene (PP), tyre derived rubber (TDR) and stones/pebbles
(ST) under aerobic and anaerobic conditions for biological wastewater treatment. This
study covers a detailed investigation of the physiological activities and evaluation of
most suitable stage of biofilm systems, by means of observing the changes in the
chemical characteristics of sludge and the media material, and by analyzing the
biodegradation potential under aerobic and anaerobic conditions. This study provides
an insight into the possible applications of suggested supporting media in fixed
biofilm reactor (FBR) for cost effective and efficient wastewater treatment.
3.2 Experimental set up and operation
3.2.1 Selection and evaluation of media
Four different types of growth supporting substrates i.e. polystyrene (PS),
polypropylene (PP), tyre derived rubber (TDR) and stones/pebbles (ST) were selected
to be used for microbial fixation. Polystyrene sheets (packing material), TDR material
(Bus radial tyre) were cut into cubical pieces, with each having surface area (6L2) of
21.95 cm2. Polypropylene material (ping pong plastic balls) having surface area (4πr2)
of 21.23 cm2 was bought from sports shop and stones (pebbles) having same average
surface areas were collected from a fresh water stream. The Xray Photoelectron
Spectroscopy (XPS) analysis was performed using a Thermo Fisher Scientific Theta
Probe spectrometer (East Grinstead, UK) for elemental quantification of the surfaces
of all these selected media. The XPS spectra were acquired using a monochromated
Al Kα Xray source (h = 1486.6 eV); an Xray spot of ~400 μm radius was
employed. Survey spectra were acquired by employing pass energy of 300 eV. High
resolution core level spectra for C 1s, O 1s, Ca 2p and N 1s were obtained with a Pass
Energy of 50 eV. All other high resolution core level spectra were produced by
employing a Pass Energy of 80 eV. All spectra were charge referenced against the C
1s peak at 285 eV to correct for charging effects during acquisition. Quantitative
surface chemical analyses were calculated from the high resolution core level spectra
following the removal of a nonlinear (Shirley) background. The manufacturers
"Avantage" software was used, which incorporates the appropriate sensitivity factors
and corrects for the electron energy analyzer transmission function.
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3.2.2 Development of biofilm on media
Biofilm were developed on various media by using activated sludge as a seed,
sampled in sterilized nalgean bottles (1000 mL) from aerobic wastewater treatment
plant (Islamabad, Pakistan). Media were placed in activated sludge in small glass jars
(height = 19.05 cm, radius = 6.95 cm) of volumetric capacity of 2891.93 cm3. Each
media was incubated separately with sludge in a single reactor and biofilm was
allowed to grow, four experiments were run with four different media in triplicates
(twenty seven reactors for each media type and overall eighty four reactors for all
selected media) under aerobic conditions. For aerobic treatment the experimental jars
were cover with perforated gauze and were periodically agitated. While exactly same
experimental set up having four different media with sludge were operated under
anaerobic conditions (in parallel). While, anaerobic conditions were created by
packing media and sludge in paraffin sealed jars initially spurged with nitrogen gas (5
min). All the experiments were conducted in batch mode at 30°C, without addition of
fresh sludge until nine weeks of experiments in order to explore the changes in the
bioreactors. After 3rd, 6th and 9th weeks of incubation of sludge with various media,
3rd, 6th and 9th experimental sets were taken out from the series of reactors and sludge
was used for estimation of physiological activities of the biofilms. The biofilms
growth on the media surfaces were subjected to weight, optical density and SEM
analysis, and finally biofilms were removed from the media surfaces for the
biodegradation assay of the synthetic media.
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Collection of activated sludge from
aerobic wastewater treatment plant

Microbiological and chemical analyses
of sludge before experimentation

Aerobic conditions at 30°C
(Batch reactors covered
with perforated material and
periodically shaken)

Anaerobic conditions at 30°C
(Batch reactors tightly sealed
with paraffin after sparged
with nitrogen gas)

Attached growth reactors
(Media were incubated with
sludge)

Attached growth reactors
(Media were incubated with
sludge)

Estimation of physiological activities of
microbes by characterization of sludge
after 3rd, 6th and 9th weeks of incubation
(Microbiological and chemical analyses)

Estimation of physiological activities of
microbes by characterization of sludge
after 3rd, 6th and 9th weeks of incubation
(Microbiological and chemical analyses)

Estimation of the growth of biofilm
by weight, optical density and
scanning electron microscopy after
3rd, 6th and 9th weeks of incubation

Estimation of the growth of biofilm by
weight, optical density and scanning
electron microscopy after 3rd, 6th and
9th weeks of incubation

Biodegradation assay of synthetic
media after removal of biofilms from
its surfaces on weekly basis by FTIR

Biodegradation assay of synthetic
media after removal of biofilms from
its surfaces on weekly basis by FTIR

Fig. 3.1─ Flow sheet of experimental setup and operation

43

Chapter 3
3.2.3 Analysis of sludge during biofilm development
3.2.3.1 Microbiological analysis
To monitor changes in the abundance of E. coli and fecal coliforms in the sludge
during biofilm development on media under aerobic and anaerobic conditions, MPN
test was performed before and after nine weeks of microbial growth on various media
in triplicate. The MPN index method (nine multiple tube dilution technique having
inverted durham tubes) was used for determination of fecal coliforms (E. coli,
Salmonella, Shigella, Klebsiella sp., Enterobacter and Citrobacter) by inoculation of
sludge samples into tubes of MacConkey’s broth and incubated at 3537°C for 2448
hrs. The positive tubes (showing growth) were subcultured on MacConkey’s agar
(MaC), Nutrient agar (NA) and Mannitol Salt agar (MSA) plates and incubated at
44.2°C for 48 hrs. Positive isolates (showing growth) were confirmed by microscopy
(Gram’s staining). For the investigation and enumeration of E. coli, Lactose broth
(LB) was used for MPN technique. Positive tubes were subcultured on EMB media
and NA agar plates.
3.2.3.2 Physico-chemical analysis
The chemical oxygen demand (COD) in the sludge samples was determined by kit
method; high range 14541 and low range 14560 CSB/COD kits (Merck Co.),
absorbance of digested sample (sludge) was taken by spectroquant (Pharo 100
Spectroquant® Merck, Germany). BOD was estimated by 5Day BOD test (5210 B),
while 4500P, 0375 Barium chrometery, 4500 NO2N and 4500 NO3N methods were
employed for determination of orthophosphate, sulphates, nitrites and nitrates
according to standard methods (APHA 2005). The pH was determined by digital pH
meter (D25 Horiba), Dissolved oxygen (DO) by digital DO meter (MM60R, TOA
DKK). All the analyses were performed in triplicates and then subjected to statistical
analysis by using Microsoft Excel Program 2007. The mean values were compared by
ttest and p < 0.05 was considered the minimum value for statistical significance.
Chemicals used in this research were of ultrapure quality and analytical grade. All
glassware and plastic ware used were washed with deionized water, soaked with 10%
HNO3 and rinsed with deionized water before use.
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3.2.4 Microbiological analysis of biofilms developed on various media
3.2.4.1 Morphological characteristics
Cultural characteristic of microorganisms is an aid in identifying and classify the
microorganisms. Growth on nutrient agar plates was used to demonstrate well
isolated colonies by observing their sizes (pinpoint, small, moderate, large),
pigmentation (color of colony), form (circular, irregular, rhizoid), opacity (opaque,
translucent), margin (entire, lobate, undulate, serrate, filamentous) and elevation (flat,
raised, convex).
3.2.4.2 Microscopic characteristics
Microscopic characterization was done for microorganisms in the biofilm using Gram
staining and then Microscopy. Using sterile technique, a smear of the isolate was
prepared, dried and heat fixed on slides. The smear was flooded with crystal violet
and allowed to stand for one minute, washed with tap water and flooded with gram’s
Iodine. That was allowed to stand for one minute and then it was washed with tap
water; it was decolorized with 95% ethyl alcohol and washed again with tap water.
After that, it was counter stained with safranin for one minute and washed with tap
water. The slide was air dried and examined under the oil emulsion objective (100 x).
The gram negative organisms appeared pink in color whereas the gram positive
organisms appeared purple in color.
3.2.4.3 Biochemical characteristics
Isolated strains of bacteria were biochemically characterized according to the
Bergey’s Manual of Determinative Bacteriology, 9th Edition (Holt et al., 1994) by
performing tests i.e., Triple sugar iron test for lactose/glucose fermentation, indole
and H2S test, citrate utilization test, nitrate reduction test, catalase test, carbohydrate
fermentation, urease test and methyl red voges proskauer test.

45

Chapter 3
3.2.5 Monitoring of microbial succession on media
The bacterial attachment and detachment on various media were carried out by
gravimetric weight and optical density (An and Friedman, 1997), microscopic and
heterotrophic plate count (HPC/mL) under aerobic and anaerobic conditions for nine
weeks at regular intervals.
3.2.5.1. Determination of biofilm weight
Biofilm weight was determined in terms of dry and wet weight by using digital
weighing balance (Scout TM pro, OHAUS). The wet weight of biofilm under different
conditions was measured after soft rinsing with distilled water. On the other hand, the
dry weight of biofilm was found by allowing it to dry by placing under aseptic
conditions in laminar flow (Envirco USA) until attainment of constant weight. Then
the weight of the biofilm on matrix was calculated by formula i.e.
Weight of biofilm = (Weight of biofilm + matrix) ─ (Weight of matrix)
3.2.5.2. Determination of biomass
Optical density (OD) of biomass growth was recorded for further quantification of
biofilm on matrix media under aerobic and anaerobic conditions for nine weeks. The
biofilms were removed from media material in 0.9% saline by sonication (Sonicator;
Yamato) for 15 minutes. The absorbance of dissolved biomass samples were taken in
triplicates at λ 550 nm wavelength (Spectrophotometer; Agilent 8453) with 0.9%
saline as a reference sample.
3.2.5.3 Determination of heterotrophic plate count (HPC/mL)
Heterotrophic plate count during succession of bacterial growth on various media
material from sludge was found by conventional serial dilution method. The biofilm
was removed in 0.9% saline by vertexing and then serially diluted up to 105. The
dilutions of 101,103 and 105 were spread plated on NA and selective growth media
i.e. Eosin metylene blue (EMB), MaCA, Salmonella Shigella agar (SSA),
Pseudomonas citrimide agar (PCA), MSA, Blood agar (BA), incubated for 24 hrs. at
37°C. Colony counts on selective media gave HPC/ml of respective bacterial group.
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The types of bacteria on specific media were further confirmed by microscopic and
biochemical analyses and characterized according to the Bergey’s manual of
Determinative Bacteriology (Holt et al., 1994).
3.2.6 Biodegradation assay of media
Biodegradation analysis of different media surfaces before (control) and after fixation
of biofilm were performed using FTIR and Scanning electron microscopic techniques.
3.2.6.1 Fourier transform infrared spectroscopy (FTIR)
The biofilms were detached from media surfaces after intervals of one week for two
months in 0.9% saline. After removing slime layer from media they were washed with
distilled water, dried and scanned from 600 to 4000 cm1 using PerkinElmer FTIR
spectrometer.
3.2.6.2 Scanning electron microscopy (SEM)
Scanning electron microscopy (JEOL JSM5910) of biofilm and media samples were
carried out in different steps. For fixation of samples, the copper stubs (10×10 mm)
were washed with detergent and dried by using the drier KADA® 85 U/SMD,
containing heat gun at 200°C (2 min). The dried samples were fixed on stub by
carbon tape (sticky on both sides). To cover the edges of sample and to ensure the
conduction of electron beam, silver paste conduction (SPICHEM) was done. Then
with high voltage (25 mA current for 50 sec), vacuum 102 ATM was created in
sputtering for gold coating by using SPIMODULE (sputter coater). The fixed sample
was then loaded on the holder and it was placed in chamber (vacuum was created in
15 min) under the column. Finally, surface morphology of media with and without
biofilm (control) was observed at 1000x and at 5000 magnification respectively.
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3.3 Results and discussion
3.3.1 Characterization of media by XPS
It is very important to discover the elemental composition of support media for
determination of the compatibility of microbes with it. Presently, XPS analysis for
evaluation of various media was undertaken by Thermo Scientific XPS Theta Probe
spectrometer with monochromatic Al Kα radiation with a 400 µm spot size. The
intensity of photoelectrons as a function of binding energy is shown in Figure 3.2.
Using XPS, it became achievable to identify elements C Is (97.12%) and O Is (2.88%)
in PS medium. While, C Is (83.5%), O Is (9.5%), Si 2p (3.7%), N Is (2.96%), S 2p
(0.30%) and Zn 2p3 (0.13%) were found in both small and large areas of the tested
TDR material. Both PS and TDR media has potential due to nontoxic elements to
maintain growth of a biofilm which can biologically oxidize organic content of
sludge. However, the presence of chlorine, sulfur, silicon, calcium, oxygen, zinc and
magnesium was observed in TDR particles used as biofilter (Park et al., 2011).
Polypropylene medium XPS analysis showed presence of C Is (53.04%), Ca 2p
(0.98%), N Is (3.05%), O Is (39.96%), S 2p (1.64%), Si 2p (0.14%) and Zn 2p3
(1.22%). Further, the stone media contain C1s (38%), O1s (49%), Ca 2p (12%) and Si
2p (1%) (Table 3.1). This suggests that in the stone medium main mineral is calcium
carbonate (CaCO32) and it has no hazardous effects on developing biofilms on its
surface and is quite durable (Feng et al., 2012). All media selected to be used for
biofilm development in the present research contains carbon and oxygen contants.
While PS, PP and ST media contains silicon and only small amount of zinic is
observed in TDR medium.
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Fig. 3.2 ─ Xray Photoelectron spectrum (XPS Survey) of different media used as
biofilter for wastewater treatment

Table 3.1 ─ Elemental composition and concentrations in various media as detected
by Xray Photoelectron spectrum (XPS Survey)
Polystyrene

Polypropylene

Tyre derived

Stone

(PS)

(PP)

rubber (TDR)

(ST)

Elements
Concentration (%)
C1s
Ca2p
N1s
O1s
S2p
Si2p
Zn2p3

97.12

2.88

53.04
0.97
3.05
39.96
1.64
0.14
1.22

83.46
2.96
9.49
0.30
3.67
0.13

37.69
12.33
48.77
1.20
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3.3.2 Microbiological analysis of biofilms developed on various media
The different bacterial strains that we isolated were characterized according to
Bergey’s Manual of Determinative Bacteriology 9th Edition (Holt et al., 1994). On the
basis of microscopy, cultural characteristics on different media and biochemical tests,
15 different bacterial strains were identified in the biofilms. The detailed microscopic,
cultural and biochemical description of all of these identified bacterial strains is given
in the Table 3.2, 3.3 3.4 and 3.5 respectively.
Out of 15 different bacterial strains, six were gram positive and nine were gram
negative. Strains 1, 3, 4, 5, 9, 11, 12, 13 and 15 were gram negative rods and showed
scattered arrangement under microscope with strains 3 as rod chain. While among
gram positive starins, 6, 7, 8, 10 and 14 were having morphology of cocci bunchis,
rod single/short, cocci short chain, diplococci/tetrad and rod chines letter like,
respectively (Table 3.3).When these bacterial strains were subcultured on different
media they showed different cultural characteristics (Table 3.2).
Further taxonomical characterization of these bacterial isolates was done by
performing biochemical tests. Strains 1, 5, and 13 produced acids as well as gas
during sugar fermentation, strains 1, 2, 3, 5, 6, 7, 8, 11, 12, 13 and 14, fermented
dextrose and sucrose while strains 9, 10 and 15 did not ferment sugar. Strains 3 and
11 showed positive results in term of H2S production while all other strains showed
negative results. Strains 8 and 9 showed negative results in case of NO3 reduction
while all other strains gave positive results. For indole production test only strains 1,
11 and 12 showed positive result. In case of MR test, strains 1, 3, 4, 6, 8, 11, 12 and
13 showed positive response while other gave negative results while in case of VP
test, only strains 5, 6, 7 and 13 showed positive results. Strains 3, 4, 5, 9, 11, 13 and
15 produced positive response while all other strains showed negative results in citrate
utilization test. In case of urease test, strains 10, 11 and 13 showed positive results
while all other strains produced negative response. Whereas e all other strains except
strain 8 showed positive results in case of catalase test. Strains 2, 8, 9, 11, 13, 14, and
15 showed negative responses in case of TSI test while the remaining strains showed
positive response according to their biochemical nature (Table 3.4).
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On the basis of microscopic, cultural and biochemical tests bacterial strains were
identified as E. coli, Bacillus subtilus, Salmonella typhimurium, Pseudomonas
fluorescens, Enterobacter aerogenes, Staphylococcus aureus, Bacillus cereus,
Streptococcus lactis, Alcaligenes faecalis, Micrococcus luteus, Proteus vulgaris,
Shigella

dysenteriae,

Klebsiella

pneumonia,

Corynebacterium

xerosis

and

Pseudomonas aerouginosa. Out of all these identified strains, 9 strains (E.coli,
Salmonella

typhimurium,

Enterobacter

aerogenes,

Staphylococcus

aureus,

Micrococcus luteus, Proteus vulgaris, Shigella dysenteriae, Klebsiella pneumonia,
Corynebacterium xerosis and Pseudomonas aerouginosa.) were identified in the
biofilms of all the four media used. While 2 strains (Streptococcus lactis, Alcaligenes
faecalis) were common in ST, PS and PP filter media biofilms but not identified in the
TDR media biofilm. Only two strains i.e., Bacillus subtilis and Pseudomonas
fluorescens were isolated from all the three media (stone, polystyrene and rubber) but
not in the biofilm of PP filter media. While the bacterial strain Bacillus cereus was
isolated from biofilms of ST and PP media (Table 3.5).
These identified bacteria were mostly pathogenic in nature; however, P. fluorescens
was reported to be involved in reducing excess sludge production in biological
wastewater treatment (Canales et al., 1994; Wei et al., 2003). While, the strains
including, B. subtilis (Horitsu et al., 1977; Zissi and Lyberatos 1996) and
Pseudomonas sp. (Chang et al., 2001; Hu, 2001) proved their role in the
biodegradation of dyes in colored textile wastewater treatment. Various researchers
reported that E. coli and Pseudomonas sp. oxidatively mineralized the soluble organic
and nitrogenous compounds in wastewater (Mara and Horan, 2003; Buchanan and
Seabloom, 2004; Van Rijn et al., 2006). Besides, B. Subtilus (Riedel et al., 1985;
Riedel et al., 1988), Pseudomonas sp. (Riedel et al., 1990; Li and Chu 1991) and
Klebsiella sp. (Ohki et al., 1994) were used as biosensors for BOD measurement in
water.
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Table 3.2 ─ Cultural characteristics of isolated bacterial strains on different media
Cultural characteristics on different media

Strain
code
NA

EMB

SS

MSA
N.S

PCA

BA

MaCa

N.S

N.S

Lactose
fermenter, Pink
colony

1

White, moist, grow
well on NA

Metallic green
sheen observed

Lactose fermenter.
Pink colonies
appeared

2

Large, circular, flat,
opaque colonies

N.S

N.S

N.S

N.S

N.S

N.S

3

Grayish colonies

Gray color,
mucoid
colonies

Central black doted
white colonies

N.S

N.S

N.S

Nonlactose
fermenter
Colorless
colonies

4

Large circular,
opaque and entyre
margin colonies

Nonlactose
fermenter
colonies

N.S

N.S

Large,
Irregular,
Yellow green,
Opaque
colonies

N.S

Nonlactose
fermenter,
Colorless
colonies

5

Numerous white
colonies

Dark brown
colony

N.S

N.S

N.S

N.S

Lactose
fermenter, Pink
colonies

6

Abundant, opaque,
golden growth

N.S

N.S

Abundant,
opaque,
yellow
colonies

N.S

βhemolytic
colonies

N.S

7

Abundant, opaque,
white waxy growth

N.S

N.S

N.S

N.S

8

Thin, even growth

N.S

N.S

N.S

N.S

9

Light creamy,
spreading viscous
growth

N.S

N.S

N.S

N.S

Small, gray,
nonhemolytic
colonies.

Nonlactose
fermenter,
Colorless
colonies

10

Soft, smooth,
yellow growth

N.S

N.S

N.S

N.S

Yellow non
hemolytic

N.S

11

Thin, blue gray
spreading growth

Pink colony,
nonlactose
fermenter

N.S

N.S

N.S

N.S

12

Thin, even, grayish
growth

White, small
colony

Light brown colony,

N.S

N.S

N.S

13

Slimy white,
translucent, convex
mucoid

Purple dark
central mucoid
colony

White slimy, shiny
appearance

N.S

N.S

N.S

14

Grayish, granular,
slow growth

N.S

N.S

N.S

N.S

N.S

N.S

N.S

Colorless
colony, non
lactose
fermenter

15

Abundant, thin
white growth

Pinkish colony,
nonfermenter

N.S

N.S

White growth.
turning media
green

βhemolytic
colonies.
Good growth,
α hemolysis

N.S
N.S

Nonlactose
fermenter,
Colorless
colonies.
Nonlactose
fermenter,
Colorless
colonies.

N.S

Key: NA = Nutrient agar; EMB = Eoisen methylene blue agar; SS = Salmonellashigella agar; MSA = Mannitol salt agar; PCA =
Pseudomonas cetrimide agar; BA = Blood agar; MaCa = MacConky’s agar; N.S = Not streak.
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Table 3.3 ─ Microscopic Characteristics of isolated bacterial strains from different
media

Strains

Microscopy
Color

Shape

Arrangement

1

Pink

Rod

Scattered

_

2

Purple

Rod

Chain

+

3

Pink

Short Rods

Scattered

_

4

Pink

Rod

Scattered

_

5

Pink

Rod

Scattered

_

6

Purple

Cocci

Bunches

+

7

Purple

Rod

Single/short chain

+

8

Purple

Cocci

Short chain

+

9

Pink

Coccobacillus

Scattered

_

10

Purple

Cocci

Diplococcic/tetrads

+

11

Pink

Rod

Scattered

_

12

Pink

Short Rods

Scattered

_

13

Pink

Rod

Scattered

_

14

Purple

Rod

Chinese letter/Phalliside

+

15

Pink

Rod

Scattered

_

Key:

Gram’s
Reaction

+ = Gram’s positive; ─ = Gram’s negative.
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Table 3.4 ─ Biochemical characteristics of isolated bacterial strains from biofilm on
filter media

Dextrose

Sucrose

H2S Production

NO3 reduction

Indole Production

MR Reaction

VP Reaction

Citrate Use

Urease Activity

Catalase activity

TSI reaction

1

AG

AG

A±



+

+

+







+

A/NC

Escherichia coli

2



A+

A+



+











+



Bacillus subtilus

Strain code

Lactose

Fermentation

K/A,

Identified
organisms

Salmonella typhimurium

3



AG±

A±

+

+



+



+



+

4



A+





+



+



+



+

K/NC

Pseudomonas fluorescens

5

AG

AG

AG



+





+

+



+

K/A

Enterobacter aerogenes

6

A

A

A



+



+

±





+

A/A

Staphylococcus aureus

7



A

A



+





±





+

A/NC

Bacillus cereus

8

A

A

A







+











Streptococcus lactis

9

















±



+



Alcaligenes faecalis

10









±









+

+

K/NC

Micrococcus luteus

11



AG

AG±

+

+

+

+



±

+

+



Proteus vulgaris

12



A

A±



+

±

+







+

13

AG

AG

AG



+



±

±

+

+

+



Klebsiella pneumonia

14



A±

A±



+











+



Corynebacterium xerosis

15









+







+



+



Pseudomonas aeruginosa

H 2S

K/A,
H 2S

Shigella dysenteriae

Key: AG = Acid and gas; + = Positive;  = negative; ± = Variable reaction; A = Acid production; K = alkaline
reaction; NC = No change; H2S = Sulfur reduction; K/A = Red/yellow; K/NC = Red/no color change; K/A, H2S =
Red/yellow with bubble and black precipitate; K/A, H2S = Red/yellow with black precipitate; A/NC = Acid/no
color change; A/A = Yellow/yellow.
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Table 3.5 ─ Summary of all identified bacterial strains retrieved from the biofilms
developed on different types of media from activated sludge
Indentified strains

Strains
number

Tyre derived Rubber

Stone media

Polystyrene Media

Polypropylene Media

1

Escherichia coli

Escherichia coli

Escherichia coli

Escherichia coli

2

Bacillus subtilus

Bacillus subtilus

Salmonella typhimurium

Bacillus subtilus

3

Salmonella typhimurium

Salmonella typhimurium

Enterobacter aerogenes

Salmonella typhimurium

4

Pseudomonas fluorescens

Pseudomonas fluorescens

Staphylococcus aureus

Pseudomonas fluorescens

5

Enterobacter aerogenes

Enterobacter aerogenes

Bacillus cereus

Enterobacter aerogenes

6

Staphylococcus aureus

Staphylococcus aureus

Streptococcus lactis

Staphylococcus aureus

7

Bacillus cereus

Streptococcus lactis

Alcaligenes faecalis

Micrococcus luteus

8

Streptococcus lactis

Alcaligenes faecalis

Micrococcus luteus

Proteus vulgaris

9

Alcaligenes faecalis

Micrococcus luteus

Proteus vulgaris

Shigella dysenteriae

10

Micrococcus luteus

Proteus vulgaris

Shigella dysenteriae

Klebsiella pneumonia

11

Proteus vulgaris

Shigella dysenteriae

Klebsiella pneumonia

Corynebacterium xerosis

12

Shigella dysenteriae

Klebsiella pneumonia

Corynebacterium xerosis

Pseudomonas aeruginosa

13

Klebsiella pneumonia

Corynebacterium xerosis

Pseudomonas aeruginosa

14

Corynebacterium xerosis

Pseudomonas aeruginosa

15

Pseudomonas aeruginosa

Media
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3.3.3 Microbiological characterization of sludge during biofilm succession
Microbiological characterization of sludge was performed before and after nine weeks
of incubation with different media in the reactors, by determination of MPN index of
two types of pathogen indicators i.e. E. coli and fecal coliforms. Both E. coli and fecal
coliforms were considered because they are most commonly used bacteria indicators
to monitor water quality conditions (GarciaArmisen et al., 2006). A significant
amount (> 1100/100 mL) of E. coli and fecal coliforms were found in activated sludge
before subjected to biofilm progression on various media.
Under aerobic conditions, maximum decrease in the MPN index of E. coli was shown
in the sludge having PP as packing media, its MPN dropped to 9/100 mL (99.1%
reduction). While, presumptive and confirmatory tests were also positive for MPN
positive tubes after nine weeks of incubation in the reactors having ST media, its
range was 21/100 mL (98.01% reduction). It was followed by both PS and TDR
media experimental sets, where MPN index decreased to 150/100 mL (86.4%
reduction) after nine weeks of incubation. On the other hand, under anaerobic
conditions maximum reduction of 97.4% in MPN index of E. coli was found in the
sludge incubated with ST media (28/100 mL), followed by PS media (93/100 mL;
91.5%) and TDR media (210/100 mL; 80.9%), after nine weeks. While, experimental
set having PP media has shown MPN index of 460/100mL (58.1% reduction) after
two months of incubation (Table 3.6).
Similarly, MPN index of fecal coliforms by using MaConecky broth, after 9 weeks of
interval showed maximum decrease in the sludge having PS media and range to
20/100 mL (98.1% reduction) under aerobic conditions. It was followed by ST media
containing sludge, having MPN of 21/100mL (98.1% reduction). While, in case of PP
and TDR media experimental sets, the MPN index dropped to range of 33 and
28/100mL (97 and 97.4% reduction) respectively. On the other side, both PS and
TDR media experimental sets showed greatest reduction of MPN index to 7/100mL
(99.4% reduction). While, ST and PP media decreased MPN index of fecal coliforms
in the sludge to 15 and 150/100 mL (98.6 and 86.4% reduction) after nine weeks of
incubation under anaerobic conditions (Table 3.6).

56

Chapter 3
In the present research, it was observed that even under anaerobic conditions the MPN
index of fecal coliforms was considerably decreased in the sludge incubated with
different types of media for nine weeks. However, various researchers have also
noticed that coliforms removal efficiency remains low in anaerobic systems (Keller et
al., 2004; Pant and Mittal, 2007).
The considerable diminution of MPN/100 mL of pathogenic microbes in all
experimental set ups, under aerobic and anaerobic environments revealed depletion of
organic matter contents in the sludge over a period of nine weeks. Various researchers
observed a positive correlation of indicator bacteria (fecal coliforms) with organic
matter (BOD) (Yathavamoorthi et al., 2010). However, the indicators showed highly
significant reduction (p ˂ 0.005) in all experimental sets in the presence and absence
of air might be due to the removal of inorganic and organic pollutants in biofilms
reactors (Wood, 1967) or due to retention in the biofilm by adsorption (Kristian
Stevik et al., 2004). Later it was associated with detachment and deactivation or death
of the microbes (Anderson et al., 2008).The removal efficiency of pathogenic
indicators has also been indirectly linked with parameters such as DO, pH and
temperature (Saqqar and Pescod, 1992; Fernández et al., 1992).
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Table 3.6 ─ MPN Index of E. coli and fecal coliforms in the sludge: before (without
matrix) and after the development of biofilm on various media

Matrix media

Conditions

E. coli*
MPN/100mL

Without
matrix

Polystyrene
(PS)

Control
(without matrix)

Fecal coliforms**
95% confidence limit
Lower

Upper

150

4800

1100

MPN/100mL

95% confidence limit
Lower

Upper

150

4800

1100

Aerobic

150

30

440

20

7

89

Anaerobic

93

15

380

7

1

21

Polypropylene

Aerobic

9

1

36

23

4

120

(PP)

Anaerobic

460

21

2400

150

30

440

Tyre derived
rubber (TDR)

Aerobic

150

30

440

28

10

150

Anaerobic

210

35

470

7

1

23

Aerobic

21

4

47

21

4

47

Anaerobic

28

10

150

15

3

44

Stone
(ST)

Key: *(Enterobacteraceae), ** (E. coli, Salmonella, Shigella, Klebsiella sp., Enterobacter and Citrobacter)
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3.3.4 Chemical changes in sludge during biofilm succession
The metabolic capabilities of microorganisms have been associated with the chemical
alteration in the sludge. Based upon these assumptions, changes in various physico
chemical parameters (COD, BOD, DO and pH) and nutrients (nitrites, nitrates,
phosphates, sulphates etc.) of sludge were monitored at regular interval (0, 3rd, 6th, 9th
weeks) during biofilm formation in order to determine microbial activities.
3.3.4.1 Estimation of COD
COD assessment has always been considered very important, as it accounts for the
amount of oxygen that is consumed in the oxidation and decomposition of
organic/inorganic material in the sludge and wastewater. Initially the mean COD of
sludge was 296 mg/L and then significantly reduced (p ˂ 0.05) after nine weeks
incubation under aerobic and anaerobic conditions with different types of media, as
shown in Figure 3.3. Under aerobic conditions, the initial COD concentrations of
sludge was considerably dropped by ST media biofilms to 74.5 mg/L, followed by
TDR to 79 mg/L (73.2%) and then PS media to 81.33 mg/L (72.5%) after nine weeks
of incubation. While, lowest reduction in the COD values was shown by PP media
which dropped to 91 mg/L after 9 weeks. On the other hand, under anaerobic
conditions, a noticeable decrease to 76.3 mg/L in the COD of sludge was observed in
PS media containing experimental set up, followed by PP to 84 mg/L (71.6%), ST to
87.4 mg/L (70.5%) and TDR media to 89 mg/L (69.9%) as shown in the Figure 3.3.
The COD reduction rate from sludge as compare to its initial concentrations (292
mg/L) was also considerably high after 3rd and 6th weeks of incubation with ST media
under aerobic conditions (198.6 and 113 mg/L respectively), followed by PS (220 and
138 mg/L respectively) and TDR media (254 and 156 mg/L respectively). Similarly,
under anaerobic conditions more reduction in the COD was noticed in ST media
apparatus i.e., to 177 and 122.34 mg/L, followed by PS media i.e., to 208.33 and
115.33 mg/L respectively after 3rd and 6th weeks of incubation. While comparatively
least reduction from 292 to 263 and 165 mg/L was observed in the sludge after 3rd and
6th weeks respectively with PP media (Figure 3.3). However, approximately 57.14%
of COD reduction was reported in mesophilic anaerobic digestion of waste activated
sludge after 3236 days (Amani et al., 2011). Though, reports have also mentioned
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8596.7% COD reduction of domestic/or industrial wastewater in fixed biofilm
reactors (TF) (Wang et al., 2006; Sakuma et al., 2008). An almost 10 25% high
reduction in COD might be related to less turbid (concentrated) conditions of
wastewaters compared to sludge used in our experiments.
3.3.4.2 Estimation of BOD
The concentration of BOD is one the most important pollution indicators that helps in
measuring the amount of organic decomposition going on through microbial
community in the aqueous environment. The amount of oxygen required by the
microorganism to oxidize the organic carbon content under specific time of 5 days at
20°C under dark is BOD5. The mean BOD5 of activated sludge before experiment was
198.6 mg/L. But during the development of biofilms from sludge in attached growth
reactors having different media, its concentration showed significant reduction (p ˂
0.05) over a period of 9 weeks under both aerobic and anaerobic conditions (Figure
3.3).
Maximum reduction in BOD5 was shown by sludge incubated with TDR media. It
noticeably decreased (p ˂ 0.02) to 172.7, 106.1 and 53.7 mg/L after 3rd, 6th and 9th
weeks respectively of biofilm development under aerobic conditions. During
incubation with PS cubes the BOD5 of sludge was significantly reduced (p < 0.01)
under both aerobic and anaerobic conditions. Under aerobic conditions, the BOD5 was
reduced to 149.82, 94.7 and 55.4 mg/L after 3rd, 6th and 9th weeks respectively. It was
followed by PP media experimental set, where the values of BOD5 of 166.6, 128.5
and 61.9 mg/L were observed after 3rd, 6th and 9th weeks respectively. The BOD
values of the sludge having stone media also showed significant reduction (p = 0.02)
in nine weeks. It was reduced after 3rd, 6th and 9th weeks to 107.3, 81 and 55.08 mg/L
respectively (Figure 3.3). The net BOD reduction was > 68% after nine weeks of
biofilm development on all the media tested. This aerobic decline of BOD5 in the
sludge was attributed to high biodegradation of organic matter by oxidation.
Under anaerobic conditions, a highly significant reduction (p = 0.01) in the BOD5
values were shown by PS media sludge i.e., 141.7, 78.4 and 55.4 mg/L after 3rd, 6th
and 9th weeks of incubation. It was followed by TDR media, which showed a
significant reduction (p = 0.01) after nine weeks of microbial growth to 57.12 mg/L.
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However, in the experimental sets having ST and TDR media, showed similar decline
in the BOD5 values after nine weeks i.e., it dropped to 60.5 mg/L. But more drastic
reduction was observed in the sludge of ST media after 3rd and 6th weeks of
incubation to103.24 and 84.2 mg/L respectively, as compare to TDR media (174.8
and 111.5 mg/L after 3rd and 6th weeks respectively (Figure 3.3). Overall, BOD
reduction exerted by biofilms developed in all the media after nine weeks of
anaerobic incubation was > 68 owing to anaerobic digestion of organic matter.
Reduction in its concentration during 9 weeks of bioﬁlm development indicates high
biodegradation of organic matter in sludge. Experimentally it was veriﬁed that in the
FBR, reduction in BOD was due to microorganisms present within the bioﬁlm (Mack
et al., 1997). It was also confirmed by lessening of MPN index of pathogen indicators
(dependent of organic matter) in the sludge over a period of nine weeks under both
environmental conditions. On the whole, there is a linear relationship between the
elimination rate of pollution indicators (COD, BOD and pathogens) with time interval
from sludge under aerobic and anaerobic conditions. Reduction in BOD has been
mostly related to biodegradation of organic matter in sludge. Previous investigations
have reported 8099% reduction of BOD in wastewater by biofilm reactors (Umble
and Ketchum, 1997; Soontarapa and Srinapawong, 2001). Typically, BOD and COD
removal rate were 81 to 86% in paper pulp effluent by aerobic digestion at 37°C and
3.7pH (Bishnoi et al., 2006). While almost 90% in textile effluent under anaerobic
conditions (Asia et al., 2006).
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Matrix

Condition

Table 3.7 ─ Sludge COD and BOD treatment efficiencies (%), exerted by biofilms developed on different types of media in the
reactors during nine weeks of incubation

PS
PP
TDR
ST

Aerobic
Anaerobic
Aerobic
Anaerobic
Aerobic
Anaerobic
Aerobic
Anaerobic

COD (mg/L)

BOD (mg/L)

Time interval (weeks)

Time interval (weeks)

0

3rd

% red

6th

% red

9th

% red

0

3rd

% red

6th

% red

9th

% red

292
292
292
292
292
292
292
292

220.33
208.3
245
263
254
257
198
177

24.54
28.7
16.1
9.93
13.01
11.98
32.2
39.4

138.3
115.4
189
165
156
164
113
122.34

52.63
60.5
35.3
43.5
46.6
43.8
61.3
58.1

81.3
76.4
91
84
79
89
74.5
87.44

72.15
73.83
68.8
71.23
72.9
69.52
74.6
70.05

198
198
198
198
198
198
198
198

149.82
141.7
166.6
178.8
172.7
174.8
107.3
103.2

24.3
28.43
15.85
9.7
12.8
11.7
45.8
47.9

94.7
78.4
128.5
112
106.1
111.5
81
84.2

52.2
60.4
35.1
43.4
46.4
53.9
59.1
57.5

55.4
55
61.9
57.12
53.7
60.5
55.08
60.5

72.02
72.2
68.3
71.15
72.9
69.4
72.2
69.4

Key: PS; Polystyrene, PP: Polypropylene, TDR; Tyre derived rubber, ST; Stone. COD; Chemical oxygen demand, BOD; Biochemical oxygen demand. % red; COD and BOD %
reduction efficiency from sludge
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Fig. 3.3 ─ Changes in COD and BOD concentrations of the activated sludge during
development of biofilm on various media under aerobic and anaerobic conditions. The
error bars represent ±SD of values obtained after triplicate experimental results
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3.3.4.3 Estimation of DO
Generally, a significant though inverse correlation exist between BOD or COD with DO.
Similar pattern was followed in the present investigation under aerobic incubation where
initially, the average concentration of DO in activated sludge was 1.20 mg/L. However,
after nine weeks, the DO concentration of sludge incubated with PS media significantly
increased (p < 0.05) up to 4.87 mg/L (79.35 %) under aerobic environment. This
experimental set was followed by ST media attached growth reactors, where DO levels
considerably raised to 3.4 mg/L (64.7%). Similarly, DO in activated sludge was raised
3.2 mg /L (62.5%) under an aerobic environment after nine weeks of incubation with
TDR media. While, biofilms on PP media exerted less increase in DO of sludge after nine
weeks to 3.0 mg/L (60%). The present increase in DO of sludge incubated with different
media, was ascribed to the constant agitation and degradation of organic compounds in
the sludge by wellestablished biofilms on the surfaces of all media (Figure 3.4a).
Contrarily, under anaerobic conditions, maximum reduction in the DO levels were shown
by sludge incubated with ST media. Where, its levels dropped (p > 0.05) from its initial
values to 0.6 mg/L (50%). It was followed by TDR media apparatus, in which DO levels
was reduced to 0.74 mg/ L (38.3%). While, DO levels of the anaerobically treated sludge
with PS and PP media were reduced to 0.79 mg/L (34.2%) and 0.8 mg/L (33.3%) after
nine weeks of incubation (Figure 3.4b). It clearly indicated depleted dissolved oxygen
content in the sludge due to oxidation of organic and inorganic compounds (Botheju and
Bakke, 2011). Since no additional oxygen was provided, DO concentration decreased and
further confirmed by the falling of pH from its initial value in almost all experimental
sets.
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) ST media. The error bars represent ±SD of values obtained after
triplicate experimental results
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3.3.4.4 Estimation of pH
The pH values were regularly monitored after each week over a period of two months (0,
1st, 2nd, 3rd… and 9th weeks). Initially pH of the sludge was 7.02 (neutral range) and later
became 7.04, 7.51,7.51 and 7.01 after nine weeks under aerobic conditions in the reactors
having PS, PP, TDR and ST media respectively (Figure 3.5). The change in pH of sludge
might be exerted due to extracellular metabolites produced by bacteria. However, slight
change in pH of sludge under aerobic condition indicated that modulating metabolites
might not be produced by the organisms.
Similarly, a slight variation in pH from 7.02 to 6.8, 6.53, 7.23 and 6.8 and was observed
after 9 week of incubation under anaerobic condition in the sludge having PS, PP, TDR
and ST media respectively as shown in Figure 3.5. Generally, acidic conditions are
created under anaerobic digestion of sludge due to accumulation of different acids (Lahav
and Morgan, 2004). Though, it was not observed in our case, indicating a slow digestion
of sludge due to less aerated/agitated conditions. Creation of acidic condition in the liquor
has also been associated with decline in microbial count and diversity. So, declining
microbial count in our experimental setups might be related to depleting nutritional
sources rather than due to pH change (Zhang et al., 2004).This pH range is appropriate
for biological activities. Also, research on activated sludge systems has shown that
bacteria are activated in pH 4–9 (Sedlac, 1991). However, high pH has a positive effect
on wastewater treatment processes, as at high pH, bacteria change their isoelectric state,
resulting in increase of the active sites on cells, exotic polymers, and as a result
improvement in the ability for bridging and bioﬂoculation (Ghanizadeh and Sarrafpour,
2001).
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Fig. 3.5 ─ Changes in the levels of pH in the activated sludge during development of
biofilm on (a) polystyrene, (b) polypropylene, (c) tyre derived rubber and (d) stone
media under aerobic
erobic and anaerobic conditions

67

Chapter 3
3.3.4.5 Estimation of nutrient concentrations
Changes in various nutrient concentrations were also considered in order to explore the
existence (physiological activities) of autotrophic microbes. Initial average concentration
of nitrite was 0.126 mg/L. After biofilm development on ST media under aerobic
conditions its levels dropped to 0.019 mg/L (84.9%) after 9th week of incubation. It was
followed by a significant decrease to 0.022 mg/L (83.3%) after nine weeks with TDR
media and PS. Comparatively less change in concentration of nitrite was shown by PP
media, where its concentration decreased to 0.042 mg/L (66.6%) (Figure 3.6a). On the
other hand the concentration of nitrate showed gradual increase from its mean value of
0.372 mg/L during fixation and maturation of biofilm and reached to 0.83, 0.7213, 0.508
and 0. 489 mg/L (55.1, 48.4, 26.8 and 23.9% respectively) in the reactors with PS, PP,
TDR and ST media respectively after nine weeks of incubation (Figure 3.6b). Generally,
declines in concentration of nitrite and raise in nitrate under aerobic conditions was
attributed to the nitrite oxidizing activity of nitrifying bacteria (Nitrosomonas sp. and
Nitrobactor sp.). These fluctuations in concentration of nitrite and nitrate in the sludge by
the existence of both kinds of bacteria was also reported b other researchers (Ghanizadeh
and Sarrafpour, 2001; Sakuma et al., 2008). However, E. coli and Pseudomonas sp. are
also reported to carry out nitrification (Mara and Horan, 2003). Thus, E. coli and P.
aerouginosa observed in the developing biofilm on different media might be responsible
to some extent for nitrification. Moreover, decrease in organic and inorganic carbon
(COD and BOD) and increase in DO positively influence the growth of nitrifiers and thus
triggered the process of nitrification.
While, under anaerobic conditions maximum reduction in nitrite concentration was found
in sludge having TDR media to 0.016 mg/L (87.2%), followed by PS media to 0.019
mg/L (84.8%) and then ST media to 0.020 mg/L (83%) after nine weeks. However, PP
media have shown decrease to 0.073 mg/L (41.9%) (Figure 3.6c). It might be due to the
trapped oxygen in the apparatus. However, under anaerobic conditions maximum
decrease in the concentrations of nitrate was observed with PS and ST media to 0.159
(57.2%) and 0.138 mg/L (62.9%) respectively from 0.372 mg/L. Apparatus having TDR
and PP media showed reduction to 0.24 mg/L (55% reduction) and 0.27 mg/L (27.4%
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reduction) (Figure 3.6d). While, that decrease in the concentration of nitrate in anaerobic
apparatuses different growth supporting media can be attributed to denitrification. When
available oxygen is exhausted (low DO concentrations) and nitrate is accessible, the
reduction of nitrate to nitrite (NO3 to NO2), nitrous oxide to molecular nitrogen (N2O, or
N2), chiefly occurs (Knowles, 1982). This nitrate reduction in the present study might be
due to Bacillus, Pseudomonas and many members of Enterobacteriaceae, identified in
the sludge as well as in the biofilm developed from sludge on media.
The mean level of sulphate in the activated sludge was 0.220 mg/L. Its concentration was
considerably decreased by ST and PS to 0.067 mg/L (69.5%) and by TDR and PP media
to 0.085 (61.4%) and 0.169 mg/L (23.2%) respectively after nine weeks in reactors (p ˂
0.05) under aerobic conditions (Figure 3.7a). From these results it was logical that due to
increase in DO concentration of sludge had positive effect on the removal of sulphate.
That decrease in sulphate concentration was indication of both free and fixed bacteria i.e.,
sulphur oxidizing bacteria (SOB) and sulphate reducing bacteria (SRB) that are able to
utilize sulphates (Lens et al., 1995). Normally the SOB’s oxidize the sulphur to sulphate.
In the presence of available dissolved oxygen, microbial metabolic rate accelerates and
increases thickness of biofilms. Thus anaerobic bacteria, such as SRB flourished in the
deeper zones of the biofilms and then reduce sulphate to sulphide (H2S which then
evaporates into the atmosphere) (Ehlers and Turner, 2012).While under anaerobic
conditions, maximum reduction in the suphates were observed in the sludge incubated
with ST and TDR media to 0.035 (84%) and 0.0724 mg/L (67%) followed by PP and PS
media to 0.105 (52.3%) and 0.135 mg/L (38.7%) respectively (Figure 3.7c). Pungent
odor was noticed in the experimental set up under anaerobic condition due to reduction of
sulphates to hydrogen sulfide which also affects methane production in anaerobic process
(Isa et al., 1986). The sulphate removal may be correlated with nitrite and phosphate
removal by microorganisms. Walker and Nicholas (1961) purified a nitrite reductase (>
600fold) from extracts geared from briskly denitrifying P. aeruginosa. This enzyme
requisiteSH groups and either PO4 or SO4 for highest activity.
The concentration of phosphates were initially very low (0.016 mg/L) in the sludge and it
was slightly reduced over a period of nine weeks both under aerobic and anaerobic
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conditions (p = 0.05). Under aerobic conditions as compare to anaerobic conditions more
reductions were noticed; the sludge having ST media have shown maximum reduction to
0.005 mg/L. It was followed by PS, TDR and PP media experimental sets, in which
phosphates concentrations were reduced to 0.0061, 0.021 and 0.024 mg/L respectively
after nine weeks of biofilm development (Figure 3.7b). Under anaerobic conditions, ST
and TDR media experimental sets have shown considerable removal of PO4 to 0.0087
and 0.007 mg/L, while biofilms developed on other media i.e., PP and PS have decreased
sludge phosphates levels to 0.054 and 0.08 mg/L after nine weeks (Figure 3.7d).
This showed that polyphosphorus accumulating bacteria (PAO’s) might be present in the
biofilm that used soluble phosphorus as a substrate. The removal of phosphate being due
to the intracellular accumulation by the organisms was confirmed by microscopic
observation (Bajekal and Dharmadhikari, 2008). Microbes utilize phosphorus during cell
synthesis and energy transport. As a result, 10 to 30% of all influent phosphorus is
removed during secondary biological treatment (Henze, 1996; Wenzel and Ekama, 1997).
Further, more reduction was observed during aerobic conditions, as PAO’s require
aerobic (sludge plus outer biofilm regions) and anaerobic (inner layer of biofilm)
conditions for phosphorus uptake. KerrnJespersenand Henze (1993) also observed rapid
phosphorus uptake in aerobic conditions. Helness and Odegaard (1999) investigated
simultaneous nitrification and phosphorus removal under aerobic conditions than under
anoxic conditions. Presently the considerable uptake of phosphate during anaerobic
conditions can be due to the process of denitrifying phosphate removal carried by
Pseudomonas sp. (Barak and Van Rijn, 2000; Van Rijn et al., 2006). Peng et al. (2011)
reported denitrifying phosphorous removal in a sequencing batch reactor (SBR) operated
using a realtime step feed strategy.
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3.3.5 Monitoring of biofilm succession on different media
3.3.5.1 Estimation of biofilm weight
A significant increase (p ˂ 0.05) in Gravimetric weight (wet and dry) was observed under
aerobic and anaerobic environments in all the experimental setups. Under aerobic
conditions, both wet and dry weight of biofilm showed increase until 9th week on PS
media while, on other three media both wet and dry weight of the biofilms increased until
7th or 8th weeks during succession and then reduced. The wet weight of PS media biofilm
significantly increased (p ˂ 0.05) from first week up to nine weeks from 0.56 to 1.59 g
(64.8%) under aerobic condition and the dry weight of the biofilm increased from 0.01 to
0.41 g (97.5%) (Figure 3.8a). During incubation of PP media with sludge, the wet weight
of biofilm increased from 0.23 to 0.54 g and dry weight of the biofilm increased from
0.02 to 0.25g (Figure 3.8b). While, wet weight of TDR media biofilm increased (54.9%,
p ˂ 0.05) up to 7th week from 0.23 to 0.51g and a significant increase (95.1%, p ˂ 0.01)
was also observed in dry weight (Figure 3.8c). In case of stone media, the wet weight of
biofilm showed significant increase until 7th week (0.45 ± 0.01 g) and then followed by a
sharp decrease and reached to 0.29g after nine weeks. While the dry weight, also
increased until 7th week (0.15 g) and then reduced to 0.05 g (Figure 3.8d).
Under anaerobic conditions, similar tends in increase of wet and dry weight until 9th was
shown by biofilm growth on PS media giving an increase of 48.71% and 87.5% in both
wet and dry weights respectively (Figure 3.9a). The wet weight of biofilm showed
increase from 0.31 to 0.42 g (p ˂ 0.05) and dry weights from 0.01 to 0.25 after 6 weeks
for biofilm developed on PP media (Figure 3.9b). While in case biofilm growth on TDR
media, the wet and dry weight increased from 0.31 ± 0.01 to 0.42g (26.2%) and 0.04 ±
0.001 to 0.25g (84%, p ˂ 0.01) respectively after 7th weeks of incubation and then slight
decrease (0.18 ± 0.001g) after 9th week (Figure 3.9c). In case of ST media, the wet
weight of biofilm showed a slow increase up until 3rd week (0.39 ± 0.01 g) followed by a
gradual decrease and then became 0.23 ± 0.01 g after 9th week. The dry weight showed a
regular increase from 1st week (mean; 0.02 g) up until 5th week (mean; 0.09 g), followed
by decrease to 0.04 g after 9th week (Figure 3.9d).
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Fig. 3.8 ─ Changes in the wet and dry weight of biofilm during succession on (a)
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3.3.5.2 Estimation of biofilm OD
Spectrophotometric absorbance (OD) was most reliable method to quantify total biofilm
and there was a linear relation between optical density and dry weight and OD is
proportional to strength of bacteria within fixed ranges of cell size and shape (Koch,
1984; Joannis et al., 1998). In the present study, changes in the OD (550) of biofilm during
succession on all the selected media under both aerobic and anaerobic conditions
followed similar pattern as shown by changes in gravimetric weight analysis.
Under aerobic conditions, the biofilms on PS media showed increase in OD from 1st
week to 7th week i.e., 0.031 ± 0.003 to 0.325 ± 0.007 respectively. On the other hand,
anaerobic biofilm revealed constant increase (p = 0.009) in OD and reached to 0.0973 in
nine weeks from 0.045 ± 0.005 (Figure 3.10a). While, other media i.e. PP, TDR and ST
supported increase in biofilm OD until 6th/7th weeks and then showed decrease in
spectrophotometric absorbance under both aerobic and anaerobic conditions (Figure
3.10). Maximum OD i.e., 0.804 ± 0.005 and 0.752 ± 0.009 was shown by seven weeks
old biofilms removed from ST media developed under aerobic and anaerobic conditions
respectively (Figure 3.10d).
Biofilm growth on TDR media under aerobic conditions, showed drastic increase in OD
after 1st week (0.249 ± 0.005) followed by slow change until 7th week (0.186 ± 0.006).
The OD of TDR biofilm further decreased after seven weeks due to detachment, and
reached to 0.148 ± 0.006 after nine weeks. Fluctuations in OD of anaerobic biofilm on
TDR media was also recorded i.e. 3rd week OD was 0.647 ± 0.002 followed by reduction
after 5th week (0.422 ± 0.002) and again increased in six weeks (0.574± 0.002) old
biofilm which finally decreased after nine weeks (0.119 ± 0.004) of experiment (Figure
3.10c). On PP media aerobic biofilm showed gradual increase in spectrophotometric
absorbance until eight weeks (0.4024 ± 0.0002) followed by a slight decrease to 0.2854 ±
0.0026 after 9th week. On the other hand, seven weeks old anaerobic biofilm revealed
maximum OD (0.282) and then decreased after nine weeks and reached to 0.173 (Figure
3.10b).
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3.3.5.4 Assessment of heterotrophic plate count (HPC/mL)
Microbiological characterization of sludge (before subjected to biofilm growth) on the
basis of colony morphology, microscopic and biochemical tests showed the presence of
16 bacterial strains. Most of them were gram negative rods (Escherichia coli,
Pseudomonas aeruginosa, Enterobacter aerogenes, Salmonella typhimurium, Proteus
vulgaris, Alcaligenes faecalis, Shigella dysenteriae, and Klebsiella pnuemoniae) and five
were gram positive (Bacillus subtilis, Staphylococcus aureus, Micrococcus luteus,
Streptococcus lactis, and Corynebacterium xerosis). A number of invading primary
biofilm colonizers on all media were gram negative, flagellated, aggregated rather than
being a single layer cells (Table 3.3). Such type of bacteria was also reported from
wastewater treating fixed biofilms (Eighmy et al., 1983; WojnowskaBaryła et al., 2010).
The composition and development of such biogrowth depend on many factors (nature of
media, availability of water, organics) and microbes in the sludge. Some bacterial species
i.e. E. coli, P. aeruginosa, S. typhimurium and S. dysenteriae were selected to be
monitored by their viable colony count (HPC/mL) on all media under aerobic and
anaerobic conditions for nine weeks in order to explore the exact time of microbial shift
from pathogenic biofilm. These selected Enterobacters (E. coli, Salmonella and Shigella)
have curli adhesive fibers which promote biofilm formation to abiotic surfaces under
different conditions (Uhlich et al., 2006). The biofilm formation capacities of E. coli (K
12) were directly related with its ability to swim with flagella. Biofilms of S. typhimurium
can appear on abiotic (glass, polystyrene, stainless steel) as well as on biotic surfaces
(human epithelial cells or gallstones) and mostly associated by curli fimbriae and
cellulose (Arnold and Bailey, 2000; Zogaj et al., 2001).
The growth patterns were quite varying among different bacterial strains during biofilm
development on all the media under aerobic and aerobic conditions. In case of PS media,
all selected pathogens were observed in the initially developed aerobic biofilm. It was
noticed that there was an increase in E. coli colony count/mL up until 2nd week (4.4 x
103/mL) followed by a decrease until 7th week (2.0 x 102/ml,) and then E. coli disappeared
after 8 weeks in the PS media biofilms. An increase in the count of S. typhimurium was

observed until first two weeks (HPC/mL from 6.5 x 102 to 4.7 x 103) followed by a
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decrease and then disappeared after 7th week. While it only appeared in 2ndand 3rd weeks
in anaerobic condition. The third pathogen indicator, S. dysenteriae was noticed from
third to sixth week in increasing order i.e. HPC/mL from 1.0 x 102 to 8.0 x 102 and then
disappeared. While, the pathogen P. aeruginosa was observed only in three week old
biofilm with HPC/mL of 1.3 x 103 and then vanished (Figure 3.11a). However, in case of
TDR media, initially the number of E. coli increased in the ﬁrst 2 weeks (2.9 x 103/mL)
and then it started declining and almost disappeared in the 5th week. Similar growth
pattern was observed in case of S. typhimurium, and it appeared in the 1st and 2nd week
old biofilms and later it ceased to exist after 5th week biofilm. Salmonella dysenteriae
was noticed from 1st to 3rd week in the increasing order of 1.5 x 102 HPC/mL initially and
disappeared in four weeks old biofilm (Figure 3.11c).
However, aerobically developed biofilm on PP media showed an increase of E. coli
HPC/mL until 4th week (2.5 x 103) followed by a decrease in four weeks (1.9 x 102) and
finally vanished in five weeks old biofilms. The second pathogen, S. typhimurium was
identified only till 4th week (1.0 x 102 and 6.0 x 102). The pathogen, S. dysenteriae was
noticed till 6th week with HPC/mL of 9.0 x 102, as shown in the Figure 3.11b. While in
the case of ST media biofilms, similar trends of an increase in E. coli colony counts were
noticed till 3rd week (3.4 x 103 HPC/mL). The S. typhimurium showed its appearance till
5th week (4.0 x 102/mL) and then disappeared. The colonies of S. dysenteriae were
noticed from 3rd week to 6th week in biofilm in the range of 2.0 x 102 – 6 x 102
counts/mL. While, the forth pathogen P. aerouginosa maintained their appearance in 4th
and 5th weeks old biofilms (2.5 x 102 to 3.0 x 102 counts/mL), as shown in the Figure
3.11d.
While, under anaerobic conditions the same pathogen indicators have shown different
trends in the biofilm on various media. In case of PS media, the colony counts of E. coli
were 5.5 x 103 in the 2nd week biofilm and then continuously decreased and finally
disappeared after 7th weeks of incubation. Pseudomonas aerouginosa was observed till
3rd week with HPC/mL of 1.0 x 102 and then vanished (Figure 3.12a). In case PP media,
E. coli started their appearance in the 2nd week (HPC/mL, 1.1 x 104), then decreased after
3rd week and disappeared in 5th weeks old biofilms. While, S. typhimurium appeared in
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the 2nd (HPC/mL of 7.8 x 102) and 3rd (HPC/mL of 2.0 x 102) weeks old bioﬁlms. The
third pathogen, S. dysenteriae appeared in biofilm samples from 2nd (HPC/mL, 9.8 x 102)
to 6th week (HPC/mL, 1.0 x 103) (Figure 3.12b). The most prominent pathogen E. coli, in
case of TDR media biofilms was noticed until 4th week (HPC/mL; 3.6 x 103). The highest
count of S. typhimurium was recorded in two weeks old biofilm (1.5x 102) and then
disappeared after 3rd week. While, S. dysenteriae were found until 3rd week (1.2 x 102).
But, P. aeruginosa was not seen on TDR media under both aerobic and anaerobic
conditions until nine weeks (Figure 3.11c). However, it was previously reported that P.
aeruginosa can form biofilm under any condition that allow growth (O’Toole and Kolter,
1998). Thus, it was evident from present study that TDR media cannot support P.
aeruginosa growth. Similarly, biofilms on ST media showed gradual increase in E. coli
colony counts until 5th week and their count reached to 2.2 x 103/mL Whereas, anaerobic
biofilm maintained S. dysenteriae colonies in only second and third week sample with
HPC/mL of 2.0 x 102 and 3.0 x 102 respectively. The P. aerouginosa started appearance
after 4th week (1.0 x 102counts/mL) and diminished after 5th week (1.0 x 102 HPC/mL) of
incubation (Figure 3.12d).
The disappearance of all selected pathogens after some weeks in the succeeding biofilm,
constant increase in weight and OD of the biofilm, reduction in chemical parameters
(COD and BOD) and various nutrients (nitrite, nitrate, phosphate and sulphate) in sludge
pointing towards the microbial shift from pathogenic indicators towards other microbes
(both heterotrophic and autotrophic) involved in the formation of biofilm on various
media. Also, approximately 99% of bacterial colonies cannot be detected by conventional
cultivationdependent microbiological methods (Wimpenny et al., 2000).
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Fig. 3.11 ─ Changes in heterotrophic plate count per mL of biofilm during succession on
(a) polystyrene, (b) polypropylene, (c) tyre derived rubber and (d) stone media surfaces
from activated sludge under aerobic conditions over a period of nine weeks.
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Fig. 3.12 ─ Changes in heterotrophic plate count per mL (HPC/mL) of biofilm during
succession on (a) polystyrene, (b) polypropylene, (c) tyre derived rubber and (d) stone
media surfaces from activated sludge under anaerobic conditions over a period of nine
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3.3.6 Biodegradation estimation of media
3.3.6.1 Scanning electron microscopy (SEM)
Scanning electron microscopy is a wellestablished fundamental technique to examine the
morphology of bacteria adhered on surfaces, the topography of the material surface, and
the associations between them. It is capable of demonstrating even a single bacterium and
the relation of the biofilm to surfaces. Thus SEM was employed in order to determine the
biodegradation analysis along with determination of microbial succession on all media
used in this study. Presently, preliminary attachment of bacteria on media monitored by
light microscopy showed maximum adhesions and growth of bacilli of different sizes and
few cocci in three weeks old biofilm (in both environments). When different sizes and
shapes appeared, then SEM micrographs of media were taken from different angles in
order to study the biofilm absolutely.
3.3.6.1.1 Biofilm growth on PS medium
Micrographs of PS media taken from different angles by SEM revealed bacterial growth
and also the degradative changes on the surface PS media (topographic changes). Figure
3.13b shows clear visualization of three weeks old biofilm having few cocci and bacilli
of various sizes. Extensive attachment and microbial growth (bacilli and cocci of
different sizes) were seen after six weeks of biofilm development (Figure3.13c). Some
distinctive pattern of bacterial arrangement like cocci in very compact form and bacilli in
ring shaped (Figure3.13d) was observed. An obvious change in surface morphology of
media was also observed after nine weeks of biomass growth on media under aerobic
conditions. Under anaerobic conditions bacilli appeared to be organized in long filaments
in six weeks old biofilm (Figure 3.13e). After nine weeks of incubation PS media was
found completely covered with microbial growth (Figure 3.13g).
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3.3.6.1.2 Biofilm growth on TDR medium
SEM micrographs revealed the high surface area due to porous nature of the TDR media,
as shown in Figure 3.14a. Large surface area will sustain more microbial growth. Figure
3.14b illustrates primarily (3rd week biofilm) few bacteria on the media but six weeks old
biofilm has some cocci and bacilli of various sizes under aerobic conditions, as shown in
Figure 3.14c. While, Figure 3.14d revealed considerable increase in aerobic bacterial
growth (9th week biofilm) on TDR media. Figure 3.14e shows three weeks old bio
growth having few bacilli and appearance of narrow cracks on the surface of TDR media.
While, Figure 3.14f illustrating drastic increase in bacilli of larger sizes during
succession of the biofilm after six weeks. On the other hand, nine weeks old biofilm has
bacteria (mostly rods) embedded deep in thick EPS, as shown in Figure 3.14g. Thus
SEM revealed constant enlargement in the growth of the biofilm during its succession on
TDR media. But pattern of biofilm expansion was different under anaerobic as compared
to aerobic state. As surface cracks of media become wider under anaerobic environment
indicating mechanism of biotransformation (due secretion of enzymes and utilization of
matrix components as energy source), as shown in Figure 3.14f.
3.3.6.1.3 Biofilm growth on PP medium
Scanning electron micrographs of PP media Figure 3.15a illustrate surface with
colonization. While, primarily (in 3 week biofilm) few bacteria on the media was evident
but six weeks old biofilm has some cocci and bacilli of various sizes under aerobic
conditions (Figure 3.15b). While, Figure 3.15d revealed considerable increase in aerobic
bacterial growth (9 week biofilm) on PP media. On the other hand, nine weeks old
biofilm has bacteria (mostly rods) embedded deep in thick EPS as shown in the Figures
3.15d and 3.15de. Thus SEM revealed constant enlargement in the growth of the biofilm
during its succession on plastic media. But pattern of biofilm expansion was different
under anaerobic as compared to aerobic state.
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3.3.6.1.4 Monitoring of biofilm growth on ST medium
In case of ST media, Figure 3.16a shows the surface topography of stone investigated by
SEM illustrated its rough appearance. It has granular, porous and uneven nature
providing sufficient place for progression of biofilm. This roughness of substratum
increases surface area, aiding colonization, as enables glycocalyx to affix more easily by
providing anchoring points, and protects the microbes from fluid dynamic shear forces.
While the adhesion of bacteria in six weeks old biofilm having a large community of
bacilli as compared to sparsely distributed cocci under aerobic condition as in Figure
3.16b. On the other hand, Figure 3.16c represents the maturation of phase of bacterial
growth on the surface of media after nine weeks of succession. Under anaerobic
condition, comparatively smaller number of bacilli and cocci appeared under 5000x
resolution in six weeks old biofilm (Figure 3.16d). The Figure 3.16e shows detachment
phase in which the bacilli have lined up in a long string like appearance surrounding the
stone matrix after nine weeks. There was no remarkable change in the surface
morphology of stone media during biofilm development.
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Fig. 3.13 ─ SEM micrographs of PS media (a) representing surface morphology without
biofilm (control), (b) 3rd, (c) 6th and (d) 9th weeks biofilms developed under aerobic
conditions; While (e) 3rd, (f) 6th and (g) 9th week biofilms developed under anaerobic
conditions
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Fig. 3.14 ─ SEM micrographs of TDR media (a) representing surface morphology
without biofilm (control), (b) 3rd, (c) 6th and (d) 9th weeks biofilms developed under
aerobic conditions; while (e), (f) and (g) represent 3,9, and6 weeks old biofilms
respectively developed under anaerobic conditions
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Fig. 3.15 ─ SEM micrographs of PP media (a) representing surface morphology without
biofilm (control), (b) 6th and (c) 9thweek biofilms developed under aerobic conditions.
While, (d) and (e) represent 6th and 9th week biofilms respectively developed under
anaerobic conditions
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Fig. 3.16 ─ SEM micrographs of ST media (a) representing surface morphology without
biofilm (control), (b) 6th and (c) 9th biofilms developed under aerobic conditions. While,
(d) 6th weeks and (e) 9th week biofilms developed under anaerobic conditions
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3.3.6.2 Fourier transform infrared spectroscopy (FTIR)
FTIR spectroscopy is analytical procedure in many biodegradation studies. Thus it was
employed for recognition of chemical and surface changes, exerted by microbial growth
on different types of packing media until ninth week of biofilm establishment under
aerobic and anaerobic conditions.
3.3.6.2.1 Monitoring of biodegradation of PS medium
Polystyrene media was analyzed, using FTIR periodically (weekly) during aerobic and
anaerobic treatment with sludge for nine weeks. A clear decrease in % transmittance at
3400 cm1 region indicated hydroxylation, production of carboxylic acid and alcohols
both under aerobic and anaerobic environments. The decrease in % transmittance at 755
and 758 cm1 regions representing CH bending mode of aromatic ring in PS materials
under aerobic and anaerobic conditions respectively. Ring bending vibration due to
changes in 695 cm1 wave was determined in both aerobic and anaerobic samples when
compared with control. Some characteristics peaks were also observed at 1026, 1453,
1491 and 1649 cm1 region which indicated C=C stretching/vibrations of aromatic rings.
While aromatic CH stretches were indicated by 2860 and 2925 cm1 wave number under
aerobic conditions (Figure 3.17).
SEM images have also showed microbial growth on PS media until nine weeks. These
changes were significantly correlated with decrease levels of COD and BOD along with
shift in microbial community. Similar changing patterns of polymers associated with
sludge digestion were reported previously (Yabannavar and Bartha, 1993). These
changing patterns in PS medium during biofilm development certainly raise issues
regarding its longterm applicability in any form of bioreactor used for the treatment of
wastewater. As the treatment efficiency of the bioreactor depends on these microbes and
filter media (Wang et al., 2000; Leonard, 2009). The present study indicated presence of
Bacillus cereus in the developing biofilm on PS. This bacterial strain was previously
reported to be involved in the degradation polystyrene along with other bacteria and fungi
(Mooney et al., 2006; Atiq et al., 2010). These microorganisms proved to be secreting
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different hydrolytic enzymes which cause the breakdown of the long chains of polymers
into small molecules which are then assimilated into cells as refined nutritional source
(Moen and Hammel, 1994; Rabinovich et al., 2004). In this reference, the hydroquinone
peroxidases have been typically associated with biodegradation of polystyrene by the
bacterialike Azotobacter beijerinckii.
3.3.6.2.2 Monitoring of biodegradation of TDR medium
In case of TDR media no significant change was observed until 4th week under aerobic
condition (data attached in appendix), however after 6th week of biofilm progression
some new peaks were developed at the region of 1541 cm1and 1464 cm1 indicating
C=C bond stretching. Additionally, after 5th and 6th weeks spectra showed multiband
peaks indicating a couple of peaks indicated development of C–H (SP3 hybridization) at
2861 and 2921 cm1 (Figure 3.18a). While, under anaerobic conditions similar multiband
peaks appeared after 1st week in the regions of 2915.28 and 2847.50 cm1 indicating the
development of CH (SP3hybridization). A sharp peak appeared at 2168.58 showing
terminal alkynes production and two new peaks developed at 1635.06 and 1543.94 cm1
indicating NH2 bending. After 3rd week of incubation with sludge, a broader peak
developed at 3052 cm1 denoting carboxylic acid production by oxidation. While, after 4th
week peaks appeared showing more acid production and saturation through development
of single bond C–H, i.e. SP3 hybridization (Figure 3.18b). It was obvious that microbial
succession caused limited biotransformation in TDR although it was higher under
anaerobic than aerobic experimental conditions.
Many previous reports have established the biodegradation or biotransformation of
natural and synthetic rubber, however, the synthetic or blended form of rubber was prone
to less biodegradation (Seal and Morton, 1986; Holst et al., 1998; Rose and Steinbüchel,
2005; Yikmis and Steinbüchel, 2012; Shah et al., 2013).The chemical changes in rubber
have been linked with oxidative breakdown of the polymeric structures (isoprene,
styrene, neprene and butadiene) by extracellular oxidative enzymes leading to production
of aldehyde and/or carbonyl groups. In this process the role of bacterial species like
Nocardia sp. strain 835A (Tsuchii et al., 1985), Pseudomonas aerouginosa AL98 (Linos
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et al., 2000), Bacillus sp. SBS25 (Cherian and Jayachandran, 2009), Xanthomonas sp.
strain 35Y and Streptomyces sp. strain K30 (Shah et al., 2013) and have been well
established. The durability of TDR depends upon its strong polymeric nature combined
with different adhesives, retardants, and vulcanizing agents. Limited biotransformation
of surface composition of TDR indicated that it can be a valuable support material in
aerobic FBR for long term use in wastewater treatment. Additionally, the results also
highlighted the magnitude of microbially mediated biodegradation of TDR at sites where
solid waste containing discarded tyres and related polymer is dumped in soil, where
synthetic rubber biodegradation has proved to be a very slow process (Rose and
Steinbüchel, 2005). So, therefore, the natural phenomenon of bioremediation of
polymeric compounds can be further stimulated by augmenting relevant microbes by
supplementing their nutritional requirements in natural environments.
3.3.6.2.3 Monitoring of biodegradation of PP medium
FTIR spectra of PP media clearly revealed a gradual decrease in % transmittance at 3371
cm1 region indicating hydroxylation and production of carboxylic acid and alcohols both
under aerobic and anaerobic environments. Under aerobic condition no significant
change occur until 4thweek however after 6th week some new peaks were developed at the
region of 1031,1278 and 1645 cm1 indicating the production of CO and C=C. After 5th
and 6th weeks spectra showed multiband peaks indicating the development of OH at
33001 region (Figure 3.19a). Under anaerobic conditions after 1st week, 3341 cm1 broad
peak appeared indicating the development of OH. While, sharp peak appeared at the
region of 1400 cm1 showing CH bond and two new peaks developed at the region 1050
and 969 cm1 indicating CO and C=C bond formation. After 3rd week of incubation with
sludge at 3343 cm1 broader peak developed indicating the production of carboxylic acid
by oxidation. After 4th and 5th week peaks showing more acid production and
unsaturation occurred by production of single bond C=C i.e. sp2 hybridized (Figure
3.19b).
The depolymerization of the long polymer chains has reported as a results of microbial
extracellular enzymes, leading to further mineralization of the polymer into end product
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like, H2O and CO2 (Meyer and Wallis, 1997; Pal et al., 2010). Changes in the PP
material, by appearance of new peaks indicating C¯O and C¯C bond formation after 5th
week is observed in present study. Such minor changes in the structure of polymer under
both conditions might be due to microbial degradation, as Pseudomonas and Vibrio were
previously reported to degrade plastics (Cacciari et al., 1993). However, plastic can be
used as ﬁlter media in the FBR for wastewater treatment, as its microbial degradation is
complete mineralization without hazardous effect to the corresponding terrestrial and
aquatic environments (Arutchelvi et al., 2008).
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(a)

(b)

Fig. 3.17 ─ FTIR spectra of showing changes in the PS media (a) under aerobic (b) and
anaerobic conditions until 7th week of incubation with activated sludge
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Fig. 3.18 ─ FTIR spectra of considerable changes in the TDR media (a) under aerobic
(b) and anaerobic conditions until 6th week of incubation with activated sludge
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(a)

(b)

Fig. 3.19 ─ FTIR spectra of considerable changes in the PP media (a) under aerobic (b)
and anaerobic conditions until 6th week of incubation with activated sludge
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3.4 Conclusions
Monitoring of the microbial succession on PS, PP, TDR and ST media from activated
sludge determined by weight, OD and SEM showed formation of biofilm after 1st week in
both aerobic and anaerobic conditions. The observations on the changes in activated
sludge constituents and materials itself show the remarkable influence of both aerobic
and anaerobic conditions. A significant reduction in various chemical parameters (COD,
BOD) of sludge has been observed, on account of undergoing physiological activities of
microorganisms. The average BOD/COD of activated was noticeably decreased after
nine weeks of biofilm development under aerobic and anaerobic conditions respectively.
However, reduction in COD, BOD, and changes in pH was noticed during initial
succession of microbes on all types of the media, suggesting development of
metabolically active biofilms. Decrease of HPC/mL (pathogenic indicators) in biofilm
and MPN index (fecal coliforms and E. coli) of sludge represented a shift from
pathogenic indicators to unculturable microbes and deterioration of organic contaminants
in the sludge. Considerable reductions in nutrients (sulphate, phosphate, and nitrite) in the
sludge during succession of slime layer indicating the presence of sulphate utilizing,
phosphate accumulating and nitrite oxidizing bacteria in the biofilm. Under anaerobic
condition the biodegradative changes exerted by biofilm intensification on media was
observed by SEM (formation of cracks on TDR medium) and conformed by FTIR.
Generally, all four types of media used, showed durability under aerobic condition as
observed by biodegradation investigation (SEM and FTIR) and can be employed as
biofilter media in aerobic FBR for wastewater treatment. Therefore, the aerobic condition
in the biofilm system with all these media can ensure the efficiency and durability of the
bioreactor components. From the present research study, it was recommended to use all
these packing media in the aerobic attached growth reactors, investigate the microbial
community profile of the biofilms developed on it at wide range of temperatures (10, 20
and 30°C) and check the contaminant removal efficiencies of these biofilms at the
selected temperatures.
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4. Investigation of Complex Aerobic Biofilms Developed on Different
Support Media for Municipal Wastewater Treatment by Next
Generation Sequencing (NGS)
4.1 Introduction
Biological treatment of wastewater is the largest application of biotechnology in the
world. The beneﬁcial activities of naturally occurring microorganisms are accelerated
by harnessing and concentrating microorganisms in bioreactors. Thus enabling the
removal of oxygen-depleting organic contaminants, toxins, and nutrients and
preventing the discharge of pathogens. The compositions, diversity, and dynamics of
a microbial community are believed to affect the efficiency, robustness, and stability
of wastewater treatment plants (Wagner et al., 2002). Thus, the study of the
microorganisms in wastewater treatment processes is crucial to better understand the
functions and performance of wastewater treatment. Moreover, a thorough knowledge
of microbial information is essential to develop operating strategies and improve
process performance (Wagner and Loy, 2002).
Despite the environmental and economic importance of these processes, the
knowledge of the microbial communities within biological wastewater treatment is
incomplete, primarily because of a lack of suitable tools for their analysis. The
traditional microbiological techniques and conventional microscopy are insufficient to
determine the composition, structure, stability, function and activity of bacteria
involved in wastewater treatment processes. Culture-dependent methods are biased by
the selection of species which obviously do not represent the real dominance structure
(Gilbride et al., 2006, He et al., 2011). The applications of conventional molecular
techniques in the last 2 decades, such as ﬂuorescence in situ hybridization (FISH),
denaturing gradient gel electrophoresis (DGGE), terminal restriction fragment length
polymorphism (T-RFLP), quantitative PCR, 16S rRNA clone libraries, etc., have
provided new insights into microbial community structure. However, these methods
generally provide incomplete information about the microbial diversity and
community within the biological wastewater treatment systems because of difficulty
detecting most of the low-abundance organisms in a wastewater microbial community
(Xia et al., 2010).
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Pyrosequencing of the 16S ribosomal RNA (rRNA) is a recently developed molecular
technique that provides a more precise characterization of bacterial communities since
the diversity revealed within each sample is far larger than that detected by other
molecular techniques such as ﬁngerprinting and can generate hundreds of thousands
of short sequences (Margulies et al., 2005). Thus signiﬁcantly improve researchers’
ability to investigate the low-abundance microorganisms (Sogin et al., 2006). Recent
studies have used pyrosequencing to characterize bacterial communities from impeller
retrieved from customer water meters (Hong et al., 2010) and in membrane ﬁltration
systems from a drinking water treatment plant (Kwon et al., 2011). Pyrosequencing
has been applied successfully in studying microbial communities from humans, soils,
oceans, and bioreactors (Roesch et al., 2007; Schlüter et al., 2008; Eilers et al., 2010;
Kirchman et al, 2010; Qin et al., 2010; Jaenicke et al., 2011; Sundberg et al., 2013;
Martínez et al., 2014). To date this technique has not been applied to the analysis of
bacterial communities of biofilms formed on various packing media used in fixed
biofilm reactors (FBR) for wastewater treatment.
The aim of this study was to provide new knowledge of bacterial community structure
and composition found on various types of synthetic and natural support media used
in the previous study. This was achieved by applying PCR based 454 pyrosequencing
to bioﬁlm samples obtained from the media surfaces from laboratory scale,
temperature-controlled experimental facility of the aerobic reactors. Then the
sequences were processed by using bioinformatics tools. In particular we sought new
understanding of the inﬂuence of different temperature conditions and media types on
the bioﬁlm composition responsible for wastewater treatment. To the best of our
knowledge, this study is the first application of pyrosequencing to characterize and
compare biofilm samples on different types of media. Such information is important
for the best operation and management of the FBRs in the future. It will prove very
helpful in the selection of proper media having tendency of carrying diverse biofilm
for respective wastewater treatment in the areas with extreme temperature conditions.
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4.2 Material and Methods
4.2.1 Experimental set-up and operation
Biofilms were developed on sterilized media such as polypropylene, stones,
polystyrene and tyre derived rubber by using municipal wastewater as a seed. All four
media were incubated in wastewater in small reactors i.e., 500 mL beakers and
biofilms were allowed to grow on media under aerobic conditions. The aerobic
conditions were maintained by using aquarium pumps in all experimental setups. All
the experiments were conducted in continuous mode, with the addition of freshly
collected wastewater until two weeks (14 days) of experiments in order to explore the
changes in biofilm on different media under different temperatures i.e., 10, 20 and
30°C.
4.2.1.1 Wastewater physico-chemistry
Several physico-chemical factors of the influent and effluent samples were analyzed
three times (initial, medial and final) during the whole experimental period 2 weeks of
the biofilm development on different packing filter media. Every analysis was
performed three times for each water sample (three subsamples) to increase the
reliability of the measurements and the average of the three replicates was calculated.
Measurements of temperature and pH were made using their respective meters.
While, biological oxygen demand (BOD5) and dissolved oxygen (DO) were
determined according to APHA (2005).
4.2.2 DNA extraction and amplification of bacterial 16S rRNA
4.2.2.1 Sample collection and preparation
Biofilms were removed from all supporting media developed at 10, 20 and 30°C.
These media with attached growth were first rinsed with distilled to remove any solid
contamination. Then biofilms were removed from media surface in phosphate buffer
(PBS) by vortexing and centrifuged at 10,000  g for 5 min to collect the bacteria cell.
Finally cells were resuspended in 100 L (Logan et al., 2005) of sterile DNase and
RNase free water (Promochem LGC) for DNA isolation.
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4.2.2.2 DNA extraction
The DNA was extracted separately from biofilm samples using a FastDNA SPIN Kit
for Soil (Q-BioGene) (Logan et al., 2005) and 2 mL of lysing matrix tube E (a
mixture of ceramic and silica particles) to cell suspension (100 l) according to
manufacturer’s instructions. It was ensured that total volume of sample and lysing
matrix not exceeded 7/8 of volume of the tube since pressure buildup could be
observed using the FastPrep instrument. Then sodium phosphate buffer (978 L) and
MT buffer (122 L) were added to it. Tubes were secured in FastPrep instrument and
processed for 30 sec at speed 5.5. Then centrifuged lysing matrix tubes at 14,000  g
for 30 sec and supernatant was transferred to a clean tube. PPS (protein precipitation
solution) reagent (250 L) was added and mixed by shaking the tube by hand 10
times. Again it was centrifuged at 14,000  g for 5 min to pellet precipitate and
supernatant was again transferred to a clean 15 mL tube (re-suspend binding matrix
suspension before use). Binding matrix suspension of 1 mL was added to the
supernatant and placed on a rotator or inverted by hand for 2 min to allow binding of
DNA to matrix. Tubes were placed in a rack for 3 min to allow settling of silica
matrix and 500 µL of supernatant was carefully removed to avoid settled binding
matrix. Then, supernatant was discarded and binding matrix was resuspended in the
remaining amount of supernatant. Approximately 600 µL of the mixture was
transferred to a SPIN filter in a separate tube and centrifuged at 14,000  g for 1 min.
The catch tube was emptied, added an additional 600 µL of the mixture to the spin
filter and centrifuged at 14,000  g for 1 min. The remaining supernatant was added
to SPIN filter, spined again, 500 µL SEWS-M (salt/ethanol wash solution) was added
to the SPIN filter and centrifuged at 14,000  g for 1 min. Decant flow-through and
replace SPIN filter in catch tube. Centrifuge at 14,000  g for 2 min to “dry” the
matrix of residual SEWS-M wash solution. Remove SPIN filter and place in fresh kitsupplied catch tube. Air dry the SPIN filter for 5 min at room temperature. Add 50 µL
DES (DNA elution solution - DNase/Pyrogen free water) and gently stir matrix on
filter membrane with a pipette tip or vortex/finger flip to re-suspend the silica for
efficient elution of the DNA. Centrifuge at 14,000  g for 1 min to transfer eluted
DNA to catch tube.
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Quantity and purity of the extracted DNA were assessed in 1.5 μL of sample (Pure
DNA will have an OD 260/280 ratio of 1.8) using NanoDrop ND-1000
spectrophotometer (NanoDrop). Extracted DNA samples were stored at -20ºC before
further process.
4.2.2.3 Amplification of Bacterial 16S rRNA genes
For the amplification of bacterial 16S rRNA gene fragments, the PCR primers 28F
(GAGTTTGATCNTGGCTCAG) and 519R (GTNTTACNGCGGCKGCTG ) were
used. Different Barcodes, as shown in the Table 4.1, to sort each biofilm sample from
the mixed pyrosequencing outcomes were incorporated between the 454 adapter and
the forward primers. Each 50-µL reaction mixture included 1X EF-Taq buffer
(Solgent, Daejeon, South Korea), 2.5 units of EF-Taq polymerase (Solgent), 0.2 mM
dNTP mix, 0.1 µM of each primer and 100 ng of template DNA. The PCR profile was
as follows: 95°C for 10 min; 35 cycles at 94°C for 45 sec, 55°C for 1 min and 72°C
for 1 min, with a final extension at 72°C for 10 min. The duplicate PCR products
were pooled and purified using the QIA quick gel extraction kit (Qiagen, Hilden,
Germany). The purified products were used for pyrosequencing.
Table 4.1─ Barcodes used for different biofilm samples
Description of biofilm samples
Polypropylene (ball)10°C
Stone 10°C
Polystyrene10°C
Tyre derived rubber10°C
Polypropylene (ball) 20°C
Stone 20°C
Polystyrene20°C
Tyre derived rubber20°C
Polypropylene (ball) 30°C
Stone 30°C
Polystyrene30°C
Tyre derived rubber30°C

Barcode Sequence
AAAACTGG
AAAACACA
AAAACGAA
AAAACGAC
AAAACGAT
AAAACGAG
AAAACGCA
AAAACACC
AAAACACT
AAAACGCC
AAAACGCT
AAAACGCG
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4.2.2.4 Pyrosequencing
The ends of the purified PCR products (~1 µg) were blunted, and short adaptors (14bp long) were ligated onto both ends for sorting sequences by key as well as for
providing a priming region. The modified products to be sequenced were attached to
DNA capture beads, one fragment per bead, and amplified using emulsion-based
clonal amplification. The beads were set into the wells of a PicoTiterPlate device (1 of
8 lanes), with appropriate chemicals and enzymes, and inserted into the Genome
Sequencer Roche 454 for pyrosequencing. All of the procedures followed the
manufacturer’s directions (454 Life Science) and were conducted at Research and
Testing

Laboratory

(http://www.researchandtesting.com/microbial-diversity-

analysis.html). Twelve samples were pooled and their sequences separated according
to barcodes. The barcode is permuted for each sample and allows the identification of
individual samples in a mixture in a single pyrosequencing run (Sogin et al., 2006).
4.2.2.5 Data processing
All partial 16S rRNA gene sequences were preprocessed initially using the Pyropipeline at the Ribosomal database project (RDP) (http://rdp.cme.msu.edu/) to trim
Barcode and remove primers from the partial ribotags, discard low quality and short
(< 250-bp long) sequences and to limit sequences to .400 bp and ,= 500 bp. These
sequences were denoised, assembled into clusters using the precluster command, thus,
the fasta files datasets (*.fna and *.qual files) were generated. These sequences were
further

analyzed

through

MOTHUR

(http://www.mothur.org/)

using

the

computational facilities of the Advanced Research Computing @ Cardiff (ARCCA)
Division, Cardiff University. Then Mothur analysis pipeline and R (http://www.rproject.org/) Scripts were used to start sequencing the taxonomy and to analyze the
data as follows;
1) The finally process sequences were clustered into Operational Taxonomic
Units (OTUs) based on 0.97 and 0.95 sequence similarity with the Uclust
algorithm (Edgar, 2010). Representative OTUs were selected based on the
most abundant sequences and taxonomic assignment was conducted using the
RDP

classifier

(http://rdp.cme.msu.edu/tutorials/classifier/RDPtutorial_MULTICLASSIFIER
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.html. The RDP multiclassifier, produces an accurate presentation of the genus
with Perl and Java command scripts. Excel is used to produce the graphs and
pie-charts. Software Stamp (http://kiwi.cs.dal.ca/Software/STAMP) was used
to calculate the P-values (ANOVA) for multiple groups/samples within the
data sets.
2) A phylogenetic tree was build using the FastTree algorithm (Price et al., 2009)
for UniFrac distance matrix construction.
3) Bacterial community richness and diversity indices (i.e., observed OTUs,
Chao1 estimator, and ACE), rarefaction curves were estimated at a 3% cutoff
(Schloss and Handelsman, 2004).
4) For determination of beta-diversity i.e., OTU based analysis-, Clustering (e.g.,
heatmaps), samples were rarefacted to reduce sequence heterogeneity and the
UniFrac distance metric was applied to calculate pair wise distances between
communities in terms of their evolutionary history (Lozupone et al.,
2011).Unifrac-based analysis was carried out and principal coordinate plots
(PCoA) were generated.
5) For the evaluation of the similarity in bacterial community composition among
all samples, the relative sequence abundance at class and genus level (at 97%
sequence similarity cut-offs) for each sample was used to calculate pairwise
similarities. All data were transformed by square root calculations and Bray
Curtis similarity matrixes were generated using the software Primer v6
(PRIMER-E, Plymouth, UK). The result of Bray Curtis similarity matrixes is a
list (items points, stress) for the configuration and the stress. Stress S is a
statistic of goodness of fit, and it is a function of and non-linear monotone
transformation of observed dissimilarities Ɵ (d) and ordination distances d.
Function stress plot draws a Shepard plot where ordination distances are
plotted against community dissimilarities and the fit is shown as a monotone
step line. In addition, stress plot shows two correlations like statistics of
goodness of fit. The correlation based on stress is R2 = 1-S2. The “fit-based
R2" is the correlation between the Ɵ (d) and ordination distances d, or between
the step line and the points. The Bray–Curtis dissimilarity is bound between 0
and 1, where 0 means the two sites have the same composition (that is they
share all the species), and 1 means the two sites do not share any species.
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6) Pyrosequencing data were deposited to the European Nucleotide Archive
(ENA) under study accession number of PRJEB5323 and secondary study
accession number of ERP004725.

4.2.3 Statistical analysis
To investigate the relationships between water physicochemical variables and relative
sequence abundance at genera level (97% sequence similarity cut-off) within bioﬁlm
samples, Pearson’s correlation coefficients (r) were calculated using PASW®
Statistics 18.SPSS.
4.3 Results and Discussions
4.3.1 Bacterial community compositions
Biofilm is an advantageous way for microorganisms to live in any environments as
within extracellular Polymeric Substance (EPS) matrix of biofilms, microorganisms
are protected from the direct action of disinfectants and the availability of nutrients is
also higher (Emtiazi et al., 2004). In the present study, biofilms were developed from
wastewater on four types of support media (PP, ST, PS and TDR) at three different
temperatures i.e. 10, 20 and 30°C, in laboratory scale aerobic reactors. In order to
investigate bacterial community composition in these biofilms, 16S rRNA gene
sequences were retrieved using pyrosequencing (Table 4.2). A total of 22029
effective sequence tags were recovered from all 12 samples. Individual samples
contained much smaller numbers of sequences, largest number of sequences (2919)
were obtained from JR60 (TDR) filter media biofilm developed at 30°C; it was
followed by JR54 (2272), JR51 (2087), JR53 (2050) and JR50 (2004). While, smallest
number of sequences (1016) was retrieved from JR49 sample (Table 4.3).
RDP Classiﬁer was used to assign these sequence tags to different operational
taxonomic units (OTUs) with a 3% nucleotide cutoff and sequences were clustered
into OTUs based on 97% sequence similarity with the Uclust algorithm (Edgar,
2010). As illustrated in Table 4.3, maximum numbers of OTUs (347) were observed
in TDR biofilm developed at 20°C, followed by OTUs (334) in PS media supported

105

Chapter 4
biofilms at 10°C. While minimum number of OTUs (163) was obtained from PP
media at 10°C.

Table 4.2 ─ Symbols used for description of biofilm samples developed on various
different types of packing media at different temperatures in the aerobic reactors
Description of biofilm
samples

Sample
Abbreviation

Sample Material
ID
ID

Temp.
°C

ds DNA
BR (ng/ul)

Polypropylene (ball)10°C

PP

JR49

1

1

20

Stone 10°C

ST

JR50

2

1

140

Polystyrene10°C

PS

JR51

3

1

67

Tyre derived rubber10°C

TDR

JR52

4

1

41

Polypropylene (ball) 20°C

PP

JR53

1

2

36

Stone 20°C

ST

JR54

2

2

140.7

Polystyrene20°C

PS

JR55

3

2

85.6

Tyre derived rubber20°C

TDR

JR56

4

2

161.5

Polypropylene (ball) 30°C

PP

JR57

1

3

97

Stone 30°C

ST

JR58

2

3

94

Polystyrene30°C

PS

JR59

3

3

188

TDR

JR60

4

3

368

Tyre derived rubber 30°C
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4.3.1.1 Bacterial diversity
The RDP classifier, with 3% cutoff value, assigned taxa to the sequences and
identified twelve (12) phyla for all attached biomass samples. The relative abundances
of different phyla in the all samples were summarized in the Figure 4.1a. The phylum
Proteobacteria was the most abundant in all samples, accounting for (54.06%) of total
effective bacterial sequences. This is similar to the analytical results of bacterial
communities in soil (Roesch et al., 2007) and sewage (McLellan et al., 2010) and
from 454 Pyrosequencing of bacterial communities of activated sludge collected
from 14 sewage treatment plants (Zhang et al., 2012), in which Proteobacteria was
also the most dominant community. The other dominant groups were Bacteroidetes
(28.97%), Firmicutes (5.30%) and Actinobacteria (3.88%).
Besides the phylum, bacterial diversity and abundance were also analyzed more
specifically at other taxonomic units, i.e., class and genus. In any of the taxonomic
units, the bacterial diversity was always found dramatically different from those of
other samples. Only some sequences assigned into the taxonomic units shared with
the other samples. Within the phylum Proteobacteria, the major classes i.e. Beta-,
Gamma-, Alpha-, Delta- and Epsilon-Proteobacteria constitute 39.21, 29.41, 24.83,
4.57 and 1.96%, respectively Figure 4.1b. It is also interesting to note predominance
of Beta-Proteobacteria, however, this class can attach more easily to surfaces and they
dominate the process of biofilm formation in freshwater ecosystems (Manz et al.,
1999; Araya et al., 2003) and predominant soil bacteria determined by
pyrosequencing (Roesch et al., 2007). To initiate biofilm formation, bacteria need to
be able to attach to surfaces or to co-aggregate (Rickard et al., 2003; 2004). This
ability might have favored the proliferation of certain groups of Beta-proteobacteria,
which were found to dominate biofilm communities in this as well as in earlier studies
(Schweitzer et al., 2001; Araya et al., 2003). However, studies on the microbial
community composition of conventional activated sludge systems indicate that the
community is typically dominated by Beta-proteobacteria (Schmidt et al., 2003).
While, 11 out of 14 samples from activated sludge showed dominance of beta
subdivision followed by Alpha-, Gamma-and Delta-Proteobacteria (Zhang et al.,
2012). Our results were also in agreement fixed-film activated sludge system
investigated by pyrosequencing (Kwon et al., 2010). Secondly, there was high
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abundance of Gamma-Proteobacteria within biofilms; this bacterial group includes
most of the known pathogens and opportunistic pathogens, confirming that biofilms
are potential reservoirs for this kind of organisms (Mathieu et al., 2009). Furthermore,
the Gamma-Proteobacteria, preferentially found in the active biofilm communities,
contain well-known biofilm-forming species, such as P. aeruginosa, V. cholera, E.
coli (Hall-Stoodley et al., 2004; Branda et al., 2005). Members of these groups have
also been shown to auto- and co-aggregate (Rickard et al., 2003).
Members of the Bacteroidetes phylum occurred predominantly in the biofilm
communities after Proteobacteria. The relative composition of different genera i.e.
Flavobacteria (42.68%), Sphingobacteria (42.68%) and Bacteroida (14.63%), were
shown in Figure 4.1c. This might indicate comparably low activity of these groups,
resulting from more favorable growth conditions for these bacteria during early
biofilm formation. Particularly Flavobacteria are known to degrade biopolymers
(Kirchman, 2002), often present in domestic sewage.
Among Firmicutes the major classes identified were Bacilli (40%), Clostridia
(46.66%) and Erysipelotrichia (13.3%), as shown in Figure 4.1d. The ability of some
of these bacteria to form dormant spores such as Bacillus sp. allows them to be
resistant to disinfection (Bargar et al., 2000; Cerrato et al., 2010). Bacillus subtilis is
also a well-known biofilm forming species (Branda et al., 2005).
Members of other phyla such as Cyanobacteria, Chloroflexi, Synergistetes,
Gemmatimonadetes, Planctomycetes and Chlorobi were also found, but the
percentage of these sequences were relatively low (0.35-1.06%).
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Phyla

Chlorobi
Planctomycetes
Gemmatimonadetes
Synergistetes
Acidobacteria
Chloroflexi
Cynobacteria
Verrucomicrobia
Actinobacteria
Firmicutes
Bacteroidetes
Proteobacteria

(a)

Class
Proteobacteria

0

10

20

30

40

50

60

Epsilon Proteobacteria
Delta Proteobacteria
Alpha Proteobacteria
Gamma Prpteobacteria
Beta Proteobacteria

(b)

Class
Bacteroides

0

20

30

40

50

60

70

Bacteroidia

(c)

Sphingobacteria
Flavobacteria
0

Class
Firmicutes

10

5

10

15

20

25

30

35

Erysipelotrichia

40

45

(d)

Clostridia
Bacilli
0

10

20
30
Percentage (%)

40

50

Fig. 4.1 ─ Taxonomic assignment of 16S rRNA gene sequences retrieved from the
biofilm samples classified by (a) phyla, (b) classes within major phyla Proteobacteria,
(c) Bacteroidetes and (d) Firmicutes
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4.3.1.2 Bacterial population diversity
For a comparison of species richness (total number of OTUs in the samples) among
the twelve biofilm samples, rarefaction curves were generated using a 3% cutoff as
shown in Figure 4.2. None of the curves became flatter, demonstrating that more
sampling events (i.e., more sequences) are required to explain the large fraction of
OTUs in twelve biofilm samples.

30

JR49

Number of different OTUs

25

JR50
JR51

20

JR52
JR53

15

JR54
JR55

10

JR56
JR57

5

JR58
JR59

0
1

400

800

1100 1324 1700 1887 2004 2200 2500 2900

JR60

Number of sequences/sample

Fig.4.2 ─ Rarefaction curves of OTUs at 97% of sequence similarity for twelve
bioﬁlm samples
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4.3.1.3 Diversity within biofilm samples (Alphadiversity)
Alpha diversity refers to the diversity within a particular sample (how many different
bacteria are in a sample) and is usually expressed by the number of species or OTUs.
To estimate diversity the proportional abundance of a particular phylotype relative to
the sum of all phylotypes is taking into account. In the present research, the Chao1
index estimated 290.8, 404.9565, 447.8209, 402.2553, 367.6842, 379.9362, 387.3571,
608.0169, 398.5263, 398.5263, 383.5532, 487.2432 and 406.0217OTUs at a 3%
cutoff for JR49, JR50, JR51, JR52, JR53, JR54, JR55, JR56, JR57, JR58 and JR60
biofilm samples, respectively, also demonstrating the highest bacterial diversity for
JR56 and lowest for JR49.
Other nonparametric diversity indices such as ACE gave same result (Table 4.3).
Furthermore, the parameter Invisimpson was performed and preferred over other
measures of Alpha-diversity because it is an indication of the richness in a community
with uniform evenness that would have the same level of diversity. On the basis of
matrix materials used as biofilm supporting media, the average diversity estimated
were 35.40, 31.60, 24.00 and 19.56 on PS, TDR, ST and PP. While, average diversity
index evaluated on the basis of temperature i.e. 10, 20 and 30°C used for development
for biofilms were 35.31, 23.81 and 23.80 respectively (Table 4.3). Thus highest
Invisimpson (dominance) was illustrated on PS media and lowest on stone media at
10°C. While at 20 and 30°C, highest diversity was estimated on TDR and ST media
respectively as shown in the Figure 4.3. In addition, Good’s coverage (Good, 1953)
estimated for each biofilm sample at 3% distance cut-off gives maximum value for
TDR biofilm sample at 30°C (JR60) and minimum for PP biofilm sample (JR57) at
same temperature, at shown in the Table 4.3.
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Table 4.3 ─ MOTHUR diversity indices of bacterial communities in twelve aerobic biofilm samples developed on various
types of packing media
group

nseqs

sobs

chao

chao_lci

chao_hci

ACE

ACE_lci

ACE_hci

invsimpson

coverage

JR49

1016

163

290.8

230.5427

404.815

318.8778

274.5499

380.8209

33.4449

0.929134

JR50

2004

289

404.9565

362.78

471.2433

464.4569

410.2067

542.9886

8.620901

0.936627

JR51

2087

334

447.8209

406.0293

513.8602

462.8134

423.1083

520.2105

56.43612

0.940585

JR52

1714

270

402.2553

351.0448

485.8247

485.2294

434.3552

551.851

42.74893

0.934656

JR53

2050

224

367.6842

309.9814

464.1119

474.2253

414.4066

552.8368

16.55154

0.94878

JR54
JR55
JR56

2272
1887
1909

257
242
347

379.9362
387.3571
608.0169

331.8071
330.4041
521.3074

459.0302
481.0013
737.8604

476.9426
493.6458
823.0073

424.696
435.4461
734.5902

545.4668
569.3555
931.5942

17.84281
18.13868
42.70273

0.952465
0.941176
0.907805

JR57

1139

223

398.5263

329.901

511.2059

574.1485

497.8058

671.6997

8.672086

0.898156

JR58

1324

256

383.5532

333.8942

464.8708

395.6414

349.7696

463.9533

45.5353

0.916918

JR59

1708

271

487.2432

404.3776

621.5921

578.4228

513.0639

661.4291

31.62894

0.925644

JR60

2919

266

406.0217

351.999

493.9804

487.4798

435.1462

556.0053

9.358689

0.960946

Key: nseqs: number of reads analysed, sobs: species observed at the cut-off value (no of observed OTUs), ace: abundance-based coverage estimator, chao: abundancebased estimator Chao1, Coverage: Good’s coverage. lci and hci: lower and higher confidence interval, respectively.
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TDR

PP

ST

PS

TDR
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Fig. 4.3 ─ Invisimpson (community dominance) observed in the biofilms developed on
polypropylene (PP), stone (ST), polystyrene (PS) and tyre derived rubber (TDR)
materials at 10, 20 and 30°C temperature in the aerobic reactors
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4.3.2 Similarity analysis of 12 biofilm samples
The similarity of the 12 biofilm samples was evaluated using cluster analysis, and nonmetric multidimensional scaling.
A Shepard plot, which shows close scatter points around the regression line between the
interpoint distances in the final configuration (i.e., the distances between each pair of
communities) against their original dissimilarities suggests that original dissimilarities are
well preserved in the reduced number of dimensions. Stress plot values 0.987 and 0.935
(close to 1) for nonlinear and linear fit respectively suggested two sites have uncommon
species as shown in the Figure 4.4.
Bray-Curtis similarity matrixes were visualized using non-metric multidimensional
scaling (NMDS) diagrams for meaningful display. The goal of NMDS is to collapse
information in multiple dimensions (i.e., from all twelve biofilm samples) into a reduced
number of dimensions, so that they can be visualized and interpreted. The plot shows all
biofilm communities in the form of clusters obtained from each different type of media
developed at 10, 20 and 30°C under aerobic conditions from municipal wastewater. In
Figure 4.5a, NMDS showed a clear separation among bioﬁlm samples at class and genus
level developed on TDR (4) material. While, a highly significant difference was
illustrated in the biofilm communities developed on all four different types of media
materials at 30°C (3) as shown in Figure 4.5b.
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Fig. 4.4 ─ A Shepard plot showing item points (stress) around the regression between
distances between each pair of communities against their original dissimilarities

(a)

(b)

Fig. 4.5 ─ Non-metric multidimensional scaling (NMDS) graphs based on Bray-Curtis
similarities of the percentage sequence abundance (a) on different media materials and
(b) at different temperature conditions showing differences in the bacterial community
structure in bioﬁlms developed from municipal wastewater
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4.3.2.1 Comparison of biofilm composition on different media
The most abundant genera in each sample were selected for all samples and compared
with their abundances in other samples. However, 23 genera were frequently identified in
all biofilm samples but with variable proportions, as illustrated in Table 4.4, Figure 4.6
and 4.7. Specifically, Figure 4.7 is the heatmap produced that indicates the most
common genera in the aerobic biofilms developed on different types of packing media at
different temperature conditions from wastewater. These results suggested that these core
genera play crucial roles in wastewater treatment regardless of the media.
The genus Rheinheimera was observed with highest proportions in biofilm samples from
all media materials (PP, ST, PS and TDR). Species of Rheinheimera are able to grow on
and to degrade rapidly the more easily degradable organic fraction of marine organic
matter (Pinhassi and Berman, 2003; Poretsky et al., 2005), suggesting that they may play
important roles in aquatic environments in biogeochemical cycling of elements such as
carbon. Secondly bacterial genera such as Rhodococcus was recovered from all media,
however its proportions were negligible on PP (M1) and PS (M3) materials as compare to
TDR (M4), as shown in the Table 4.4. The non-metric multidimentional scally (NMDS)
graphs illustrated that a signifantly different bacterial composition was present in the
biofilms removed from M4 (Figure. 4.6). The results suggested M4 supported growth of
Aquabacterium,

Stenotromonas,

Rhizobacter

and

Erythromicrobium.

However,

Aquabacterium and Rhizobacter were found on other media (M1, M2 and M3), but their
proportions were negligible compared to the percentages found in the biofilms from M4.
The genus Aquabacterium (Beta-Proteobacteria) mostly isolated from drinking water
biofilms and Stenotromonas (Gamma-proteobacteria) is ubiquitous in aqueous
environments, soil and plants. It has ability to develope biofilms on plastic materials or
metals. While, the genus Rhizobacter is root-colonizing bacterium and form symbiotic
relationships with many plants. Its strains Enterobacter, Klebsiella, Citrobacter,
Flavobacterium, Achromobacter and Arthrobacter have been identified as deleterious.
Interestingly, one of the abundant genus was Acidovorax suggests that it may be a highly
competitive generalist, potentially involved in early biofilm formation on large variety of
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surfaces. Bacteria related to Acidovorax have also been found to be among the first
colonizers of diatom micro-aggregates by Knoll et al. (2001). The genus Aeromonas
recovered from all media biofilms and it was also found by using pyrosequencing that the
most abundant potentially pathogenic bacteria in the wastewater treatment plants were
affiliated with the genera of Aeromonas and Clostridium (Ye and Zhang, 2011). The
genus Dechloromonas found in all biofilms was reported to have capability of reducing
perchlorate (Achenbach et al., 2001) and also frequently reported as phosphate
accumulating organisms in enhanced biological phosphorus removal reactors (Liu et al.,
2005). While, the genus Aquimonas, aerobic gram negative rods of GammaProteobacteria were considerably higher on M4 as compare to M1 and M3. They are
capable of autotrophic nitrification and previously isolated from warm spring (Saha et al.,
2005). However, Rheinhemera, Aeromonas, Tricococcus, Acidovorax, Roseateles,
Hydrogenophaga, Pseudoxanthomonas and Sediminibacterium were considerable less in
proportion on M4 as compare to other materials. All other genera shown the Figure 4.6
were only dominated on M1, M2 and M3 and not isolated from biofilms removed from
M4.
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Fig. 4.6 ─ Comparision of biofilm communities at geneus level developed on packing media; polypropylene (1), stone (2) and
polystyrene (3) with biofilms removed from tyre derived rubber (4)
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Table 4.4 ─ The 23 genera frequently identified in all biofilm samples

Polypropylene
(PP)

Stone
(ST)

Polystyrene
(PS)

Tyre derived
rubber (TDR)

Genera
% relative abundance
Rheinheimera
Rhodococcus
Aquabacterium
Trichococcus
Acidovorax
Flavobacterium
Roseateles
Aeromonas
Sediminibacterium
Hydrogenophaga
Aquimonas
Brevundimonas
Chitinimonas
Pseudoxanthomonas
Filimonas
Rhizobacter
Zoogloea
Arenimonas
Neochlamydia
Dechloromonas
Propionivibrio
Lysobacter
Bacteroides

50
2
2
402
110
15
377
78
19
6
13
77
243
16
23
7
145
6
10
96
102
2
89

1019
26
4
130
296
242
11
235
143
94
38
96
22
89
36
22
19
36
20
38
28
11
8

453
3
3
109
95
230
56
163
153
139
21
128
20
65
188
16
20
33
135
18
5
115
3

99
840
830
31
167
43
73
29
52
123
274
40
0
97
10
183
13
117
23
19
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Fig. 4.7─ Heatmap showing the most abundant species at genus level within bioﬁlms
retrieved from polystyrene (poly), stone, polypropylene and tyre derived rubber (Rubber)
media surfaces developed at 10, 20 and 30°C in the aerobic reactors
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4.3.3 Influence of temperature on core genera in biofilm samples on different media
material
4.3.3.1 Community composition on polypropylene media material
As can be seen from Figure 4.8, the dominant bacterial classes within the bioﬁlms were
Beta-proteobacteria, followed by Gamma-Proteobacteria, Alpha-Proteobacteria and
Bacilli at 10°C. At genus level Acidovorax, Brevundimonas, Dechloromonas,
Quatrionicoccus, Propionivibrio and Zoogloea were predominant within bioﬁlms belong
to Beta-Proteobacteria. While, genera Aeromonas and Rheinheimera of phylum GammaProteobacteria and Brevundimonas of Alpha-Proteobacteria were also found in huge
numbers. It was followed by Lactococcus of phylum Firmicutes.

In the biofilms

recovered from polypropylene material at 20°C, Beta-Proteobacteria was found to
dominate the bacterial community and having the genera like Chitinomonas, Zoogloea
and Dechloromonas. However, at this temperature it was followed by Bacteroidetes
genera like Bacteroides and large proportion of Firmicutes such as Tricococcus. The
composition of bacterial community in the biofilm developed at 30°C has representatives
of all phyla, like a very large proportion of genus Rosetales of Beta-Proteobacteria. It was
followed by Plesiomonas, Mycobacterium, of Gamma-proteobacteria and Actinobacteria
respectively. The genera Sediminibacterium and Fluvicola (Bacteroidetes) and a genus
Byssovorax (Delta-Proteobacteria) was also found at this temperature. The detailed
picture of % relative abundance of most common genera in the biofilm samples were
presented in Figure 4.9.
An obvious difference was observed in the diversity and richness of bacterial community
composition in the biofilm samples developed at 10 and 30°C, as shown in the Table 4.5.
A very large proportion of genus Rosetales (p ˂ 1 e-15) and Aeromonas (p ˂ 1 e-15) were
found to dominate the communities at 30 and 10°C respectively. However at 20°C, some
of the genera like Zoogloea and Dechloromonas were coexisting.
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Fig. 4.8 ─ Bacterial community composition (abundance indicated by y-axis) on
polypropylene media material (M1) at different temperature conditions (JR49, JR53 and
JR57)
Table 4.5 ─ P-values between biofilm samples on polypropylene media at 10 and 30°C
(not listed all of them)

Key: Blue color bars indicating P-values between biofilm samples developed at10°C, Orange color bars indicating Pvalues between biofilm samples developed 30°C.
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Fig. 4.9 ─ Percentage (%) Relative Abundance of core genera in the biofilm samples
developed on polypropylene media material (M1) at 10, 20 and 30°C from real
wastewater in aerobic reactors

123

Chapter 4
4.3.3.2 Community composition on stone media material
The biofilm samples collected from ST media at 10 and 20°C had a similar bacterial
community composition, with a preponderance of Gamma-Proteobacteria with genera
such as Rheinheimera, Aeromonas, Stenotrophomonas, Pseudoxanthomonas etc. It was
followed by Beta-Proteobacteria with most dominant genera like Acidovorax and
Hydrogenophaga. While, the genera Brevundimonas and Tricococcus (AlphaProteobacteria and Firmicutes respectively) were also observed with considerable
abundance in the biofilms. On the other hand, at 30°C the biofilm community is
composed of equal proportions of Gamma-Proteobacteria and Alpha-Proteobacteria.
Some representative genera of phyla Firmicutes, Bacteroidetes, Verrucomicrobia,
Actinobacteria and class Delta-Proteobacteria were also observed in the biofilm
community. Most prominent genera at this temperature were Sediminibacterium,
Methylocapsa, Aquimonas, Opitutus, Pseudoxanthomonas, Rhodococcus etc., actual
abundance is presented in the Figure 4.10. While, the more details of the relative %
abundance of the core the genera in the biofilm samples retrieved from stone media
materials were illustrated in the Figure 4.11.
The differences between bacterial composition at genus level and its abundance in the
samples of the biofilm retrieved at 10 and 30°C were obvious (P<0.001) and presented in
the Table 4.6.
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Fig. 4.10 ─ Community composition (abundance indicated by y-axis) on stone media
(M2) at different temperature conditions (JR50, JR54 and JR58)
Table 4.6 ─ P-values between between biofilm samples on stone at 10 and 30°C (not
listed all of them)

Key: Blue color bars indicating P-values between biofilm samples developed at10°C, Orange color bars indicating Pvalues between biofilm samples developed 30°C.
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Fig. 4.11 ─ Percentage (%) Relative Abundance of core genera in the biofilm samples
developed on Stone media material (M2) at 10, 20 and 30°C from real wastewater in
aerobic reactors
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4.3.3.3 Community composition on polystyrene media material
In case of biofilm developed on PS media at 10°C was dominated by BetaProteobacteria, followed by Alpha-Proteobacteria and Gamma-Proteobacteria. While, at
20°C, the dominant class was found to be Gamma-Proteobacteria and some
representatives of Beta-Proteobacteria, Firmicutes and Bacteroidetes were also observed.
At genus level, some genera like Rheinheimera, Hydrogenophaga, Flavobacterium and
Pseudorhodoferax were observed in biofilm samples developed at 10 and 20°C.
However, Lysobacter, Brevundimonas, Undibacterium, Zhouia and Kaistia were only
found at 10°C. On the other hand, Aeromonas, Acidovorax, Tricococcus and
Pseudoxanthomonas dominated the biofilm community at 20°C.
The biofilm developed at 30° was dominated by Bacteroidetes, followed by
Betaproteobacteria

and

Alphaproteobacteria.

Some

genera

of

Firmicutes

and

Gammaproteobacteria were noticed in this biofilm community. At genera level of
classification,

Filimonas,

Sediminibacterium,

Methyloversatilis,

Roseateles,

Thermonema, Erythromicrobium etc. dominated the biofilm community at this
temperature, actual abundance is shown by Figure 4.12. An obvious shift was observed
in the bacterial community compositions of the biofilms supported by polystyrene media
at different temperature conditions (10, 20 and 30°C) as presented in the Table 4. 7.
Most of the genera like Flavobacterium, Rheinheimera, Lysobacter etc. were found to be
restricted to low temperature biofilms with significant abundance p ˂ 1e-15. On the other
hand, genera such as Filimonas, Thermonema etc. were the most dominating bacteria of
biofilm community at 30°C, as shown by P ˂ 0.001.Figure 4.13 presented the % relative
abundance of most common genera in the biofilms developed on PS packing material at
10, 20 and 30°C under aerobic conditions.
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Fig. 4.12─ Community composition (abundance indicated by y-axis) on Polystyrene
media (M3) at different temperature conditions (JR51, JR55 and JR59)
Table 4 .7 ─ P-values between biofilm samples on polstyrene media at 10 and 30°C (not
listed all of them)

Key: Blue color bars indicating P-values between biofilm samples developed at10°C, Orange color bars indicating Pvalues between biofilm samples developed 30°C.
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Fig. 4.13 ─ Percentage (%) Relative Abundance of core genera in the biofilm samples
developed on Polystyrene media material (M3) at 10, 20 and 30°C from real wastewater
in aerobic reactors
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4.3.3.4 Community composition on tyre derived rubber media material
Figure 4.14 shows that biofilm community on TDR media material at 10 and 20°C were
dominated by phylum Proteobacteria with same proportions of its classes BetaProteobacteria and Gamma-Proteobacteria. However, other classes like AlphaProteobacteria, Delta-Proteobacteria and Epsilon-Proteobacteria were not observed. In
the biofilms developed at 20°C, some Bacilli (Firmicutes) were also observed.
Some of the genera were found in the biofilms formed at all three temperatures such as
Rhodococcus and Aquabacterium. However, the proportions of these genera were
significantly higher (p ˂ 1e-15) at 30°C then at low temperature biofilms (Table 4. 8). The
species of Rhodococcus supported on granular activated carbon in a lab-scale trickling
bed bioreactor were found to remove acrylamide (Zhang and Pierce, 2009). The TDR
media have natural potential to carry Rhodococcus, so it can be considered to be use in
the bioreactor as a filter media for acrylamide containing wastewater treatment. While
some genera like Aquabacterium, Aquimonas and Roseateles were only observed with
considerable higher proportions (p ˂ 0.001) in the biofilm developed at 30°C on media
surface. The actual abundance of most common genera was given in the Figure 4.14 and
relative % abundance of core genera was presented in the Figure 4.15.
The data from this research highlighted the presence of bacteria such as
Erythromicrobium (Alpha-Proteobacteria) (Figure 4.14) and is capable to metabolize
iron and manganese within biofilms (Katsoyiannis and Zouboulis, 2004; Ginige et al.,
2011). These metal ions trapped within EPS matrix of biofilms serve as sources of energy
for these microorganisms (Burns et al., 2002). The genus Erythromicrobium is capable of
reducing soluble tellurium (IV). This characteristic makes the bacterium a potential
candidate for removing several heavy metal ions (tellurite, tellurate, selenite, selenate,
arsenate and vanadate) from polluted industrial waste waters (Yurkov et al., 1996).
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Fig. 4.14 ─ Community composition (abundance indicated by y-axis) on Tyre derived
rubber media (M4) at different temperature conditions (JR52, JR57 and JR60)
Table 4.8 ─ P-values between biofilm samples developed on tyre derived rubber media
at 10 and 30°C (not listed all of them)

Key: Blue color bars indicating P-values between biofilm samples developed at10°C, Orange color bars indicating Pvalues between biofilm samples developed 30°C.
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Fig. 4.15 ─ Percentage (%) Relative Abundance of core genera in the biofilm samples
developed on Tyre derived rubber media material (M4) at 10, 20 and 30°C from real
wastewater in aerobic reactors
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4.3.4 Physico-chemical characteristics of influents and effluents in aerobic attached
growth bioreactors
The possible relationship between microbial community structure and physicochemical
parameters of wastewater, were shown in Table 4.9.
pH of the aquatic environment is one the most important deterministic factor, as the
intracellular pH of most microorganisms is usually within 1 pH unit of neutral, and any
significant deviation in environmental pH impose stress on single-cell organisms (Fierer
and Jackson, 2006). In the present research, pH values were near neutral (7.30) in the
wastewater samples used in all aerobic reactors for biofilm development on various types
of packing media. It underwent small reduction at 10°C and shown little increase in this
reduction at 20 and 30°C in reactors having PP, PS and TDR media, during experiment.
In case of PP media reactor, average increase in pH of wastewater was recorded from
7.30 to 7.41 (1.52%) at 30°C. Maximum decrease in pH levels of wastewater during
biofilm succession was noticed in the reactors packed with TDR media viz., 3.56, 3.0 and
7.34% at 10, 20 and 30°C respectively. On the other hand, a minimum decrease of 0.77%
from 7.30 to 7.24 was recorded at 10°C in the PP and ST media bioreactor.
In addition to pH, BOD of wastewater has strong influence on community structure both
of heterotrophs and autotrophs. Average BOD5 concentrations of influent was 378.09
mg/L at 20°C and 320.83 mg/L at 10 and 30°C in all reactors having PP, ST, PS and
TDR media, in the present study. A decreased in BOD concentration was observed with
increase in temperature in case of PS media reactors i.e., 25.30, 37.54 and 39.02 % at 10,
20 and 30°C respectively. The reduction of BOD remained constant in the PP media
reactors (26.88%) all temperatures. Maximum BOD improvement was observed at 10
and 30°C in the effluent samples i.e., 40.89 and 64. 15% respectively from the
bioreactors packed with TDR media (Table 4.9).
DO is well recognized as a critical process parameter in biological wastewater treatment
processes due to its impact on bacterial activity and the high operational costs of
ventilation. The average concentration of DO in the influent supplied to all reactors at
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20°C was 1.9 mg/L. While, its concentration was 2.06 mg/L in all the reactors influents at
10 and 30°C, these levels of DO indicating high pollution levels of wastewater.
Surprisingly, considerable increase in the average concentrations were observed in the
effluent samples from all the reactors packed with different types of media. It was also
observed that, with increase in temperature from 10 to 30°C, the oxygen concentrations
were found to be increased in the effluents from almost all media reactors. Maximum
increase in DO levels were recorded for TDR media effluents such as 63.91, 67.03 and
70.43% at 10, 20 and 30°C respectively. It was followed by PS and ST media reactors
effluents, as shown the Table 4.9. While, PP media reactors has shown comparatively
less increase in dissolve oxygen concentrations (55.6, 54.64 and 65.4% at 10, 20 and
30°C respectively).
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Table 4.9 ─ Physico-chemical properties of the influent and effluent from aerobic
reactors at different temperature conditions

Temperature
(°C)

BOD (mg/L)
10

DO (mg/L)
pH
BOD (mg/L)

20

DO (mg/L)
pH
BOD (mg/L)

30

Media material

Parameters analyzed

DO (mg/L)
pH

PP (M1)

ST (M2)

PS (M3)

TDR (M4)

Influent

320.83

320.83

320.83

320.83

Effluent
Influent

269.13
2.06

208.91
2.06

234.02
2.06

184.87
2.06

Effluent

4.7

4.83

4.62

5.9

Influent
Effluent

7.30

7.30

7.30

7.30

7.24

7.24

7.2

7.04

Influent

378.09

378.09

378.09

378.09

Effluent

267.34

278.66

232.43

246.16

Influent

1.95

1.95

1.95

1.95

Effluent

4.40

5.37

5.75

5.95

Influent

7.86

7.86

7.86

7.86

Effluent

7.58

7.47

7.54

7.63

Influent

320.83

320.83

320.83

320.83

Effluent

126.36

181.77

144.88

117.2

Influent

2.06

2.06

2.06

2.06

Effluent

6.62

5.84

6.6

6.86

Influent

7.30

7.30

7.30

7.30

Effluent

7.41

7.03

7.02

6.76
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4.3.4.1 Correlations between changes in physico-chemical characteristics of
wastewater and dominant bacterial communities
As shown in Table 4.10, prevailing temperature conditions and operational taxonomic
units (OTUs at 97% similarity cut-off) recovered on PP and ST media were strongly
positively correlated with each other (P ˂ 0.01). BOD reduction in PS reactors has shown
a strong correction with temperature (P ˂ 0.01). Temperature has also a positive
correlation (P ˂ 0.05) with BOD improvement in the PS and TDR reactors wastewater. A
positive (P ˂ 0.05) association was observed between OTUs (97% similarity cut-off) on
PS media and temperature conditions. In case of PS media reactors, pH was positively
correlated (P ˂ 0.05) with OTUs and Invisimpson. pH was also found to be significantly
correlated with BOD improvement (P ˂ 0.05) in TDR media reactors. All other
parameters have shown non-significant correlation (P > 0.05) with each other and also
with OTUs and Invisimpson in case of all media reactors, as shown in detail in the Table
4.10.
Wastewater characteristics (pH, BOD and DO), operational parameters (temperature) and
packing media could independently explain the variation in bacterial communities. But,
interactions among these components seemed to have less influence than did individual
components and were overall only observed between operational parameter such as
temperature and number of species (OTUs), as shown in the Table 4.10 and between
temperature and species dominance (Invisimpson) ,as illustrated in the Figure 4.16. It
should be noted that the sampling approach of both wastewater (influent and effluent)
and biofilms from different media materials samples analyzed in this study may limit our
ability to fully separate the effects of wastewater characteristics, environmental
temperature and bacterial communities. More replicated samples from each reactor
should be collected to examine the bacterial community structures.
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Table 4.10 ─ Pearson correlation coefficient (r) for wastewater physico-chemical factors and number of OTUs
observed (after 3% cutoff) on different media materials

Biofilms

0.277
(NS)

BOD5

0.00 (NS)

0.000
(NS)

DO

0.181
(NS)

-0.991*

-0.402
(NS)

pH

0.994
(NS)

-0.903
(NS)

0.000
(NS)

0.874
(NS)

0.724
(NS)

-0.021
(NS)

-0.594
(NS)

0.947
(NS)

Temp(
°C)

0.859**

-0.979
(NS)

0.000
(NS)

0.181
(NS)

0.852**

0.961
(NS)

0.685
*

0.362
(NS)

0.382
(NS)

0.817
(NS)
0.302
(NS)

0.058
(NS)

Key: n = 9, p ˂ 0.01**, p ˂ 0.05*, NS = p > 0.05; a two tail test was used.
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-0.553
(NS)

-0.306
(NS)

-.0363
(NS)

-0.993
(NS)

0.998
*
0.670
*

1.000
*

0.286
(NS)

-0.639
(NS)

0.915
**

DO

BOD

Invisimpson

OTUs

TDR (M4)

DO

BOD

Invisimpson

OTUs

DO

PS (M3)

BOD

Invisimpson

OTUs

DO

ST (M2)

BOD

Invisimpson

OTUs

PP (M1)

-0.651
(NS)

-0.988
(NS)

0.017(N
S)

-.0321
(NS)

0.990
(NS)

-0.632
(NS)

-0.993
(NS)

0.999
*

0.207
(NS)

0.385
(NS)

-0.044
(NS)

-.0867
(NS)

0.669
*

0.241
(NS)

0.069
(NS)

0.012
(NS)
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Fig. 4.16 ─ Comparison of BOD improvement by dominant bacterial communities
(Invisimpson) developed on different types of packing media in aerobic reactors
operating at three different temperature conditions (10, 20 and 30°C)
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4.4 Conclusions
In the present research, the high-throughput pyrosequencing approach was employed to
investigate the diversity and composition of bacterial communities on different types of
packing media developed at 10, 20 and 30°C in the aerobic reactors. Certain core genera
of bacterial populations, including genera of Rheinheimera, Acidovorax, Roseateles,
Brevundimonas, Zoogloea etc.were commonly shared by all biofilm samples. However,
there abundance as shown variation in the biofilms developed on different media at
different temperature conditions from the same sample of wastewater. In addition to these
genera, some genera were observed with high proportions on certain media types, such as
Rhodococcus, Erythromicrobium etc. on tyre derived rubber media. This information will
assist in the selection of suitable media type for desired biofilm development in the fixed
biofilm system at prevailing environmental temperature. It will improve operation,
control and management strategies of wastewater treatment by fixed biofilm reactors
(FBRs).
The data presented here were based on the assessment of 14 days old biofilms. This
period is sufficient to generate detectable and quantifiable biofilm, but such biofilms are
probably far from being mature as indicated from rarefaction curve. Further research, for
longer periods of time and with same media types, prevailing temperatures and sources of
wastewater will help to better assess the occurrence and role of bacteria in mature
biofilms and within real wastewater treatment FBRs. Furthermore, in order to fully
determine effect of wastewater parameters, environment temperature and media types on
bacterial community composition more replicated samples both of wastewater and
biofilms should be considered for analysis.
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5. Assessment of Trickling Biofilter System with Various Packing
Materials as Biofilter media for Improved Wastewater Treatment
and Development of Simplified Model
5.1 Introduction
Globally, billions of the people lack access to safe water and adequate sanitation.
Although, signiﬁcant development has been made in wastewater treatment during the
last three decades, still about 40% of the world’s population lacks basic sanitation. At
the same time sanitation coverage is commonly much lower in rural areas than in
urban areas (WHO, 2002). This could be attributed to the implementation of
inappropriate treatment technologies which are expensive, sophisticated, energy
consuming and require qualiﬁed personnel to operate and maintain (Massoud et al.,
2009). Consequently, limited funding allocated for wastewater treatment and lack of
local expertise result in an inadequate operation of wastewater treatment plants and
slow coverage with new ones especially in developing countries (Paraskevas et al.,
2002). Therefore, to increase coverage with sanitation services, the construction of
reliable, simple and cost-effective decentralized treatment systems has to be adopted.
These systems will increase the potentiality of using the produced wastewater for
irrigation purposes and protects water resources from pollution. Subsequently, the use
of treated sewage for agricultural will enhance food security and at the same time
reduce the amount of fresh water allocated to agriculture to be used for other purposes
requiring water with a good quality.
This study aims at establishing a fundamental understanding of biological trickling
filters (TBFs) for BOD and microbial contaminants removal. The presented study is
relevant to municipal wastewater treatment to produce pathogen free water, for
potential agricultural and/or recreational reuse in developing countries. Experiments
were conducted involving different packing media materials in a TBF, under two
temperature regimes i.e., 5-15 and 25-35°C. All these media were evaluated in
previous chapters for carrying active biofilms and can be used as biofilter materials.
Subsequently, a simplified model has been developed for the assessment of BOD
removal performance of TBFs packed with various media. The model has been
calibrated with the help of laboratory scale TBF system that is operated on various
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types of fixed-media. The experimental data on BOD removal have been used to
establish the simplified model that would allow improved design of TBFs for costeffective municipal wastewater treatment in the developing and underdeveloped
countries.
5.2 Material and Methods
5.2.1 Experimental set-up and operating conditions
A laboratory-scale TBF was built from polyvinylchloride (PVC) pipe (height of 36",
outer diameter = 14" and inner diameter = 12.4") of 22 L capacity. A steel cage with
clamps was constructed (24" height and with diameter of 11") to hold filter media and
has 12 L effective volume (Figure 5.1). The characteristics of support media are
shown in Table 5.1. The media was seeded with activated sludge from wastewater
treatment plant (Islamabad, Pakistan) for the development of the active biofilm for the
reduction of start-up phase of the reactor. Under-drain system (height = 8") with an
outlet (sampling port) at a height of 3" was positioned to collect treated wastewater. A
shower rose (diameter = 8") supported on the top of media bed distributes wastewater
at flow rate of 80 mL/min. The municipal wastewater was collected from the
department of chemistry and biological sciences, Quaid-i-Azam University
(Pakistan); it consisted of grey water from cafeteria, black water from toilets and
discharge from laboratories. The characteristic of feed wastewater used for treatment
at 5-15 and 25-35°C are shown in Table 5.2 and 5.3 respectively. A plastic container
(bath room tub of 25 L capacity) was employed to hold treated wastewater and water
pump (power 220 volts used for recirculation of water) as an intermediate
sedimentation tank. A plastic pipe (length = 125") connected with pump was
employed to facilitate flow of water between distribution point and intermediate tank.
Passive down flow aeration through a space between outer court and inner core (steel
cage) was utilized to ensure aerobic conditions. With the help of water pump, 20 L of
wastewater was passed through bed of TBF providing a retention time of 250
min/cycle (Figure 5.2). The flow of water was controlled by an electric dimmer
connected to the water pump. It was run for 48 hrs for each medium over a period of
four months during the winter (5-15°C) and for four months during the summer (2535°C) within two consecutive years (2011-2012). Experiments for treating municipal
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wastewater in TBF were carried out involving four types of media namely, TDR, PS,
PP and ST. Altogether eight experiments (in triplicates) were conducted with two for
each type of media.

142

Chapter 5

Fig. 5.1 ─ Laboratory scale trickling biofilter (TBF)
(
system, packed with different
types of media

Chapter 5

Fig. 5.2 ─ Schematic of laboratory scale trickling biofilter
lter (TBF)
(TBF set-up for
wastewater treatment

Table 5.1 ─ The characteristics of support media

Media
Density
(gm/cm2)

Size of the
media
(mm)

Specific
Surface
Area (m2 m-3)

Media

Media
Shape

Voidage
(%)

Polystyrene

Cubes

0.27

43.9

218.4

43.58

Polypropylene

Spherical

0.94

9.65

259.0

45.33

Tyre derived
rubber

Cubes

4.13

43.9

219.4

49.25

Stones

Oval

18.44

9.65

259.0

45.83

Elemental Composition* (%)

C(97.12) & O(2.88)
C(53.04),Ca(0.97),N(3.05),39.96),S(1.64),
Si(O.14) & Zn(1.22)
C(83.5),N(2.96),O(9.49),S(0.3),Si(3.67) &
Zn(0.13)
C(37.69),Ca(12.33),O(48.77) & Si(1.20)

Key:* Elemental composition of the media were determined by using X-ray Photoelectron Spectroscopy (XPS); C (carbon), O (oxygen), Ca (calcium), N (nitrogen), Zn (zinc),
Si (silicon) and S (sulphur).
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Table 5.2 ─ Characteristics of the feed wastewater at temperature regime of 5-15°C

Media used

BOD5 ±SD
(mg/L)

COD±SD
(mg/L)

DO±SD
(mg/L)

TSS ±SD
(mg/L)

TDS±SD
(mg/L)

EC±SD
(µS/cm)

Fecal coliforms
MPN/100mL

Polystyrene

333±32

501±29

1.42±0.3

240±22

440±31

21±8

2.29 x 104

Polypropylene

350±27

468±14

1.32±0.52

525±13

530±27

537±25

1.32 x 105

Tyre derived rubber

382±9

488±25

1.5±0.7

396±23

904±32

327±29

6.5 x 105

Stone

548±20

653±16

1.6±0.4

560±12

643±25

651±32

2.52 x 105

Table 5.3 ─ Characteristics of the feed wastewater at temperature regime of 25-35°C

BOD5 ±SD
(mg/L)

COD ±SD
(mg/L)

DO ±SD
(mg/L)

TSS ±SD
(mg/L)

TDS±SD
(mg/L)

EC ±SD
(µS/cm)

Fecal coliforms
MPN/100mL

168±31

360±32

2.24±0.8

978±41

124±26

378±24

9.53 x 103

Polypropylene

918±45

1351±117

1.8±0.8

422±24

618±20

625±86

2.21 x 105

Tyre derived rubber

816±63

1016±29

2.7±0.8

738±17

1724±90

122±36

2.35 x 105

Stone

558±37

821±23

1.63±0.5

437±34

629±36

635±58

2.44 x 104

Media used
Polystyrene
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5.2.2 Wastewater characterization
To study the performance of the reactor at both seasons (winter and summer),
physicochemical analysis of the influent to each media (TDR, RS, PP and ST) and
effluent at certain time intervals (12, 24, 36 and 48 hrs) was carried in triplicate. The
physicochemical parameters analysed include chemical oxygen demand (COD),
biochemical oxygen demand (BOD5), dissolved oxygen (DO), total suspended solids
(TSS), total dissolved solids (TDS) and electrical conductivity (EC) (APHA, 2005).
While microbiological analysis for pathogenic indicators in wastewater was carried out
by using MPN index for coliforms.
5.2.3 Cytotoxicity assay of treated wastewater
Cytotoxic effect of the treated wastewater by different types of packing media was
detected by Brine shrimp assay. For this assay, artificial seawater was prepared by
dissolving 34 g commercial sea salt (Harvest Co. H.K.) in 1 L distilled water with
continuous stirring. It was aerated for 2 hrs by vigorous shaking on magnetic stirrer and
then poured into rectangular dish (22 x 32 cm). Brine shrimp (Artemia salina) eggs (Sera,
Heidelberg, Germany) were hatched in shallow rectangular dish filled with prepared
seawater. A plastic divider of 2 mm containing several holes was clamped in the dish to
make two unequal compartments. The eggs (25 mg approximately) were sprinkled in the
larger compartment, which was kept in dark by covering with aluminum foil, while the
smaller compartment was illuminated. Hatching began within 24 hrs after which,
phototropic nauplii (Brine shrimp larvae) were collected by Pasteur pipette from the
lightened side. Dram vials were used for this bioassay. Ten shrimp were transferred to
each vial using Pasteur pipette and volume was raised up to 5 mL with tap water, real
wastewater, PS, PP, TDR and ST media TBFs treated effluents. Assay was performed in
triplicate. The nauplii can be counted macroscopically in the stem of Pasteur pipette
against a light background. The vials were maintained under illumination at room
temperature 25-28°C.Survivors were counted with the aid of 3x magnifying glass after 24
hrs.
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5.2.4 Model development and calibration
A simplified mechanistic model for TBFs
T Fs treating organic wastewater can be developed
by hypothesising that a BOD removing fixed-film
fixed film bioreactor is a single limiting substrate
biodegradation system, under the condition of abundant oxygen supply. Recently studied
multiple substrate models, based
based on dynamic activated sludge modelling approach, tend
to focus on heterotrophic-autotrophic
heterotrophic autotrophic microbial competition for the common substrate,
oxygen (Henze et al., 2008).
2008) For the purpose of TBFs that are designed for the removal of
BOD and microbial contamination,
contamination, the BOD removal process is the main biological
process that would determine the reactor size and design loading rates. For a single
singlesubstrate (S) biodegradation, the first order degradation of organic substrate (BOD) can
be assumed as below.

(1)
Where S is the main (single) substrate for the microbial growth and biofilm formation
(i.e. BOD). This can be represented in the form of differential equation with a constant
specific to a TBF
F system.

(2)
Where Kf is the biofilm reactor constant that assimilates all the reactor specific process
conditions; Kf would depend on the reactor conditions such as hydraulic retention time
and flow regimes influenced by the media. The above equation can be rearranged and
integrated over time. The initial condition can be applied according to the laboratory
experimental study, where a certain amount of substrate (BOD) is added at the start of the
experiment.
= −

∫

(3)

= − K ∫ dt (4)
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(6)

(7)

(8)

Where S0 is the initial BOD value and S is the BOD at time t.. The initial BOD of the feed
wastewater (S0) can be represented in terms of volumetric loading rate (

), which is

the main bulk parameter used in the design and operation of conventional trickling filters
for wastewater treatment. The volumetric organic (BOD) loading rate is defined as the
mass off BOD received by a TBF
T F reactor, per unit volume, per unit time (kgBOD/m3.d).
Assuming
ing the height and area of the TBF system as H and A respectively, and incoming
flow of wastewater to be Q,, the following expression can be established.
( ) =



(9)

In the case of present experimental study, the laboratory TBF
T F system is operated such
that the substrate is added only at the beginning of the experiment. Therefore, a variable
organic (BOD) loading rate (

) can be defined corresponding to the variable substrate

(S or BOD). The re-circulation
circulation of reactor effluent is analogous to providing var
variable
organic loading to the TBF reactor (Figure 5.1).

- (10)

(11)
And,

(12)
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The above model can be used to describe the carbonaceous biodegradation kinetics in
TBFs. This model can be applied to the experimental data obtained from the operation of
TBFs with various media. For the purpose of model calibration, biofilm reactor is
operated such that the feed wastewater is re-circulated without mixing new batch of
wastewater feed throughout an experiment (48 hrs). Therefore, the parameter Kf has been
estimated by fitting the above model in the BOD vs. time data for each set of
experimental results. The model calibration to obtain the value of Kf, for a particular
temperature range and media type, has been carried out using AQUASIM software
(Henze et al., 2008). The modelled BOD vs. time curves have been used for estimating an
optimal design BOD loading rate (Bvd) corresponding to an optimal BOD concentration
value (Sd); the optimal BOD concentration (Sd) would correspond to a retention time (td)
when the exponential biodegradation starts to stabilise (Figure 5.3). The condition of the
optimal BOD loading rate would allow sufficient retention time, and hence a good level
of BOD removal without having large reactor volume. The optimal or design BOD
loading rate, obtained using this approach, can be used for the design and operation of
efficient TBFs constructed using various filter media.
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Fig. 5.3 ─ The modelled BOD vs. time curve used for estimating an optimal design BOD
loading rate (Bvd) corresponding to an optimal BOD concentration value ((Sd) and to a
retention time (td)
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5.3 Results and Discussion
The wastewater treatment efficiency of TBF using four different media (TDR, PS, PP and
ST) was compared at two temperature ranges i.e. 5-15 and 25-35°C for various aspects,
including removal of COD, BOD, TSS, TDS, EC and fecal coliforms. Previously, various
researchers have mentioned that about 3-60 days were required to develop biofilm in a
fixed film reactor in order to initiate the wastewater treatment processes (Moore et al.,
2001; Nacheva et al., 2008; Yu et al., 2008). Furthermore, the start-up periods of fixedfilm wastewater treatment reactors were reduced by inoculating activated sludge from
wastewater treatment plants with suspended growth process (Sharvelle et al., 2008),
attached biofilm reactors or using purchased microorganisms cultured specially for
enhancing wastewater treatment in fixed biofilm treatment technologies (Zhou et al.,
2008). Similar strategy of seeding filter media with activated sludge has been followed in
the present study to develop biofilm on media that was used in a trickling biofilter for the
treatment of municipal wastewater. However, the start-up phase was reduced to 36 hours
at low and 24 hours at mesophilic temperature regimes for achieving effective treatment
of wastewater as compared to previously reported bioreactors (Moore et al., 2001;
Nacheva et al., 2008; Yu et al., 2008). Moore et al. (2001) observed shortest start-up
phase of 3 days for stable operation regarding removal of COD and Yu et al. (2008)
reported start-up phase of 7 weeks for biological aerated filters in a temperature range of
20-26°C.
5.3.1 Performance of TBFs under various conditions
5.3.1.1 Removal of carbonaceous pollutants at temperature regime of 5-15°C
Results of the performance of the TBFs with four different filter media at 5-15°C, over
whole study period are presented in Figure 5.4 and Table 5.4. Available data indicates
that BOD reduction efficiency range from 86.4 to 95.7% for all media at wastewater flow
rate of 80 mL/min (Figure 5.5). The highest removal has been recorded for ST media
(95.7%) followed by PP (90.9%) and PS media (90.7%). However, comparatively low
BOD reduction was found for TDR (86.4%). The average concentration of BOD dropped
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to 31±6, 23±8, 32±3 and 51±9 mg/L after 48 hrs of recirculation in PP, ST, PS and TDR
media respectively. The corresponding values for COD removal range from 81.8 to
93.3%. Higher removal efficiency was again obtained by ST media (93.4%) followed by
PP (89.4%), PS (86.3%) and TDR (81.9%) media respectively. After treatment of 48 hrs
in TBF, the mean COD concentration dropped to 43±7, 49±11, 68±12 and 88±14 mg/L
for ST, PP, PS and TDR media respectively. These high organic removal efficiencies
could be due bio-filtrations through packing medium and biological conversion of
organic matter by biofilms on the surfaces of media (Mahmoud et al., 2011). These
organic treatment efficiencies were even higher than the efficiencies reported for
submerged bed reactor (40% COD removal) at a low temperature of 10°C (Sundaresan
and Philip, 2008), and for trickling filter with stone wool media (94.3±4.0% BOD
removal) at 2.5-8.5°C (Kirjanova et al., 2011). This might be due to high organic loading
rate (BOD and COD) (Table 5.2) applied for treatment to all media, as overall organic
removal also depends on its concentrations. The organic loading, might have positive
effect on biofilm growth. Wijeyekoon et al. (2004) also observed increasingly high
substrate loading producing increasingly thick biofilms. The effect of temperature on the
removal of COD and nitrification was investigated by numerous researchers, indicating
that temperature had a more significant influence on ammonium removal than on COD
removal (Kirjanova et al., 2011). Chavez et al. (2004) also proposed a logical relationship
between the various parameters which characterize the wastewater such as COD, color,
turbidity, EC and TSS.
In this study, with reduction of COD and BOD, removal of TSS in the effluent was 90.1,
77.2, 60.8 and 55.5% by ST, PP, PS, and TDR media TBFs, respectively. TSS
concentration in the final effluent was recorded as 55±10, 120±7, 94±6 and 176±20 mg/L
respectively. The TDS concentration was increased (19.7 and 11.5% respectively) in the
final effluent of ST and PP media TBF to 801±30 and 599±13 mg/L respectively.
However, in the PS and TDR media TBFs the TDS values were decreased (58.2 and
77.2% respectively) to 184±21 and 206±25 mg/L respectively in the treated wastewater.
On the other hand, EC also showed trends of increase by ST (85.8%), PS (19.7%) and PP
media (11.5%). The final levels of EC recorded in the effluents were 811±25, 151±15
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and 607±36 μS/cm for ST, PS and TDR media respectively. Noticeably, TDR media TBF
reduced EC (14.98%) of wastewater to 278 ±20 μS/cm. The dissolved oxygen (DO)
levels of wastewater applied to all types of media were low i.e. ˂ 2.0 mg/L as shown in
Table 5.2. These low concentrations of DO indicated high biodegradable organic load,
which was easily oxidized by the dissolved oxygen in water and depleted the dissolved
oxygen. After 48 hrs of treatment, the effluent DO values rose to 7.18±0.28, 6.94±0.06,
6.85±0.5 and 6.18±1.1 mg/L in the ST, PP, PS and PP media TBF respectively. These
high values of the DO were due to constant recirculation and contact of wastewater with
biofilm on media.
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Fig. 5.4 ─ Changes in the levels of various parameters BOD, COD, DO, TSS, TDS and
EC, during 48 hrs of treatment in the biological trickling filter (TBF) using (
) tyre
derived rubber, (
) polystyrene, (
) polypropylene and (
) stone media in
the temperature range of 5-15°C
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Fig. 5.5 ─ Removal efficiency of BOD during 48 hours of treatment in trickling biofilter
(TBF) packed with tyre derived rubber, polystyrene, polypropylene and stone media in
the temperature range of 5-15 and 25-35°C
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Table 5.4 ─ Wastewater treatment efficiencies (%) of laboratory scale trickling biofilter
(TBF) systems packed with different types of media at 5 -15 and 25 -35°C after 48 hours
of operation

25 ─ 35°C

5 ─ 15°C

Temperature
range

Parameters
analyzed
BOD
COD
DO
TSS
TDS
EC
BOD
COD
DO
TSS
TDS
EC

Treatment efficiency (%) of TBF system
Polypropylene
Stone
Polystyrene Tyre derived rubber
90.9↓
95.7↓
90.7↓
86.4↓
89.4↓
93.4↓
86.3↓
81.9↓
80.9↑
77.7↑
79.3↑
75.7↑
77.2↓
90.1↓
60.8↓
55.5↓
11.5↓
19.7↓
58.2↑
77.2↑
11.5↑
19.7↑
85.7↑
14.9↓
94.3↓
94.7↓
91.4↓
94.8↓
94.7↓
95.9↓
89.2↓
93.1↓
77.1↑
77.4↑
70.1↑
62.5↑
75.6↓
74.8↓
30.7↓
90.5↓
19.4↑
18.4↑
62.9↓
87.1↓
19.2↑
18.5↑
21.7↑
26.8↑

Key: ↓; percent concentration decrease, ↑; Percent concentration increase
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5.3.1.2 Removal efficiency of fecal coliforms at temperature regime of 5-15°C
Removal of pathogenic microbes is one of the main objectives of wastewater treatment,
as it signifies the risk factor for public health. In the present research, fecal coliforms
were chosen as pathogenic indicators. The strength of bacterial population was
determined in terms of MPN/100 mL. The large microbial load in untreated wastewater,
as shown in Table 5.2, might be due to the presence of organic pollutants and nutrients.
Its application to agricultural land can cause the risk of pathogenic contamination by
entering the food chain or by infecting the livestock (Martinez and Burton, 2003). The
guidelines of WHO, showed that fecal coliforms must not be detectable in 100 mL of
drinking water and its recommended levels are ˂ 1000/100 mL and ˂ 105/100 mL for
unrestricted and restricted irrigation respectively (Blumenthal et al., 2000).
The geometric means of fecal coliforms count in TBF using PS, PP, TDR and ST as filter
media were reduced by 4.3, 4.0, 5.8 and 5.4 log10 respectively. Furthermore, a substantial
drop of 5.8 and 5.41 log10 in fecal coliforms count with residual count of 6.7 x 103 and
8.06 x 102 MPN/100 mL have been observed in the final effluent from TDR and ST
media TBF respectively. Comparatively less removal of pathogenic indicator was noticed
in the treated wastewater stream from PS and PP media TBF with residual count of 7.0 x
102 and 6.52 x 102 MPN/100 mL respectively. These results indicated that TBF system
with any of these four growth supporting media was more effective for the removal of
fecal coliforms as compared to other aerobic systems even at low temperature (5-15°C).
These results are higher than those reported by other researchers (Uemura et al., 2002;
Mahmoud et al., 2011). The significantly higher performance of all the filter media might
be due to enhanced adhesion of these microbes in the slime layers (extracellular polymer)
in the form of biofilms or due to retention on the filter media by adsorption (Kristian
Stevik, 2004), and later removal or deactivation by predation or natural die off process
(Andersson et al., 2008) . However, the adsorption of bacteria has been observed
substantially greater at higher than at low temperature (Kristian Stevik, 2004). The work
of von Sperling et al. (2005) reported that, depending on the type of process and the
operational conditions, aerobic treatment provides about 1–2 log pathogens removal.
Mahmoud et al. (2011) reported that down-flow hanging sponge (DHS) reactor having
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polyurethane as media has proved promising for 4.4 log10 reduction in fecal coliforms.
During biological treatment of wastewater, the removal efficiency of pathogenic
indicators also depends on DO, pH, temperature and the efficiency in removing
suspended solids (Yaziz and Lloyd, 1979). Fernandez et al. (1992) has correlated
increased DO with bacterial die-off in aquatic environment. The pathogenic indicator
bacteria (allochthonous) usually require organic matter (Prescott et al., 2001). After
fixation on media, microbial biofilm contributed in the processes of removal of pollutants
from wastewater by oxidation, adsorption, absorption etc. The capability of fixed biofilm
reactors to treat wastewater is directly proportional to biomass concentration in it (Wang
et al., 2000).
5.3.1.3 Removal of carbonaceous pollutants at temperature regime of 25-35°C:
Results of the performance of the TBF with four different filter media at 25-35°C, over
whole study period are presented in Figure 5.6 and Table 5.4. The percentage removal
efficiency of COD from wastewater by all media under study was in the range of 90%
after 48 hrs of recirculation in TBF. Highest removal was shown by ST media (95.9%)
followed by PP (94.7%), TDR media (93.1%) and PS media TBF (89.3%) at constant
hydraulic flow rate of 80 mL/min. The levels of COD was decreased from 821±23,
1351±117, 1016±29 and 360±32 mg/L to 32±17, 69±23, 69±16 and 38±14 mg/L by ST,
PP, TDR and PS media TBF respectively. While, for BOD removal TDR media TBF
showed highest efficiency (94.8%) followed by ST (94.7%), PP (94.3%) and PS media
(91.4%), as shown in the Figure 5.5. The BOD reduction was recorded from 558±37,
918±45, 816±63 and 168±31 mg/L to 28±9, 52±16, 41±19 and 14±5 mg/L by ST, PP,
TDR and PS media TBF respectively. However, Rajeb et al. (2011) reported similar
BOD, COD, SS removal of 80, 91.6 and 43% respectively from wastewater by using
aerobic filter. These higher organic pollutants removal were due to higher temperature
(Honda and Matsumoto, 1983; Abdel-rahman, 2002). El-Monayeri et al. (2007) noticed
that increase in temperature from 15 to 31ºC increased the COD and BOD removal ratios
by biofilters. Corresponding DO levels increased with constant recirculation form 6278% by different media; highest DO concentration was achieved by PP (8±0.22 mg/L)
followed by PS (7±0.98 mg/L), ST (7±0.45 mg/L) and TDR media TBF (7±0.4 mg/L).
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Increase in DO has been generally related to diminution carbonaceous matter and
parameters, such as COD, BOD5 and TSS and TDS, during the treatment of wastewater
through attached growth systems (USEPA, 2000). Sa´ and Boaventura (2001) also
reported that COD/BOD removal was positively correlated with increase in DO levels.
These results are in line with reduction in TSS levels, highest removal of TSS
concentration was shown by TDR media TBF from 738±17 to 70±17 mg/L (90.5%).
Lowest TSS removal was recorded for PS media from 978±41 to 677±52 mg/L (30.7%).
However, PP (75.6%) and ST media TBF (74.8%) showed almost similar performance
and reduced TSS from 422±24 and 437±34 mg/L to 103±16 and 110±17 mg/L
respectively.
Correspondingly, PS and TDR media TBF decreased TDS levels from 124±26 and
1724±90 mg/L to 46±24 and 222±35 mg/L (62.9 and 87.1%) respectively after 48 hrs of
treatment. Microbial population developed on these media were presumably responsible
for the removal of TSS and TDS from wastewater during recirculation in the reactor by
aerobic and anaerobic metabolic process. And, PP and ST media TBF increased TDS
concentration from 618±20 and 643±25 mg/L to 767±35 and 771±39 mg/L (19.4 and
18.4%) respectively. These results are in consistence with increasing trend of EC during
the treatment. The values of EC showed increase for all media type i.e. PP, PS, TDR and
ST media from 625±86, 378±24, 122±36 and 635±58μS/cm to 774±53, 483±40, 168±44
and 779±47μS/cm (19.2, 21.7, 26.8 and 18.5%) respectively after whole treatment period.
It clearly reflected the release of ions and dissolve components from degradation of large
suspended chemical compounds during treatment.
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Fig. 5.6 ─ Changes in the levels of various parameters BOD, COD, DO, TSS, TDS and
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5.3.1.4 Removal efficiency of fecal coliforms at mesophilic temperature (25-35°C)
The pathogenic microbial load at 25-35°C in municipal wastewater is presented in Table
5.3. The geometric mean of fecal coliforms count in the effluent was reduced by 3.97,
5.34, 5.36 and 4.37 log10 from PS, PP, TDR and ST media TBF respectively. A highly
significant drop was observed in both TDR and PP media TBF effluents with residual
count of 5.88 x 102 and 5.3 x 102 MPN/100 mL respectively. Relatively less significant
drop of 3.97 and 4.37 log10 was noticed in the effluents from PS and ST media TBF with
residual count of 6.2 x 10 and 7.91 x 102 respectively. However, these results were
almost same as recorded at low temperature regime of 5-15°C, but more efficient than
other aerobic systems. Abdeen et al. (2010) found 2.2 log removal of fecal coliforms for
saline sewage treatment by anoxic and aerobic reactors. However, less than 1.6 log
removal of indicators fecal contamination was reported from wastewater by an aerobic
reactor by Rajeb et al. (2011).
The PS and ST media TBF showed less number of pathogen removal might be due to low
strength (9.53 x 103 MPN/100mL) of fecal coliforms in raw wastewater (Table 5.3). The
adsorption of bacteria on porous media is influenced by its concentration and its survival
of decreases with increase of temperature (Kristian Stevik et al., 2004). The final effluent
can be used for unrestricted (˂ 1000 fecal coliforms /100 mL) and restricted (˂ 105 fecal
coliforms /100 mL) irrigation (Blumenthal et al., 2000). The bacterial count drastically
decreased with removal of BOD, COD, TSS etc during treatment in all types of media
used during study. Der Steen et al. (2000) reported the removal of BOD can result in the
simultaneous reduction of coliform populations. A study on correlation matrix indicated
that TSS positively correlates with fecal coliform concentration in dairy wastewater using
an ecological treatment system (Morgan et al., 2008). Though, Yathavamoorthi et al.
(2010) observed a positive correlation of fecal coliforms with BOD than with suspended
solids.

162

Chapter 5
5.3.2 Cytotoxicity assay of treated wastewater
Cytotoxicity assays are widely used by researchers in pharmaceutical industry to screen
for cytotoxicity in compound libraries. While in the present research the effect of treated
wastewater samples by using different types of packing media in TBF system was
detected on Brine shrimp. It was observed that the all the Larvae (100%) remain alive
with tap water and 90% died with real wastewater. It was due to the fact that tap water
was free of toxic pollutants, whereas wastewater contains numerous carbonaceous,
nitrogenous contaminants and low dissolved oxygen concentrations. All these factors
exerted negative effect on the shrimp.
On the other hand, it was noticed that TDR and ST media TBFs treated effluent has
resulted in only 10% death of shrimp (90% remain alive). As well as treated wastewater
samples obtained from TBFs having PP and PS media, after 48 hrs of treatment showed
30 and 40% death of shrimp, as shown the Figure 5.7. It was obvious from these results
that during treatment in TBFs wastewater become free of all types of contaminants to
some extent. The differences in the effects of treated effluents on shrimp reflected to the
biofilms activity developed on these packing media of TBFs. It was also concluded from
these results, that wastewater can be treated by using any of these media in TBFs, it will
produced effluent with less hazardous effects on the terrestrial and aquatic ecosystems.
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5.3.3 Application of simplified model
The core purpose of developing simplified model was to apply it for optimal design and
operation of TBF systems for BOD removal, as it is still a challenge in the developing
world. The simplified model does not require rigorous calibration and computational
effort needed in the case of complex mechanistic models, and it take into account the
effects of factors related to the biodegradation process and reactor design. Thus, by
means of the simple model, a direct comparison of different media performance, at
different temperature ranges of 5-15°C and 25-35°C, can be made. It gives a simple
method to ascertain ideal media type for designing a wastewater treatment process, and
compact TBFs required for BOD removal at specific temperature ranges.
The value of Kf relates to the overall performance of TBF in removing BOD, and it takes
into account the properties of media at specific temperature ranges. Figure 5.4 and
Figure 5.6 show a typical BOD concentration profile obtained over a period of 48 hrs of
treatment at low and mesophilic temperatures respectively. To estimate the values of Kf,
eight sets of results, four for each temperature regime, were used. The model application
to the BOD data sets resulted in the values of Kf for each filter media in a specific reactor
configuration. The R2 value calculated from the results of these experiments ranges from
0.888-0.994 at low temperature range of 5-15°C; its value varies from 0.803 to 0.954 for
all media types at temperature range of 25-35°C. The values of Kf obtained from
experimental results indicate a better performance for TDR media, followed PP and ST
media at low temperature conditions. In the higher temperature range, the values of Kf
relate to the highest removal of BOD by TDR media, followed by PP and ST media.
Thus, TBF with TDR, PP and ST can be employed for the treatment of high BOD loads
in the areas having two temperature regimes from low to mesophilic. The constant Kf has
a direct relationship to the removal of carbonaceous matter (BOD and COD) from the
wastewater and indicate the active biofilm concentration within the reactor. The values of
Kf are specific to the media, under specific temperature range and hydraulic conditions.
The simulated results from the model (Figure 5.8 and Figure 5.9) showed slight
difference in the values of constant between different media at different temperatures
(Table 5.5 and Figure 5.6). The values of Kf, estimated for each media, were almost
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similar at same temperature range. A slight variation between media can be expected in
their density, chemical composition, texture and shape. The difference in Kf values may
be ascribed to this, and its resulting effects on liquid flow through the reactor was due to
differences in the void geometries (Table 5.1). It has subsequent effect on biofilm
composition and attachment to media surface. Furthermore, a slight variation towards
higher side was noticed in the Kf values at higher temperatures (25-35°C). Results
indicated that TDR media has almost same Kf values, and it is capable of handling high
organic loadings at both temperature ranges (Table 5.5 and 5.6; Figure 5.8 and 5.9).
Moreover, PP media has also almost same Kf values (0.04 and 0.05) at both temperature
ranges, but capable of removal higher BOD load (3.1 kgBOD/m3.day) at higher
temperatures. It indicates the positive effect of temperature on development and
composition of biofilm on PP media; however, there was difference in the Kf values for
ST (0.05 and 0.07) and PS (0.03 and 0.04) media at temperature ranges of 5-15°C and
25-35°C. It has slightly lower Kf value at 5-15°C, and comparatively capable of treating
slightly higher BOD load (1.9 and 1.5 kgBOD/m3.day) than mesophilic temperature (1.3
and 1.2 kgBOD/m3.day) with Kf value of 0.05 and 0.04 for ST and PS media respectively.
In sum, most of these media appeared to be capable of handling much higher BOD
loading rates, as compared to conventional fixed film trickling filters that are designed for
less than 1 kgBOD/m3.day for the purpose of BOD removal (Henze et al., 2008).
Therefore, economical TBFs with compact volume can be designed, by using the studied
filter media types, for wastewater treatment and reuse. This is relevant to developing
countries where BOD and microbial contaminant removal is primary concern for the
purpose of water reuse in agriculture. Furthermore, TBFs with the studied media types
may similarly demonstrate efficient nitrification performance. This opens an opportunity
to conduct future study on the nitrification potential of such TBFs that may be designed
for higher nitrogen and BOD loading rates.
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Fig. 5.8 ─ BOD reduction by (a) Polystyrene, (b) Polypropylene, (c) Tyre derived rubber
and (d) stone media trickling biofilter (TBF) in the temperature range of 5-15°C; (●)
experimental data and (─) simulated results

Table 5.5 ─ Trickling biofilter system parameters at temperature range of 5-15ºC
Media

Kf

Sd (Kg/m3)

Bvd (Kg/m3.day)

td (hrs)

Polypropylene

0.04

0.19

1.9

12.9

Stone

0.05

0.25

1.9

11.4

Polystyrene

0.03

0.20

1.5

16.5

Tyre derived rubber

0.04

0.48

5.0

12.0
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Fig. 5.9 ─ BOD reduction by (a) Polystyrene, (b) Polypropylene, (c) Tyre derived rubber
and (d) stone media trickling biofilter (TBF) in the temperature range of25-35°C; (●)
experimental data and (─) simulated results

Table 5.6 ─ Trickling biofilter system parameters at temperature regime of 25-35ºC
Media

Kf

Sd (Kg/m3)

Bvd (Kg/m3.day)

td (hrs)

Polypropylene

0.05

0.41

3.1

14.0

Stone

0.07

0.17

1.3

18.0

Polystyrene

0.04

0.99

1.2

12.8

Tyre derived rubber

0.04

0.48

3.7

11.7
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5.5 Conclusions and Recommendations
In the present study, the performance of TBF using four media (TDR, PP, PS and ST) at
two temperature ranges, 5-15°C and 25-35°C, for municipal wastewater has been
investigated. All the media used in TBF produced good quality effluent regarding
carbonaceous matter (BOD) and fecal coliforms removal.
The wastewater treatment efficiency increased with treatment time from 12-48 hrs and
average BOD removal values obtained from ST, PP, PS and TDR media were 93.4, 89.4,
86.3 and 81.9% respectively at 5-15°C. TDR media TBF showed highest BOD efficiency
of 94.85%, followed by ST (94.73%), PP (94.29%) and PS media (91.38%) at higher
temperature range of 25-35°C. With regard to fecal coliforms, the effluent produced from
four different media TBF, at low and mesophilic temperature, complied with the
guidelines regarding the use of treated wastewater for agriculture use.
From the BOD vs. time data a simplified model was developed and calibrated for
selected media types and temperature ranges. This provided a robust tool to design and
operate TBFs with BOD loading rate of higher than 1.5 kgBOD/m3/day by using PP, ST,
PS TBFs. Moreover, TDR media TBF can be designed for higher BOD removal of 5
kgBOD/m3/day at low temperature regime of 5-15°C. At mesophilic temperature ranges
of 25-35°C, TBFs with PS and ST media can be designed for the loading rate higher than
1.2 kg/m3.day; PP and TDR media TBFs can treat the BOD loading rate higher than 3
kgBOD/m3/day.
This approach would be most applicable in designing high efficiency bioreactor with
fixed biofilm growth, by utilising locally available filter media. Therefore, TBF systems
have high potential to be scaled up for large scale application for wastewater treatment in
the developing countries. Further research should be conducted to assess the potential of
such TBFs in efficient nitrification at high nitrogen and BOD loading rates.
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6. Development and Assessment of Efficiency of Stone-Media PilotScale Trickling Biofilter for Municipal Wastewater Treatment
6.1 Introduction
The present research is continuation of the study on Trickling Biofilter (TBF) system
under laboratory conditions for oxidation of the carbonaceous pollutants and pathogen
removal by considering four different types of packing media for supporting biofilm
growth under two different environmental conditions i.e., winter and summer. Then
model was developed and calibrated following laboratory scale TBF system that is
operated on various types of fixed-media under different temperature regimes. The
experimental data on BOD removal have been used to simulate a simplified model
that has allowed improvement in design of TBFs for cost-effective municipal
wastewater treatment of small communities such as of houses, farms, hotels, leisure
centers, and small business units (i.e. for population between 10 and 500).
This chapter is a step towards the establishment of a simple, efficient and a low-cost
pilot scale TBF system for municipal wastewater treatment considered aforesaid
representative situations for many developing/underdeveloped countries with varying
(extreme) environmental conditions. For this purpose, the municipal wastewater
treatment performance of locally designed and constructed pilot scale stone media
TBF, was evaluated at temperature range (20-40.5°C) in terms of removal of different
pollution indicators (Biological oxygen demand, ammonia and pathogens etc.). The
idea is to translate this model treatment system for the treatment of wastewater in area
of small residential colonies typically disconnected from the main sewer lines of main
residential areas or lacking nearby wastewater treatment system.
6.2 Materials and Methods
6.2.1 Developmental scheme and operation of pilot scale TBF system
The pilot scale trickling biofilter was constructed near the department of
Microbiology, QAU, Islamabad, Pakistan to treat 400 L/day of wastewater in a
continuous recirculation flow mode to maintain a hydraulic flow rate of 1.2 L/min (Q
= 0.072 m3/hr) and hydraulic loading (Q/A) of 1.35 m/day, as shown in the Figure
6.1.
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This TBF system consists of feed tank of 400 gallons capacity for storage wastewater.
It was followed by TBF containment structure of 101.6 ft3 (2.88 m3), made up of
stainless steel (22 Gage) jacket, having an internal diameter of 4.2 ft (1.28 m) and a
total height of 7.5 ft (2.28 m). The containment structure has conical shape and its
dimensions are shown in the Figure 6.2 in detail. It was equipped with small
ports/windows on both sides for collection of biofilm samples and for supplying air.
The supporting structure for bacterial biofilm growth was stones/pebbles, with mean
diameter of 0.33 ft (10 cm) and surface area of 0.342 ft2 (0.032 m2) were packed in
the main body of TBF leaving a head space (boat space) of 0.15 m. The filter bed has
voidage of 47% and was inoculated with biomass for 10 days, using activated sludge
from municipal wastewater treatment plant, Islamabad, Pakistan and sewage.
A wastewater distribution system made up of stainless steel having a diameter of
about 3.9 ft was installed at the top of the ﬁlter (a ﬁxed ﬂow distributor) in order to
facilitate a uniform distribution of the wastewater over the surface of stone media.
Two water pumps (Model-XXSPA and National Gold Electro Pumps) were connected
to the filter wastewater distribution system through PVC (Polyvinylchloride) pipe
system. One of the pumps supplies wastewater through distribution system to the
filter bed at flow rate of 1.2 L/min (1200 mL/min) from feed tank. After percolation
through the stone media bed the wastewater is collected by underdrain system below
the filter. This underdrain system (total height = 1.2 ft, diameter = 3 ft) consist of an
outlet at a height of 0.75 ft (0.23 m) from the bottom and having a capacity of 8.48 ft3
(0.24 m3). Then the effluent of TBF flow into a recirculation tank of elliptical shape
with a height of 1.2 ft (0.36 m) and diameter (A) 2.5 and (B) 4 ft (0.76 x 1.23 m).
This tank serves as intermediate as well as final clarifier and has a capacity of 9.42 ft3
(0.27 m3). From which the effluent of the filter was continuously re-circulated through
the filter for 24 hrs by feeding to the top of the TBF via a recirculation pump. Thus
the wastewater was recirculated four times in 24 hrs. The final clarifier has an out let,
connected with plastic pipe to supply treated effluent to outside of the work station
after 24 hrs of treatment in continuous mode. The samples of influent and effluent
were taken from stone media pilot scale TBF each day at the end of each operational
phase (24 hrs) until 40 days from 11thApril to 20th May 2013. Temperature was also
monitored continuously.
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Fig. 6.1 ─ Pilot scale TBF (trickling biofilter) system in a work station for treatment
of 400 L/day of wastewater
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Fig. 6.2 ─ A schematic diagram of the pilot scale TBF (trickling bio
bioﬁlter) system
used for treatment of wastewater in the present research
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6.2.2 Characterization of biofilm on stone media in TBF
6.2.2.1 Sampling of biofilm
Two biofilm samples (with stones) were collected after the start-up of the TBF, one
from the top (for heterotrophic characterization) and other from the bottom port or
window (for nitrifiers characterization) in the containment structure of the reactor.
Then the stones having biofilms were washed with sterile distilled water gently in
order to remove any solid particles and were further subjected for characterization of
bacterial inhabitants.
6.2.2.1.1 Isolation and identification of heterotrophs
Slime layer of biofilm on stones from top port were subjected to analysis of
cultureable bacteria by pure culturing techniques. This biofilm was directly streaked
on nutrient agar plates and then incubated at 37°C for 24 hrs. After incubation,
different colonies on nutrient agar (NA) plates were observed which differed from
each other on the basis of their morphology. For the isolation of pure cultures,
different colonies were further sub-cultured on selective/differential media viz., Eosin
metylene blue (EMB), MaCA, Salmonella Shigella agar (SSA), Pseudomonas
citrimide agar (PCA), MSA, Blood agar (BA) etc. and then kept in incubator at 37°C
for 24 hrs. Finally, after incubation, identification of sub-cultured organisms was
carried out on the basis of plate morphological characteristics (Size, Form,
Pigmentation, Margins, Elevation and Opacity), microscopy (Shapes and Gram’s
staining reaction) and biochemical tests (Triple sugar iron test (TSI), Indole/H2S
motility test, Citrate utilization test, Catalase test, Urease test, Methyl red Voges
Proskauer test (MR-VP) and Oxidase test) according to Holt et al. (1994).
6.2.2.1.2 Isolation and identification of nitrifiers
For the isolation and subsequent identification of nitrifiers, the stones having biofilms
collected from lower ports/windows of TBF system were washed gently thrice with
distilled water and then placed in phosphate buffer and vertexed for 5-10 min. Then
stones were removed immediately and the suspension of dissolved biofilms was used
for enrichment of nitrifiers.
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The enrichment of nitrifiers i.e. Nitrosomonas sp.(ammonia oxidizing bacteria i.e.
AOB) and Nitrobacter sp. (Nitrite oxidizing bacteria i.e. NOB) (were carried in a
specific liquid growth media i.e. Nitrosomonas europaea medium and Nitrobacter
medium B respectively according to hand book of media for environmental
microbiology, 2nd edition (Atlas, 2005).
Medium for isolation of Nitrosomonas sp. contains 0.015 g K2HPO4, 0.2 g
MgSO4.7H2O, 0.02 g CaCl2.2H2O, 1.7 g (NH4)2SO4, 1.0 mg Ferric EDTA and 1.0 mL
trace element solution (composition per L). (Trace element solution was prepared by
mixing 0.02 g MnCl2.4H2O, 2.0 g CuSO4.5H2O, 0.2 g CoCl2.6H2O, 0.01 g
ZnSO4.7H2O and 0.01 g Na2MoO4.2H2O in 100 mL distilled water. All the
components were added to distilled/deionized water and bring volume to1.0L and
mixed thoroughly). All of these ingredients were dissolved in 1.0 L distilled water and
autoclaved for 15 min at 121°C. The pH of the medium was then adjusted to 7.5±2
with sterile 50% K2CO3 at 25°C.
Medium for isolation of Nitrobacter sp. contains 2.0 g MnSO4, 0.5 g K2HPO4, 0.5 g
MgSO4, 1.0 g NaNO2, 0.3 g NaCl, 5.0 g Fe2(SO4)3 and few particles of marble chips.
All of these components were dissolved in 1.0 L distilled water excluding marble
chips. The medium was then autoclaved at 121°C for 15 min at 15 psi pressure.
Marble chips were wrapped in aluminum foil and autoclaved separately for 60 min at
15 psi pressure and at 121°C. Then cool to 25°C. These were then added into the
medium aseptically. The pH of the medium was then adjusted to 7.5±2.
After sterilization and cooling of liquid media, 500 mL of each media was poured in
1000 mL flasks separately. Then 5 mL of the sample i.e. biofilm suspension was
added into the flasks. For maintaining dark conditions, the flasks were wrapped with
aluminum foil and were then incubated in a shaking incubator with 150 rpm at 30°C
for 7 days. After 7 days of shaking incubation, 10 mL of suspension of biofilm from
these flasks were used as an inoculum for freshly prepared selective growth media for
both nitrifying stains of AOB and NOB and subjected to same previous conditions.
This step was repeated several times for enrichment and finally culture broth (selective
liquid media having Nitrosomonas sp. and Nitrobacter sp.) were spread on selective
solid media (having same composition as mentioned above and contained agar for
solidification) in Petri-plates. When the mix growth stop and one kind dominant colony
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appeared further purification was done by re-streaking dominant isolated colonies and

were identified by considering their morphological, microscopic and biochemical
characteristics (Holt et al., 1994). Finally, Nitrosomonas sp. and Nitrobacter sp. were
further confirmed by their activity analysis.

6.2.2.1.3 Determination of nitrifier’s activity
6.2.2.1.3.1 Estimation of the NH4 oxidation activity of enriched culture of
Nitrosomonas sp.
Activity analysis of Nitrosomonas sp. was determined by measuring strength of
nitrites (NO2─ N) formed in the liquid growth medium having Nitrosomonas sp. as an
inoculum after early identification. The Nitrosomonas europaea medium was
prepared and then distributed in 500 mL flasks. Ammonium sulphate ((NH4)2SO4)
with varying concentrations of 5, 10, 15, and 20 mM were added to these flasks and
then autoclaved. After sterilization and cooling to 25°C, these flasks having 250 mL
of media amended with various concentrations of (NH4)2SO4 as source of ammonia
were inoculated with enriched Nitrosomonas sp. (2.5 mL). After inoculation with
Nitrosomonas sp. these flasks were incubated in shaking incubator with 150 rpm at
30°C. For activity measurement, levels of NO2─N formed from (NH4)2SO4 by
Nitrosomonas sp. were determined before incubation (0 hrs) and periodically after
incubation i.e. after 24, 48 and 72 hrs by standard method 4500 (NO2─N) for water
and wastewater (APHA, 2005).
6.2.2.1.3.2 Estimation of the NO2 oxidation activity of enriched culture of Nitrobacter
sp.
Activity analysis of Nitrobacter sp. was determined by measuring level of nitrates
(NO3─N) formed. For this purpose, specific medium B for growth and cultivation of
Nitrobacter sp. was prepared, poured in 250 mL flasks and amended with varying
concentration (5, 10, 15, 20 mM) of sodium nitrite (NaNO2). It was then sterilized,
cooled and inoculated with enriched Nitrobacter sp. (2.5 mL). After inoculation, these
flasks were incubated at 30°C in shaking incubator with 150 rpm. The level of
NO3─N formed from NaNO2 were measured in these flasks before incubation and
periodically after incubation i.e. 24, 48 and 72 hrs in order to determine the NO2─N
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utilization activity of Nitrobacter sp. by standard method 4500 (NO3─N) (APHA,
2005).
6.2.3 Wastewater collection for treatment
The wastewater (400 L) was collected from university campus from site 4 (300 L) and
site 1 (100 L) (Figure 6.1) every morning for treatment by using a pilot scale TBF
system. After collection, wastewater was characterized and was given a retention time
of 2-3 hrs in a storage tank in order to sediment the suspended solids and large
particulate matters before secondary treatment in the filter. After primary
sedimentation, it was transferred to feed tank of the TBF system. The quality of the
raw municipal wastewater fluctuated throughout the experimental period; therefore
the quality of feed tank effluent was also unstable.
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Table 6.1 ─ Sewage discharge sites in Quaid-i-Azam
Quaid
University
Sewage
collection sites
Site 1
Site 4

Sewage
load
(gallons/day)

User
Department of Chemistry, Biological sciences, Social
Sciences, Mathematics
Central Library, Administration, Cafeteria, Mosque
Residential colony, School, Market and Mosque

Site 4

146000
42700

Site 1

Fig. 6.3 ─ Google Earth image of Quaid-i-Azam
Azam University, Islamabad, Pakistan
(2013) from height of 1000 ft showing wastewater collection site 1(gray
(gray water, black
water and wastewater from laboratories) and site 4 (sewage from residential colony,
market and mosque)
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6.2.4 Wastewater characterization
6.2.4.1 Study of physico-chemical parameters of wastewater
Various different parameters including; temperature, pH, dissolved oxygen (DO),
chemical oxygen demand (COD), biochemical oxygen demand (BOD5), ammonium
nitrogen (NH4─N) and alkalinity of influent and effluent from pilot scale TBF was
determined by standard methods for water and wastewater (APHA, 2005). The
treatment efficiency of the TBF system under environmental conditions was found by
mean values of the influent and effluent of the above selected parameters.
6.2.4.1.2 Evaluation of the wastewater treatment efficiency of TBF
The performance of the TBF system was evaluated for Carboneous and nitrogenous
pollutants removal by following equations;
For;
Carboneous pollutants removal efficiency (%) = 100 × [(COD/BOD5)i (COD/BOD5)o] / (COD/BOD5)i.
For;
NH4─N removal efficiency (%) = 100 × [(NH4─N)i - (NH4─N)o] / (NH4─N)i.
Where the subscripts ‘i’ and ‘o’ denote inlet and outlet respectively.
6.2.4.1.3 Statistical analysis of wastewater treatment efficiency of TBF
To investigate the relationships of BOD, COD, NH4─N, Alkalinity, pH and pathogen
indicator removal efficiency and increase in DO with days of operation and change in
environmental temperature, non- parametric Spearman’s correlation coefficient (rho)
was calculated using PASW statistics 18.0 SPSS.
6.2.4.2 Characterization of microbiological parameter of wastewater
Microbiological analysis of waste water was done by plate count technique (CFU/mL)
and by determining MPN index for fecal coliforms.
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6.3 Results and Discussions
Use of activated sludge for development of biofilm on support material proved to be
reducing the start-up period of fixed-film wastewater treatment reactors (Xie, 2004;
Sharvelle et al., 2008). In the present research, same strategy was employed and
activated sludge was also used as seed inoculum with wastewater for the development
of active biofilm on stone media of pilot scale TBF. A mixture (1:9) of activated
sludge and wastewater was continuously recirculated through the bed of the reactor
and development of the biofilm was observed regularly. A well developed, yellowish
biofilm was observed on the 10th day on the growth supporting stone media, which
reduced the start-up phase of the TBF operation. After development of biofilm, the
samples of biofilms from the top and lower ports/windows were subjected to
characterization of bacterial inhabitants by adopting simple and conventional
laboratory methods. Simultaneously, wastewater treatment efficiency of the reactor
was evaluated from 11th day (steady phase of the operation), over a temperature range
of 20-40.5°C (Figure 6.4). The TBF was continuously operated for 24 hrs and then
effluent was collected from the reactor for physicochemical and microbiological
characterization in order to estimate its wastewater treatment efficiency. From the
continuous monitoring of influent and effluent analysis, it was observed that biofilm
on the stone media was able to significantly reduce contaminants and pathogen load
in the wastewater, as shown in detail in the Table 6.2.

180

Chapter 6
45

Temperature (°C)

40
35
30
25
20

39

37

35

33

31

29

27

25

23

21

19

17

15

13

11

9

7

5

3

1

15
Days of operation
Wastewater Temp.

Room Temp.

Fig 6.4 ─ Temperature of environment and wastewater (influent) during the
experimental period of 40 days

Table 6.2 ─ Summary of the physicochemical characterization of the pilot scale TBF
system influent and effluent during the experimental period of 40 days

Influent
(range)
Effluent
(range)
% efficiency
(range)
rho with days of
operation
rho with temp.
change

COD
(mg/L)

BOD
mg/L)

DO
(mg/L)

NH4-N
(mg/L)

Alkalinity
(mg/L)

pH

MPN index

598.6 ─ 790

407 ─ 654

1 ─ 3.01

6.8 ─ 20.4

121 ─ 209

6.01 ─ 8.86

20 ─ > 1100

12.01 295.2

6.08 ─ 232.7

5.63 ─ 8.31

0.2 ─ 12.2

19 ─164.5

5.85 ─ 7.17

4 ─ 220

62.4 ─ 98.1↓

56.4 ─ 98.6↓

58 ─ 87.6↑

17 ─ 93.5↓

8 ─ 87.4↓

2.6 ─ 27.7↓

77 ─ 98.4↓

0.893**

0.998**

0.581**

0.951**

0.891**

0.457*

0.749**

0.887**

0.886**

0.57**

0.835**

0.771**

0.471*

0.776**

Key: rho = Spearman’s non- parametric correlation coefficient; **= correlation is significant at 0.01 level (2 ─ tailed); *=
correlation is significant at 0.05 level (2─ tailed); ↓ = % decrease efficiency; ↑ = % increase efficiency
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6.3.1 Characterization of biofilm on stone media in TBF
6.3.1.1 Isolation and identification of Heterotrophs
Morphological, biochemical and microscopic characterization of the bacterial isolates
from biofilm matrix developed on stone medium revealed a diverse community of
twelve different bacterial species. Out of these, six were Gram positive (S.
epidermidis, S. lactis, S. aureus and M. luteus were gram positive cocci, while strains
C. xerosis and B. subtilis were gram positive rods), while, seven strains were gram
negative (E. coli, P. aerouginosa, S. typhimurium, P. vulgaris, S. dysenteriae, and K.
pnuemoniae). Most of them were obligatory to opportunistic pathogens in nature.
However

biofilm

processes

like

TBF

systems

take

advantage

of

their

biotransformation capabilities (biodegradation, biosorption, bioaccumulation and
biomineralisation) in the treatment of wastewater (Pal et al., 2010). These microbial
communities have been previously reported, effectively oxidizing soluble organic and
nitrogenous compounds in wastewater (John and Robert, 2004; Doan et al., 2008).
6.3.1.2 Isolation and identification of nitrifiers (Autotrophs)
The present research emphasized on the culturing of these bacteria in laboratory
conditions by adopting there enrichment in the specific growth media. According to
cultural, microscopic and biochemical characteristics, the microbial strains grown on
specific media (Nitrosomonas europaea medium and Nitrobacter medium B) after
enrichment were identified as Nitrosomonas and Nitrobacter sp., (Table 6.3).
Nitrosomonas sp. has shown small colonies with entire elevation on Nitrosomonas
europaea media plates. While Nitrobacter sp. formed comparatively very small
colonies of serrate margins. Both of these strains were gram negative rods and have
shown negative H2S production, indole production and catalase activity biochemical
confirmatory tests. However, Nitrosomonas sp. was identified by their positive
MRVP reaction, citrate use, urease activity and production of yellow coloration in TSI
reaction. On the other hand, Nitrobacter sp. has shown negative MRVP reaction,
urease activity and positive citrate use and oxidase activity tests. A red coloration was
also noticed in its TSI test (Holt et al., 1994).
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Table 6.3 ─ Morphological, microscopic and biochemical study of isolated strains after enrichment of nitrifiers

Isolated
strains

Growth
media

Form

Margins

Staining

Shape

H2S Production

Indole
Production

MR Reaction

VP Reaction

Citrate Use

Urease Activity

Catalase activity

Oxidase
activity

TSI reaction

Biochemical characterization

Pigment

Microscopy

Size

Morphology

1

Nitrosomonas
europaea
medium

small

Nil

Irregular

Entire

_

Rods

-

-

+

+

+

+

-

-

A/A

Nitrosomonas sp.

Nitrobacter
medium B

Very
small

Nil

Rhizoid

Serrate

_

Rods

-

-

-

-

+

-

-

+

K/A

Nitrobacter sp.

2

Key: + = Positive; ─ = negative; A = Acid production; K = alkaline reaction; H2S = Sulfur reduction; K/A = Red/yellow; A/A = Yellow/yellow.
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6.3.1.3 Assessment of nitrifying activity of bacteria
Activity analyses of the nitrifying strains were performed according to substrate
consumption rates. The nitritifying species Nitrosomonas was tested for the oxidation of
ammonium nitrogen (NH4─N) to nitrite nitrogen (NO2─N) and nitratifying species
Nitrobacter for nitrite (NO2─N) to nitrate (NO3─N) in specific liquid growth media i.e.
Nitrosomonas europaea medium and Nitrobacter medium B respectively.
All the experiments for nitritifier activity characterization were conducted in very
favorable growth conditions (providing oxygen by shaking at 150 rpm, optimum pH of
medium of 7.5 ± 2 and temperature of 30°C). After continuous monitoring, results
showed active conversion of all concentrations of NH4 i.e. 5, 10, 15 and 20 mM by
Nitrosomonas sp. in specific growth medium. However, all media amended with 5, 10
and 15 mM, (NH4)2SO4, showed maximum NO2─N concentrations till 48 hrs of
incubation i.e. 43.6, 51.2 and 41.9% respectively. After 72 hrs of incubation a little
increase in the NO2─N concentrations were observed in the flasks having 5, 10 and 15
mM of (NH4)2SO4 (48, 51.2 and 41.9% respectively) as shown in the Figure 6.5a, 6.5b
and 6.5c. While, maximum concentration of NO2─N (1.2 mg/L) was observed in the
flasks with increase (NH4)2SO4 (20 mM.) concentration after 72 hrs of incubation (Figure
6.5d).These observations clearly indicate that newly enriched Nitrosomonas sp. has the
capacity to tolerate and utilize high NH4 loads. These findings also corresponds to
various previous reports, that Nitrosomonas europaea/eutropha are primarily found in the
environments with high NH4 concentrations (Bollmann and Laanbroek, 2001; Koops et
al., 2001; Koops and Pommerening‐Röser, 2001; Kowalchuk, and Stephen, 2001;
Bollmann et al., 2002; Koops et al., 2006). On the other side, investigations revealed
decrease in concentrations of NO2─N with increase in the levels of NO3─N in all media
amended with different concentrations of NaNO2 (5, 10, 15 and 20 mM) while incubated
with enriched Nitribactor sp. In case of 5 and 10 mM concentrations of NaNO2 in the
media, a through linear increase in the process of nitratification was observed. While,
overall 39.7 and 52% oxidation of NO2─N to NO3─N was illustrated by Nitribactor sp.
at 5 and 10 mM concentrations of NaNO2 respectively after 72 hrs of incubation (Figure
6.6a and 6.6b). However, an exponential increase in the concentrations of NO3─N (51.9
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and 57.4%) was found in the media having 15 and 20 mM concentrations of NO2─N until
72 hrs of incubation as shown in the Figure 6.6c and 6.6d. These results clearly indicated
physiologically active Nitribactor sp., having the competency of NO2─N oxidation to
NO3─N even under higher concentrations of NO2─N in the media. It was also reported
that NO2─N oxidation kinetics of Nitrobacter is higher than other nitratifiers (like
Nitrosipra) and is likely to be dependent on available NO2─N concentration (Kim and
Kim, 2006; Nogueira and Melo, 2006).
Thus the existence of Nitrosomonas and Nitrobacter sp. in the deeper zones of TBF
system was justified from this study. The distribution of these nitrifying communities
could be attributed to wastewater characteristics like availability of substrates (NH4─N)
and also carbon source (from oxidation COD/BOD to CO2) and of course the process
configuration, like proper aeration which, in turn, would have also affected the
nitrification performance of the systems.

185

Chapter 6

30
20

0.3

10

0.2

0

50
40
30
20
10
0
24

48

Time interval (hrs)

72

50
40

0.5

30
0.4

20

0.3

10

0.2

0
0

60

(c)

0

0.6

24
48
72
Time interval (hrs)

Nitrite nitrogen (mg/L)

Nitrite nitrogen (mg/L)

0

60

(b)

1.4
1.3
1.2
1.1
1
0.9
0.8
0.7
0.6
0.5

Nitritation (%)

0.4

Nitrite nitrogen (mg/L)

40

Nitritation (%)

50

0.5

1.3
1.2
1.1
1
0.9
0.8
0.7
0.6
0.5

0.7

24
48
72
Time interval (hrs)
60

(d)

50
40
30
20

Nitritation (%)

60

(a)

Nitritation (%)

Nitrite nitrogen ( mg/L)

0.6

10
0
0

24
48
72
Time interval (hrs)

Fig. 6.5 ─ Changes in nitrite nitrogen concentrations with increase in incubation time
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amended with (a) 5 mM, (b) 10 mM, (c) 15 mM and (d) 20 mM of ammonia nitrogen
source ((NH4)2SO4) incubated with nitrosomonas sp.
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6.3.2 Wastewater treatment efficiency of pilot scale TBF
6.3.2.1 Carboneous pollutants removal
Results on carboneous material removal rates of domestic wastewater in TBF system at
20-41.5°C are presented in Figure 6.7 and 6.8. The average COD of wastewater before
treatment was recorded as 670.03 mg/L over a study period of 40 days. The results
indicate that COD elimination efficiency from wastewater significantly increases with
passage of time (rho = 0.998; p ˂ 0.01; n = 40) and range from 62.4 to 98.1% at flow rate
of 1.2 L/min. The highest removal of COD has been recorded (98.1%) on 40th day of
reactor operation, however, > 90% wastewater treatment efficiency of the TBF system
was observed after 25th day. While, comparatively low COD reduction (62.4%) was
found on 1st day of operation. A significant correlation of COD removal efficiency was
noticed (rho = 0.887; n = 40) with change in seasonal temperature (Figure 6.7).
Likewise, the average BOD of wastewater influent observed over a study period of 40
days was 456.8 mg/L. Thus the reactor operated at average BOD loading rate of 0.063
kgBOD/m3.day. BOD removal efficiency of the TBF increased with passage of time from
1st day (56.4%) to 40th day (98.6%) of operation (rho = 0.99; p ˂ 0.01; n = 40). Data
obtained from the current pilot trials also showed significant correlation of BOD removal
efficiency with temperature change (rho = 0.886; p ˂ 0.01; n = 40) (Figure 6.8).
This continuous reduction of COD/BOD was attributed to increase in temperature and to
development of efficient biofilm on stones. As one batch of the influent (400 L)
recirculates through the bed of the reactor four times in 24 hrs, it provides
organic/inorganic nutrients to the biofilm inhabitants thus resulted into the development
of more active biofilms. Moreover, recirculation of wastewater during treatment
improved wetting of media, avoidance of anaerobic zones, more distribution of organic
load and more accumulation of biomass as biofilm (Degremont, 1991; Metcalf and, Eddy
1991). Further, increase in environmental temperature has positive effect on the biofilm,
because most of bacteria flourish well in the temperature range of 25-40°C. Thus it
contributes to the removal of more pollutants from wastewater as their food (Prescott et
al., 2005). This diminution of carbonaceous matter (COD/BOD5) after continuous
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recirculation of wastewater through TBF system resulted in the increase of DO
concentrations of effluent (USEPA, 2000; Sa and Boaventura, 2001; Rehman et al.,
2012). Initially the average DO concentrations of influents to TBF system was 1.92
mg/L, indicated high COD/BOD load. However, its levels showed increase in the final
effluent from 1st to 40th day of operation (rho = 0.58; p ˂ 0.01; n = 40). Finally, average
values of DO obtained was 7.2 mg/L and its increase in concentrations remains within the
range of 60.9 – 87.6% during experimental period of 40 days (Figure 6.9). These results
showed that increase in DO concentrations (range 5.63–8.31 mg/L) were satisfactory to
consent maintenance of nitrifiers and nitriﬁcation process in the deeper layers of the TBF
system, even during high ammonia nitrogen loads of wastewater. This capability of the
TBF system to sustain saturated oxygen concentrations in the effluent was due to the high
voidage (47%) and consistent conﬁguration of the stone filter media. The efficient
passive aeration of inﬁltrating recirculating wastewater resulted in signiﬁcant
oxygenation of the incoming water during the ﬁltration process. The remarkable oxygen
transfer from the atmosphere into the bulk liquid during recirculation in the bed of the
TBF constantly yielded effluent DO concentrations more than inﬂuent concentrations. It
was concluded that without forced ventilation in TBF system, increase in DO, decrease in
COD/BOD and ammonia nitrogen concentrations were achieved with natural draft, which
provided sufficient aeration.
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6.3.2.2 Removal of Nitrogenous pollutants

From the available data, it is clear that the mode of nitrogen removal in the pilot TBF
system is nitrification and highly accelerated with passage of time (rho = 0.95; p ˂ 0.01;
n = 40).The average NH4─N levels of the influent was 16.96 mg/L (0.0024 kgNH4N/m3.day) and reduced by 33.8, 54.4, 76, 78.4 and 93.5% on 1st, 10th, 20th, 30th and 40th
day of treatment respectively (Figure 6.10). This increase in the rate of nitrogen removal
has shown significant association with temperature increase (rho = 0.83; p ˂ 0.01; n =
40). It was previous reported that temperature has more significant effect on nitriﬁcation
rates as it proliferates growth of nitrifiers (Mann et al., 1998; He et al., 2007). These
results clearly indicates that the attached growth systems like TBF having natural media
i.e. stones can produce higher rate of nitrogen removal as compare to suspended growth
processes (Randall and Sen, 1996) and other attached growth reactors using synthetic
(sponge) media (Mahmoud et al., 2011).

The process of nitrification is assisted under specific alkaline condition, as it requires
alkaline condition for the conversion of ammonia (NH3) to nitrates (Almstrand et al.,
2011). During the current research, regular monitoring showed that average inﬂuent
alkalinity was 159.5 mg/L. Such alkaline levels are reasonably suitable for the activity of
nitrifying bacteria (USEPA, 2000). The result indicated consumption of 7.14, 7.56, 7.88,
7.63 and 7.4 mg/L of alkalinity per mg of NH4─N removal on 1st, 10th, 20th, 30th and 40th
day respectively of TBF operation (Figure 6.10 and 6.11). This alkalinity consumption
correlated well with NH4─N removal (rho = 0.87; p ˂ 0.01; n =40) with average 7.52
mg/L of total alkalinity (as CaCO3) consumed for every 1 mg/L NH4─N oxidized, which
was approximately consistent with the theoretical value of 7.14 mg CaCO3/L (Lipták and
Liu, 1999; Pearce and Edwards, 2011). Moreover, this consumption of alkalinity during
nitrification corresponded to reduction of the pH of wastewater (Figure 6.12). A
signiﬁcant relationship between nitriﬁcation efficiency and decrease in the average pH
range of influent from 7.52 to 6.62 of effluent was observed during the present study (rho
= 0.73; p ˂ 0.05; n = 40). This NH4─N removal associated well with a decrease in pH
due to the production of H+ ions during the oxidation of ammonia (Gujer and Boller,
193

Chapter 6
1984; Pearce and Edwards, 2011); pH reduced by approximately 0.11 units for every 1
mg/L NH4─N oxidized. The reduction in total alkalinity and pH provided evidence of
normal biological nitriﬁcation inside the TBF. Moreover, after reduction of the pH the
nitrification process will continue as a bioﬁlm system on a chalk filter media has shown
nitrification at low pH of 5 equal to those predictable at pH > 7 (Tarre et al., 2004). It was
contrary to the kinetics of conventional nitriﬁcation, which suggested an optimum pH of
7.2–7.5 for nitriﬁcation. Thus supporting the proposition that once acclimatized, nitrifying
biomass is constrained by alkalinity and not by low pH. In the present research, the
identified ammonia and nitrite oxidizers were reported as Nitrosonomas and Nitrobacter
sp. both are normally found in nitrifying systems working at alkaline pH, which suggests
that individual strains are capable of acclimatizing to slightly low pH.
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Fig. 6. 10 ─ Concentrations of NH4─N in the influent and effluents and its removal
efficiency (%) by pilot scale TBF system during an experimental period of 40 days at
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6.3.2.3 Removal of pathogens
For the quantitative analysis of pathogenic indicators in wastewater before and after
treatment, the spread plate and MPN techniques were used. The strength of bacterial
population was determined in terms of CFU/mL. The average numbers of bacteria was
reduced in the wastewater from 7.9 x 108and 9.8 x 108 to 4.0 x 105 and 5.61 x 102 on 1st,
and 40th day respectively of the pilot scale TBF operation after 24 hrs of recirculation
(Figure 6. 13).
Similarly, MPN index of fecal coliforms was carried out using MacConkey’s broth (95%
confidence limit for various combinations of positive and negative results). Before
treatment the untreated wastewater showed MPN index of 210 on 1st day and >1100 on
all other days of operation (10th, 20th, 30th and 40th day influents). However, after 24 hrs
of treatment in the TBF, its value dropped to 35, 220, 75, 80 and 43 on 1st, 10th, 20th, 30th
39thand 40thday respectively (average 88.8% reduction) (Figure 6. 14).These results
clearly indicated significant decrease in the strength of bacterial population from 1st to
last day of the TBF operation (rho = 0.75; p ˂ 0.01; n = 20) and with increase with
seasonal temperature (rho = 0.78; p ˂ 0.01; n = 20). One likely reason of the higher
performance of the pilot scale TBF could be the greater retention time in the bed of the
reactor, which resulted in the retention of pathogenic microorganisms (present in waste
influent) on filter media by adsorption. After adsorption on the surface of stone media
they become a part of biofilms and participated in the removal of organic and inorganic
pollutants from wastewater stream. Also, the physical factors such as retention time,
porosity and active volume were found in the reactor to be the most important factors
affecting fecal coliforms removal. The removal efficiency of pathogenic indicators has
also been directly linked with removal of organic/inorganic (BOD/COD) pollutants (rho
= 0.76; n = 20). in the reactor and indirectly linked with parameters such as DO (rho =
0.52; n = 20)., pH (rho = 0.61; n = 20) and temperature (rho = 0.78;p ˂ 0.01; n = 20)
(Fernandez et al. 1992; Saqqar and Pescod, 1992).
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6.4 Conclusions and Recommendations
From the 40 days study on the small wastewater pilot TBF treatment system it was
concluded that the reactor started wastewater treatment on the 10th day and its efficiency
of treating wastewater increased with passage of time. Maximum removal efficiency of
COD, BOD5, NH4─N and pathogen indicators from wastewater was shown by the reactor
on the 40th day of operation. The processes of nitrification is also confirmed by decrease
in the pH and alkalinity of treated effluent, the key argument being that the efficient
oxygen transfer afforded by the media design is sufficient to satisfy heterotrophs and
autotrophs oxygen demand simultaneously. This was further supported by the
identification of thirteen heterotrophic strains, Nitrosomonas sp. and Nitrobacter sp. from
the biofilms on the filter media.
The experiments here described were conducted in pilot TBF system of small dimensions
inside a work station facility. They have been protected along the whole experimental
period against many external conditions that could interfere in the process, such as: direct
exposition to sunlight, extreme variations of temperature, exposition to rain, among
others. Thus, a similar experimental work in open field and using larger biofilters would
be the natural next step for further investigations.
In order to lower the cost of the installation of TBF systems, it would be desirable that the
filling medium/packing media could be self-sustainable, so the walls of the filter could be
of no structural nature. An investigation on efficiency as a function of the hydraulic
loading rate is also recommended, besides the treatment capacity as a function of the
organic loading rate, and possible effects of recirculation.

201

General Discussion

Chapter 7

The current trends of population growth, deteriorating fresh water sources due to
wastewater emission tend to trigger severe human and environmental health
challenges (Azizullah et al., 2011). Wastewater contains a range of pathogens
(bacteria, parasites and viruses), toxic chemicals (acids, salts, heavy metals) and
organic chemicals from agriculture, industry and domestic sources (Drechsel et al.,
2009; Azizullah et al., 2011). This excess nitrogen and phosphorus constrain
potentially noxious algal blooms, changes in biodiversity direct to destructive hypoxic
events and increasing dead zones (Tilman, 1998; Rockström et al., 2009) resulting in
huge economic losses (Figueredo and Giani, 2001; Diaz and Rosenberg, 2008; Gilbert
et al., 2008; Hernández- Shancho et al., 2010; Nyenje et al., 2010). While most of
developing

countries

use

untreated

wastewater

for

agriculture

purposes.

Approximately 7% of land is estimated to be irrigated with wastewaters, which
provide 10% food to the world’s population (Mara, 2000; WHO-FAO, 2006). The
treatment of wastewater prior to agricultural use is believed to be essential: first, for
public/environment health protection, and second, to value local/social and religious
beliefs (Mara, 2001; Dalahmeh et al., 2011).
Wastewater treatment is a phenomenon of removing contaminants from used water
for producing treated waste stream and sludge to be discharged in the environment or
reuse back for agricultural activity (Evans and Ellis, 2005). In the developing
economies the construction of reliable, simple and cost-effective decentralized
treatment systems has to be adopted for wastewater treatment (USEPA, 2000). During
recent years, considerable interest has been expressed in the potential use of a variety
of natural biological systems to restore and maintain the chemical, physical, and
biological integrity of the natural water bodies in order, to prevent water borne
diseases, eutrophication of water bodies, and deteriorating fresh water quality. The
operational experience and research results reported in the available literature
recommended the usefulness of attached growth process for wastewater treatment
(Zhang and Bishop, 1994; Loupasaki and Diamadopoulos, 2013). It needs only the
addition of solid media to endorse attachment surfaces for biofilms developments
(Kim et al., 2010). Biofilms are extremely catalytic in nature and assimilating
dissolved/colloidal compounds by regulating substantial amounts of intra and
extracellular enzymes from microbial cells (Flemming and Wingender, 2010).
Microbes within biofilm play a significant role in the mineralization of various
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complex contaminants (Massol-Deya et al., 1995). Moreover, they remove dissolved
contaminants through absorption and adsorption mechanisms (O’Toole et al., 2000).
The present research work focused towards evaluating and establishing the role of
small scale attached growth wastewater treatment systems such as trickling biofilter
(TBF) for small communities taking one of the research site i.e., Quaid-i-Azam
University, Pakistan and adjoining areas in consideration. This research study was
divided into four phases based upon laboratory scale studies and pro-type pilot TBF
system for wastewater in the university campus.
The first phase of the research work based on selection of the best support material for
development of biofilm in order to use it in specifically designed attached growth
reactors. Four different types of supporting granular media including; polystyrene
(PS), polypropylene (PP), tyre derived rubber (TDR) and stones/pebbles (ST) were
chosen to be used as filter media (for biofilm development) by considering their
availability, durability, surface morphology and chemistry, etc. The selection of
durable, non reactive growth sustaining support media and metabolically active stage
of biofilm to be used in the bioreactors have always been given special emphasis for
efficient wastewater treatment (Leonard, 2009; Wu et al., 2009; Xu et al., 2012).
Before biofilm development, the elemental compositions of these selected media
types were analyzed by XPS to check their compatibility with the developing biofilms
for wastewater treatment (Figure 3.2). The highest C content was observed in PS
(97.12%), followed by TDR (83.5%), PP (53.04%) and ST (37.69%) materials. The
detectable amount of silicon (Si) found in TDR, ST and PP materials were 3.67, 1.20
and 0.14% respectively. However, Zinic (Zn) was only present in PP (1.22%) and
TDR (0.13%) media. Negligible amount of sulphur (S) was determined in PP (1.64%)
and TDR (0.3%). The ST material also contain 12.33% of calcium (Ca) (Table
3.1).The elemental evaluation of all media revealed its compatibility with microbial
growth. Park et al. (2011) also found S, Ca, Zn Si, O etc. in a TDR biofilter used for
H2S odor removal.The presence of Ca was also repoted to increases the biofilm mass
(Huang and Pinder, 1995). Goode and Allen (2011) suggested that Ca may be used as
varible for the improvement of attached growth wastewater treatment systems
designed for nitrification and denitrification, where anioxic zone is required for
conservation of NO3─N.
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After elemental evaluation of media, the research work was focused on investigation
of biofilm succession on all media types. Microbiological and physico-chemical
changes in the feed sludge were noticed in order to record its pathogen and
contaminants removal efficiency. A considerable decrease in MPN of E. coli (> 80%)
was noticed in the sludge after two months of incubation in all experimental sets
having different types of packing media both under aerobic and anaerobic conditions,
without only one reactor having PP media (50.1%) under anaerobic conditions.
Similarly, MPN index of fecal coliforms, showed > 97% decrease in the sludge
having PS, ST, PP and TDR media experimental sets under aerobic and anaerobic
incubation (Table 3.2). These microbiological changes were attributed to adsorption
of bacteria in the biofilm (on media) (Kristian Stevik et al., 2004) and due to depleting
readily available nutrients and organic matter (BOD) (Yathavamoorthi et al., 2010).
Similar finding were reported earlier where, researchers associated this decrease in
microbial count to deactivation by predation or natural die off process (Andersson et
al., 2008).
Different chemical parameters and nutrients of the feed sludge were also monitored at
regular interval in order to examine (heterotrophic) microbial activities. The COD of
sludge notably reduced (> 70%) after two months of aerobic and anaerobic incubation
with different types of filter media. However, comparatively, a significant reduction
(74.5%) in COD of sludge was observed in the ST media reactors under aerobic
conditions. While, under anaerobic operational conditions PS media reactors exerted
maximum (71.6%) reduction in COD of sludge after 9th weeks of incubation.
Similarly, BOD5 of sludge also underwent reduction of > 68% after nine weeks of
biofilm development on all media under aerobic and anaerobic conditions (Figure
3.3). This decrease of BOD5 was attributed to high biodegradation of organic matter
by oxidation and anaerobic digestion respectively due to metabolically active biofilms
development. However, earlier investigations have reported 80-99% drop of BOD5 in
wastewater by well-established fixed film processes (Moen and Hammel, 1994;
Soontarapa et al., 2001). Whereas, approximately 90% reduction in BOD values of
textile effluent was reported under anaerobic conditions by Asia et al. (2006).
Another important parameter was pH of sludge which was regularly monitored,
during succession of biofilm on media until 9th week (Figure 3.5). Usually, an inverse
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correlation exist between BOD or COD with DO, and such pattern was also observed
in the present research under aerobic conditions (Figure 3.4). The DO of the sludge
(1.20 mg/L) showed maximum increase to 4.87 mg/L (79.35%) under aerobic
environment in PS packed reactors. However, approximately 60% increase in DO was
noticed in all reactors packed with different types of media operated in aerobic
environment. This raise in oxygen concentrations might be ascribed to the constant
agitation and degradation of organic pollutants in the sludge by healthy biofilms on
the surfaces of all media types. While on the other hand, decline was observed in the
DO levels of sludge (33.5%) incubated with all packing media under anaerobic
conditions. This reduction of DO was due to depleted dissolved oxygen content in the
sludge consumed for oxidation of organic and inorganic compounds. Since no
additional oxygen was provided, DO concentration decreased and further conformed
by the falling of pH from 7.72 to 6.53 in almost all experimental sets.
Changes in various nutrient concentrations including, nitrites, nitrates, sulphates and
phosphate were also considered in order to search the subsistence of autotrophic
bacteria in the biofilms. The developing biofilms have shown reduction (66-84.9%) of
nitrites in all experimental reactors during two months of operation in aerobic and
anaerobic environments. On the other hand the concentration of nitrates showed
gradual increase from its mean value of 0.372 mg/L during fixation and maturation of
biofilm in the reactors with PS, PP, TDR and ST media after nine weeks of incubation
(Figure 3.6). Generally, declines in concentration of nitrites and raise in nitrates
under aerobic conditions was attributed to the nitrite oxidizing activity of nitrifying
bacteria (Nitrosomonas sp. and Nitrobactor sp.) (Ghanizadeh and Sarrafpour, 2001;
Sakuma et al., 2008) and also heterotrophs i.e., E. coli and Pseudomonas sp. (Mara
and Horan, 2003). Thus, E. coli and P. aerouginosa observed in the developing
biofilm on different media might be responsible of some extent of nitrification.
Maximum accumulation of nitrifiers was also reported on PS and PP polymers by Liu
(1995).The Alcaligenes faecalis might be responsible for nitrification/denitrification,
identified in the present in the developing biofilms on different media. Shoda and
Ishikawa (2014) reported for heterotrophic nitrification and aerobic denitrification by
Alcaligenes faecalis under anaerobic conditions. Moreover, decrease in COD and
BOD and increase in DO positively influence the growth of nitrifiers and thus
triggered the process of nitrification. While, under anaerobic environments decrease
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in nitrites levels of sludge could be due to the trapped oxygen in the experimental
reactors. Though, nitrates concentrations showed reduction (27-62.9%) in all
anaerobic experimental apparatus. This illustrates the presence of denitrifying bacteria
in the developing bio-layer on all media and further conformed by decrease in the pH.
Helness and Odegaard (1999) investigated simultaneous nitrification and phosphate
uptake in aerobic as compare to anoxic conditions.
Another important nutrient i.e., sulphates showed reduction in sludge by all support
media in aerobic (23-69.5%) and anaerobic (38-84%) experimental set ups (Figure
3.7). It revealed the activity of sulphur oxidizing bacteria (SOB) and sulphate
reducing bacteria (SRB) in the biofilms (Lenset al., 1995). Normally the SOB’s
oxidize the sulphur in to sulphates and then sulphate reducing bacteria reduce these
sulphates into sulphide (H2S) which then evaporates into the atmosphere. SOBs are
widely detected in domestic wastewater and play an important role in carbon, sulfur
and nitrogen cycles. In the deeper biofilm zones, anaerobic bacteria, including SRB
commonly observed using direct visualization and molecular biological approaches
reported to be involved in removal of sulphates (Ehlers and Turner, 2012). That
suphate elimination correlated with nitrites and phosphates microbial deletion in the
present research study. The phosphate concentration (0.016 mg/L) in the sludge
reduced over a period of two months both under aerobic and anaerobic incubation
(Figure 3.7), indicating abundant PAO’s in the biofilm. Under aerobic conditions as
compare to anaerobic conditions more reductions were noticed; rapid phosphorus
uptake in aerobic conditions was also reported by Kerrn-Jespersenand Henze (1993).
The considerable uptake of phosphate during anaerobic conditions might be due to
denitrification (Barak and Van Rijn, 2000; Van Rijn et al., 2006; Li et al., 2014) as
denitrifying phosphorous removal has been reported by peng et al. (2011). Actually,
biological phosphorus removal population comprises at least two groups: one group
capable of utilizing either oxygen or nitrate as an electron acceptor (denitrifying
PAOs), and the other group capable of utilizing only oxygen (aerobic PAOs).
Simultaneous phosphorus and nitrogen removal processes requires an aerobic phase
for the nitrifying reaction to provide nitrate as an electron acceptor (Henze, 1993; Li
et al., 2014).
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The growth of biofilm on various packing media was estimated by Gravimetric,
microscopic and HPC/mL (of selected bacteria). More increase in weight of biofilm
was observed under aerobic than under anaerobic environments (Figure 3.8 and
Figure 3.9). Though, different trends in biofilm development were observed on
different media including TDR, ST and PP. However, a general trend in increase in
weight of biofilms was noticed until 6-8th weeks of incubation, and then it showed
decline. These results were further conformed by optical density (OD) of the biofilms.
The initial increase weight and OD of biofilms and then decrease was due to initial
microbial attachment, growth and then detachment from support media. The
detachment also has been linked to decreasing levels of organic and inorganic
nutrients (BOD, COD and nutrients) in the sludge with time. Whereas, the increased
biofilm growth on PS media illustrated by its weight and OD until 9th week of
incubation might be attributed to its rough surface. The rough surfaces of
substratum/polymeric surfaces generally promote bacterial adhesion and biofilm
deposition (Eginton et al., 1995; Katsikogianni and Missirlis, 2004; Leefmann et al.,
2011; Chen et al., 2012; Kim et al., 2014). The PS media can be source of organic
carbon as indicated by XPS analysis to the developing biofilm.
After microscopic identification and biochemical characterization of microbes in the
sludge before incubation (Table 3.3, 3.4 and Table 3.5), four Gram negative strains
including E. coli, P. aeruginosa, S. typhimurium and S. dysenteriae were selected as
indicator organisms. They were regularly monitored by their colony count in order to
evaluate the microbial relocation during biofilm succession on different media till
nine weeks. Growth patterns observed were quite varying among different bacterial
strains during biofilms development under aerobic and anaerobic conditions (Figure
3.11 and Figure 3.12). Mostly these pathogen indicators were not found in 8th week
and 6th/7th old aerobic and anaerobic biofilms respectively. The desertion of all
pathogens in the developing biofilm, steady improvement in weight and OD of
biofilm, reduction in parameters like COD and BOD5, variation in pH, and various
nutrients (nitrites, nitrates, sulphates and phosphates) in sludge illustrating the
microbial shift from pathogenic species towards other unculturable autotrophs
participating in configuration of biofilm on various media (Gottenbos et al., 1999).
Scanning electron microscopy (SEM) conformed microbial succession along with
varying biodegradation of the support media (Figure 3.13 to Figure 3.16). Generally,
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SEM micrographs showed maximum growth in six weeks old biofilms. These visual
observations were in agreement with increase in weight and OD of the biofilm and
gradual decrease in COD, BOD5 etc. of sludge. Further, some distinctive pattern of
bacterial arrangement like cocci in very compact form and bacilli in ring shaped on
PS media were observed in the nine week old aerobic biofilms (Figure 3.13). The PS
media supported bacterial growth until 9th week of incubation; it might be due to high
carbon content as detected by XPS. While, long strings of bacilli were seen in
anaerobic biofilms on PS, PP and ST media (Figure 3.15 and Figure 3.16). In all
other test media material, the bacterial growth initially increases until 6th week and
then start decreases after 9th week of incubation. Thus it was concluded that biofilm
development and detachment depends mainly on the carbon contents (COD/BOD5) of
the sludge. Furthermore some cracks were observed on the surface of TDR media
after 3rd and 6th week of incubation under anaerobic condition (Figure 3.14). The
developments of such cracks were attributed to enzymatic action of developing
biofilms. Such results were also supported by fourier transform infrared spectroscopy
(FTIR) of all selected media.
The FTIR of TDR media have shown that aerobic biofilms started changes after 6th
week and caused C=C bond stretching C–H bond development (Figure 3.18). Under
anaerobic conditions changes were recorded in the FTIR peaks after 1st week, resulted
in the development of C-H (SP3 hybridization) formation, terminal alkynes
production, -NH2 bending, carboxylic acid production by oxidation etc. Thus FTIR
analysis showed that microbial succession caused limited biotransformation in TDR
under aerobic than under anaerobic experimental conditions, as conformed by SEM
micrographs (showing occurrence of cracks). The TDR material was prone to less
biodegradation under aerobic conditions, due to different adhesives, retardants, and
vulcanizing agents (Rose and Steinbüchel, 2005; Yikmis and Steinbüchel, 2012; Shah
et al., 2013), signifying its capability to be employed in the aerobic biofilm reactors
for wastewater treatment. While, PS showed production of carboxylic acids and
alcohols, C-H bending mode and C=C vibrations of aromatic rings both by
aerobically and anaerobically developed biofilms (Figure 3.17). These changes might
be correlated with high carbon content as detected by XPS analysis in such media,
which interns supported heavy biofilms until 9th week of incubation as indicated by
weight, OD and SEM analysis. The changing patterns in PS media during biofilm
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development will definitely raise issues regarding its long-term applicability in
biofilm reactors applied for wastewater treatment. Previously, the degradation of PS
materials buried in soil has been reported (Mooney et al., 2006; Atiq et al., 2010) due
to hydrolytic enzymes secreted by micro-organisms causing breakdown of long chains
of polymers into small molecules (Rabinovich et al., 2004). While, in case of PP
media (Figure 3.19), minor changes were exerted by aerobically developing biofilms
after 6th week of incubation as indicated by C-O and C=C bonding pattern. On the
other hand, under anaerobic conditions drastic changes appeared even after 1st week
of incubation with sludge as illustrated by the production of carboxylic acid, C-H
bonding, C-O and C=C bond formation and unsaturation occurred by production of
double bond C=C. However, PP material can be employed in the biofilm reactors for
wastewater treatment. As, its microbial depolymerization leading to complete
mineralization (i.e. formation of H2O and CO2) (Meyer and Wallis, 1997; Pal et al.,
2010), which has no harmful effect on corresponding environment (Arutchelvi et al.,
2008).
From the first phase of the present research, the assemblage of physiologically active
biofilm on all media i.e. PS, PP, TDR and ST was observed after one week of
incubation with sludge in both conditions. It was indicated in terms of weight, OD,
SEM analysis of biofilms, chemical changes (BOD, COD, and pH), nutrient
fluctuations (nitrites, nitrates, phosphates and sulphates) in the sludge. Moreover,
adequate biofilm development was seen by the reduction of colony count of the
pathogenic bacteria in the biofilm and by the facts that the MPN index of sludge
showed a shift from pathogenic indicators to unculturable microbes and deterioration
of organic contaminants in the sludge. Such biofilm progression studies were also
supported by biotransformation changes exerted by biofilm intensification on media
by FTIR. Generally, all four types of media used, showed durability under aerobic
condition as observed by biodegradation investigation (SEM and FTIR) and can be
employed as biofilter media in aerobic biofilm reactors for wastewater treatment.
Then in the next phase of research, next generation sequencing (NGS) technology,
such as high-throughput pyrosequencing was applied for first time for investigation of
aerobic biofilms community structure, composition on various packing media, under
different temperature conditions i.e., 10, 20 and 30°C responsible for wastewater
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treatment. A total of 22029 effective sequence tags were recovered from all 12
samples (biofilms developed on PP, TDR, ST, PS media at 10, 20, 30°C). Largest
number of sequences (2919) was obtained from biofilm sample developed at 30°C on
TDR filter media followed by ST media at 20°C biofilm (2272), PS media biofilm at
10°C (2087), PP biofilms at 20°C (2050) and ST at 10°C (2004). While, smallest
number of sequences (1016) was retrieved from PP biofilms developed at 10°C
(Table 4.3). These large numbers of sequences revealed the existence of rare species
which contributed a significant portion of the diversity in the tested biofilm samples
retrieved at all temperatures. These increased number of retrieved sequences were
much greater than those (22 sequences) obtained by PCR–DGGE coupled with
analysis of 16S rRNA gene fragments from dominant bands from the biofilms of
cross-flow nano filtration (NF) membranes operating at 20, 25 or 34°C at operation
lengths of 8 hrs to 24 days for wastewater treatment (Ivnitsky et al., 2007). Overall,
the larger numbers of sequences from all biofilm samples make it possible to detect
more species in such biofilms in terms of operational taxonomic units (OTUs) with
3% cutoff. This study illustrated maximum numbers of OTUs (347) in TDR biofilm
developed at 30°C, followed by OTUs (334) in PS media supported biofilms at 10°C.
While minimum number of OTUs (163) was obtained from PP media at 10°C. From
the effective sequences (3% cutoff), 12 phyla were identified in all biofilm samples.
The large abundance was shown by phylum Proteobacteria (54.06%) (Figure 4.1).
Proteobacteria was found to be prevalent group in wastewater treating biofilms by
other molecular studies (Ivnitsky et al., 2007). It was followed by Bacteroidetes,
Firmicutes and Actinobacteria having relative abundance of 28.97, 5.30 and 3.88%
respectively (Figure 4.1). These results were also in agreement with that of
pyrosequencing analysis of bacterial diversity in 14 wastewater treatment plants of
China at different geographical locations (Wang et al., 2012), and 14 activated sludge
wastewater treatment plants (Zang et al., 2012).
For a comparison of bacterial species richness among 12 biofilm samples, rarefaction
curves of all the observed OTUs were developed (Figure 4.2). This curve persistently
increased with the number of sequences in the samples and did not reach a plateau
demonstrating that further increases in sample size would yield more species. The
data presented here was based on the evaluation of 14 days old biofilms. Thus there is
need of long duration with same media types, temperatures and wastewater for better
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assessment of the abundance, diversity and role of bacteria in mature biofilms and for
wastewater treatment. Whereas, highest bacterial diversity in the biofilm sample as
estimated by Chao1 index and ACE, was found in the biofilms developed on PS
media at 20°C, followed by PS biofilms at 10°C, and the lowest diversity was found
in the biofilms developed on 10°C on the PP media (Table 4.3). Although same
municipal wastewater was used as inoculating agent for biofilm development, but
different media cater biofilms with different diversity owing to its elemental
composition (Figure 3.2). Different packing media in the reactors offered a
constructive environment (moisture, temperature, pH, nutrients, etc.) for the
development of microorganisms (Dumont et al., 2008). Further, non-metric
multidimensional scaling (NMDS) showed a significant difference in the biofilm
communities developed on all four different types of media materials (PP, TDR, PS
and ST) at 30°C (Figure 4.5a). Ivnitsky et al. (2007) also observed different bacterial
compositions in the wastewater treating biofilms developed at 20, 25 and 34°C.
Mostly the bacterial communities of lower temperatures are quite different than that at
mesophilic temperatures (Prescott et al, 2005). The NMDS also gave a clear
separation/difference among bioﬁlm samples developed on TDR filter media from all
samples removed from all other tested media (Figure 4.5b).
However, the Heatmap (Figure 4.7) demonstrated 23 core genera including
Rheinheimera,

Rhodococcus,

Aquabacterium,

Trichococcus,

Acidovorax,

Flavobacterium, Roseateles, Aeromonas, Sediminibacterium, Hydrogenophaga,
Aquimonas,

Brevundimonas,

Chitinimonas,

Pseudoxanthomonas,

Filimonas,

Rhizobacter, Zoogloea, Arenimonas. Neochlamydia, Dechloromonas, Propionivibrio,
Lysobacter, Bacteroides. These genera were frequently identified in all biofilm
samples but with variable relative abundance. However, on TDR media some unique
gerera were found such as Rhodococcus (Table 4.4).This was found in the biofilms
developed at 10, 20 and 30°C at a relative abundnce of 23.3, 13.2 and 29.7%
respectively (Figure 4.6 and Figure 4.14). The TDR media have naturally potential to
carry Rhodococcus, so it can be considered to be used in the bioreactor as a filter
media for treatment of such type of wastewater. As Rhodococcus sp. was reported in
the granular activated carbon to remove acrylamide in a laboratory scale TBF by
Zhang and Pierce (2009). However, its detail comparision at genera level with biofilm
community on other media also suggested that TDR supported growth of
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Aquabacterium, Stenotromonas, Rhizobacter and Erythromicrobium (Figure 4.6 and
Figure 4.14). The genera Aquabacterium and Rhizobacter were found on other media,
but their abundence were negligible. Presence of bacteria such as Erythromicrobium
suggested that it might helped to metabolize iron and manganese within biofilms
(Katsoyiannis

and

Zouboulis,

2004;

Ginige

et

al.,

2011).

The

genus

Erythromicrobium has also been reported reducing heavy metals (Yurkov et al.,
1996). This trait makes the bacterium as a prospective applicant for removing heavy
metal ions from polluted industrial wastewaters. While, Aquabacterium (19.6%),
Stenotrophomonas (10.3%), Rheinheimera (7.4%) were also recognized in the biofilm
communitity at 10°C. Furthermore, Rhizobacter (14.4%), Acidovorax (13.8%),
Pseudoxanthomonas (8.3%) were dominantly found in biofilms developed at 20°C.
While, Aquabacterium and Aquimonas with 35.5 and 14.1% relative abundance was
dominantly noticed at 30°C.The genus Aquimonas reported to be involved in
nitrification in warm spring (Saha et al., 2005).
On PP packing media (Figure 4.8 and Figure 4.9), Acidovorax (22%),
Brevundimonas (19%), Aeromas (17%) were dominating the biofilm community
developed at 10°C. The genus Acidovorax was reported to be among the first
colonizers of diatom micro-aggregates (Knoll et al., 2001). While, Trichococcus
(42.5%), Chitinimonas (25.3%) and Zoogolea (15.3%) were mostly found with high
% relative abundence to all genera at 20°C. On the other hand the biofilm developed
at 30°C, have huge % relative abundence of Roseateles (76.5%). In case of ST media
(Figure 4.10 and Figure 4.11), the higest % relative abundence of Rheinheimera of
58.8 and 25.6% was noticed in the biofilm samples dveloped at 10 and 20°C
respectively. The Flavobacterium (16.8%), Aeromonas (13.9%), Acidovorax (8.2%)
were dominant at 20°C biofilms. However, the biofilm developed at 30°C indicated
large % realative abundence of sediminibacterium (35.2%), Methyloversatilus
(10.2%), Filimonas (9.1%), Arenomonas (7.7%). The genera Rheinheimera,
Brevundimonas, Hydrogenphaga, Psedorhodoferax were noticed in the biofilms
retrived from PS media at 10°C with % relative abundence of 24, 18.5, 13 and 8.9%
respectively. Furthermore, relative abundence of 25.5, 18.5, 10.7% of Rheinheimera,
Flavobacterium and Aeromonas respectively were found at 20°C. At 30°C, the
biofilm samples have shown, a large ralative abundence of 27.9, 20.3, 20.5, 10 and
8.2% of Filimonas, Sediminobacterium, Neochlamydia, Methyloverstilis, Roseateles.
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The genera Rheinheimera and Zoogloea were observed with highest abundance in
biofilm samples from all support materials. The species of the genus Rheinheimera
are able to easily degrade organic matter (Pinhassi and Berman, 2003; Poretsky et al.,
2005). The species in the genus Zoogloea are recognized to form zoogloeal matrices
(Dugan et al., 1992), and are the main mediator for the flocculation of activated
sludge processes (Rossello-Mora et al., 1995). The genus Dechloromonas was also
observed in all biofilms but with larger relative abundance in PP media biofilms. It
has the potency of reducing perchlorate (Achenbach et al., 2001) and also reported as
PAO’s for the accumulation of phosphorus in the bioreactors (Liu et al., 2005). Thus,
all test media can be use in the reactors for removal of organic wastes, perchlorate,
phosphorus, nitrogenous pollutants from wastewater.
To differentiate the possible association between microbial community structure on
all selected media and physiochemical parameters of wastewater (BOD5, DO, pH), at
different temperature conditions, Pearson correlation was performed. BOD
improvement has shown a correction with temperature in PS (P ˂ 0.01) and TDR (P ˂
0.05) reactors. While positive correlation (P ˂ 0.05) was also discovered between the
bacterial community on PS media and temperature conditions. Moreover, other
parameters have shown non-significant correlation (P > 0.05) with each other and also
with bacterial community (OTUs) retrived from all media reactors (Table 4.10). It
should be considered that the sampling strategy and/or the number of samples
analyzed in this research may limit the ability to entirely differentiate the changes in
the physicochemical characteristics of wastewater and microbial communities in the
12 biofilms samples. Thus more replicated samples from each of the reactor should be
collected to examine the biofilm structures supported by tested media at different
temperatures.
After evaluation TDR, RS, PP and ST for development of active biofilms, the
wastewater treatment efficiencies of TBF using these four biofilm support media were
compared at two temperature ranges i.e. 5-15 and 25-35°C for various aspects,
including removal of COD, BOD, TSS, TDS, EC and fecal coliforms (Table 5.2 and
Table 5.3). The efficiency of the reactor continuously improved with an increase in
treatment time from 12 to 48 hrs. At 48 hrs, a significant reduction was observed in
COD (81-93.4%), BOD (86-90.9%), TSS (55-77.2%) etc under low temperature
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conditions of the winters (Figure 5.4). Though quality of the treated wastewater was
found to be improved typically in terms of parameters viz., COD (89-95.9%), BOD
(91-94.8%), TSS (30-90.5%) etc after 48 hrs in the summers (25-35°C) (Figure 5.6).
After 48 hrs of treatment, effluent DO values rose to 7.18, 6.94, 6.85 and 6.18 mg/L
in ST, PP, PS and PP media TBF respectively at 5-15°C. While, at 25-35°C the
treated effluent from all media types have shown high DO levels (62-78%); highest
DO concentration was achieved by PP (8 mg/L) followed by PS (7 mg/L), ST (7
mg/L) and TDR media TBF (7 mg/L). These high values of DO were due to constant
recirculation and contact of wastewater with biofilm on media. Usually, increase in
DO levels has been related to reduction of carbonaceous matter (COD/BOD, TSS,
TDS), during the treatment of wastewater through attached growth systems (USEPA,
2000; Sa´ and Boaventura, 2001).
A significant drop of 8.8, 5.4, 4.3 and 4.0 log10 have been observed in the final
effluent from PS, PP, TDR and ST media TBF respectively at 5-15°C.While at 2535°C, a highly remarkable decrease was recorded in TDR, PP, PS and ST media TBF
effluents with 5.36, 5.34, 3.97 and 4.37 log10 respectively. These results clearly
suggest that recommended TBF system with all tested media effectively removed
fecal coliforms from wastewater. Thus treated effluent can be used for
agricultural/recreational purposes, as according to WHO guidelines (Blumenthal et
al., 2000). This reduction of the fecal coliforms was might be due to reduction of
BOD/COD, TSS etc. Various researchers suggested the link of coliforms reduction
with reduction of BOD (Yaziz and Lloyd, 1979; Der Steen et al., 2000; Morgan et al.,
2008; Yathavamoorthi et al. 2010) and with increase of DO concentration (Fernandez
et al., 1992).
The toxicological analysis of the raw and treated wastewater was conducted and it
proved that influent was significantly toxic as it caused 90% mortality in test
invertebrate Brime shrimp (Figure 5.7). The degree of toxicity in terms of mortalities
was 30 and 40% with effluent from PP and PS media TBF systems respectively.
However, TDR and ST media filters caused only 10% mortalities of shrimps. Thus
these results suggested that after treatment for 48 hrs in the TBF systems, the effluent
was improved and has shown less toxicity to shrimp. The municipal wastewater has
shown toxicity before treatment, as it contains organic and inorganic pollutants

215

General Discussion

Chapter 7

(Prescott et al, 2005) including nitrogenous materials both nitrites and nitrates
(Farhadinejad et al., 2014; Ren et al., 2014), pharmaceuticals, hormones, personal
care products (Carballa et al., 2004; Onesios et al., 2009; Queiroz et al., 2014). These
contaminants have negative impact on aquatic life/corresponding environments
(Hernando et al., 2006; Luo et al., 2014a).
Subsequently, from the BOD vs. time data (Figure 5.6 and Figure 5.9), a simplified
model was developed and calibrated for PP, PS, TDR and ST media at 5-15°C and
25-35°C (Table 5.5 and Table 5.6). This provided a robust tool to design and operate
TBF system with BOD loading rate of >1.5 kg BOD/m3/day by using PP, ST, PS as
packing media in the TBF system. While, TDR media TBF can be designed for higher
BOD removal of 5 kg BOD/m3/day for areas having low temperature conditions.
However, for the areas having mesophilic temperature conditions TBF system with
PS and ST media can be designed for the loading rate >1.2 kg/m3.day; while, PP and
TDR media TBF systems can treat the BOD loading rate > 3 kgBOD/m3.day. Thus all
media appeared to have a potential of treating much high BOD loading rates, as
compared to traditional trickling filters, which can treat ˂ 1 kgBOD/m3.day (Henze et
al., 2008). So, TBF systems with compact volume can be designed, by using the
studied filter media types, for wastewater treatment and reuse in future.
Finally, a simple and a low-cost protype pilot scale TBF system was designed and
constructed near the department of Microbiology, Quaid-i-Azam University,
Islamabad, Pakistan. It was decided to use stones/pebbles as filter media on the basis
of its availability for this large facility. For initial trials, the TBF was employed for
treatment of 400 L/day of real municipal wastewater for 40 days (Figure 6.1 and
Figure 6.2) in a continuous mode at temperature range of 20-40.5°C (Figure 6.4).
After every 24 hrs the effluent was collected from the reactor in order to estimate its
wastewater treatment efficiency by considering the removal COD, BOD5, NH4+-N
and pathogenic indicators etc. The results indicate that COD removal efficiency from
wastewater significantly increases with passage time from 62.4% on 1st day and to
98.1% on 40th day of reactor operation (Figure 6.7). Similarly, the BOD5 removal
efficiency increased with passage of time and with increase in temperature from 56.4
to 98.6% on 1st to 40th day of operation (Figure 6.8).These results, were superior than
a novel two-stage system consisting of a TBF packed with coarse zeolite segregated
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by iron scraps layers and a multi-soil-layering bioreactor, in which the removal
efficiency of COD ranged from 90.3 to 95.2% (Luo et al., 2014b) and also from a
hybrid attached growth anaerobic reactors (Mahmoud et al., 2011). This increase in
the decrease of COD/BOD5 was ascribed to rise in temperature and to the more
accumulation of active biofilm due to recirculation of wastewater through the bed of
reactor (Degremont, 1991; Metcalf and Eddy, 1991). Moreover, the stone media has
excellent compatibility with succeeding biofilms as its main mineral is calcium
carbonate (CaCO32-) as shown in Figure 3.2.
The reduction in COD/BOD5 of wastewater resulted in the increase of DO
concentrations in the treated wastewater stream (USEPA 2000; Sa and Boaventura,
2001). The initial average DO of influents was 1.92 mg/L. While finally the average
DO obtained was 7.2 mg/L (Figure 6.9), which was satisfactory for maintenance of
nitrifiers and nitriﬁcation process in the deeper layers of the TBF system. The biofilm
samples collected from top layers of TBF system stone bed revealed a diverse
community of thirteen bacterial species viz., E. coli, P. aeruginosa, E. aerogenes, S.
typhimurium, P. vulgaris, S. dysenteriae, K. pnuemoniae, B. subtilis, S. aureus, M.
luteus, S. epidermitus, S. lactis, and C. xerosis. They were mostly pathogenic in
nature. However, biofilm processes benefited from their biotransformation
capabilities in the treatment of wastewater (Pal et al., 2010). These microbial
populations effectively oxidize soluble organic and nitrogenous compounds in
wastewater (John and Robert, 2004; Doan et al., 2008).
In the present research study, the mode of nitrogen removal in the pilot TBF system is
nitrification and highly accelerated with passage of time from 33.8 to 93.5% on 1st and
40th day of operation respectively (Figure 6.10). These results were much superior
than the removal efficiency of NH4─N by other attached growth both aerobic
(Hassard et al., 2014) and anaerobic processes (Mahmoud et al., 2011). This increase
in the rate of nitrogen removal has shown significant association with temperature
increase as it has positive effect on the growth of nitrifiers (Heet al., 2007). The
process of nitrification is affected by alkalinity (Almstrand et al., 2011). Currently
average alkalinity of the wastewater before treatment was 159.5 mg/L (Figure 6.11),
which is favorable for the activity of nitrifying bacteria (USEPA, 2000). There was
utilization of 7.14 and 7.4 mg/L of alkalinity per mg of NH4─N removal on 1st and
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40th day respectively of the operation of reactor, which is correlated well with NH4─N
removal (Pearce and Edwards, 2011). The consumption of alkalinity during the
process of nitrification corresponds to reduction of the pH of wastewater. A
signiﬁcant relationship between nitriﬁcation efficiency and decrease in the average pH
range of influent from 7.52 to 6.62 of effluent was also observed (Figure 6.12), due to
the generation of H+ ions by the oxidation of ammonia (Gujer and Boller, 1984; Płaza
et al., 2003; Van der Star et al., 2007). Thus, this decline in alkalinity and pH
suggested the process of normal biological nitriﬁcation in the pilot scale TBF system.
In the present research, nitrifiers Nitrosomonas and Nitrobacter sp. (Figure 6.5 and
Figure 6.6) were also characterized in the biofilm samples collected from deeper
layers of TBF system (Table 6.5).
The pathogenic indicators present in the influent and effluent were determined in
terms of CFU/ mL and MPN/100 mL. The results illustrates that average numbers of
bacteria was reduced in the wastewater from 7.9 x 108 to 4.0 x 105 and from 9.8 x 108
to 5.61 x 102 on 1st, and 40th day respectively of the pilot scale TBF operation after 24
hrs of recirculation (Figure 6.13). The MPN index of the pathogen indicators such as
fecal coliforms of untreated wastewater was 210 on 1st day and > 1100 on all other
days of operation such as 10th, 20th, 30th and 40th day of operation. While its value
showed average reduction of 88.8% in the respective effluents (Figure 6.14). Thus,
there was obvious decrease in the strength of pathogens in the effluent with passage of
time from 1st to last day of operation. It might be due to adsorption of pathogenic
indicators present in wastewater in the biofilm. Once they get recruited in the biofilm,
they participated in the removal of organic and inorganic pollutants from wastewater
stream. As the pollutants levels decreases, it significantly decrease the levels of
pathogenic indicators (Prescott et al, 2005).
The pilot scale TBF system has shown its capacity in removing the organic carbon
and nitrogen components, as represented by BOD and NH4─N, when reactor is
operated at average BOD loading rate of 0.063 kg BOD/m3.day. This BOD loading
rate is lower than what is usually recommended in the design of large scale
conventional TF systems (Metcalf and Eddy, 2003; Henze et al., 2008). Similarly the
average ammonium (nitrogen) loading rate is lower than typically adopted in large
scale TBF systems (0.0024 kg NH4─N/m3.day). Also the hydraulic loading rate
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(0.056 m/hrs) was adopted to be lower than what is used in the design and operation
of conventional TBF systems for municipal wastewater treatment. In this pilot study
these lower volumetric loading rates and hydraulic loading rate offer an opportunity to
study the capacity of TBF system under the conditions offering the development of
microbial communities in favorable ways with least necessary detachment or
sloughing action; however the potential of this system under various environmental
conditions may not be highly different considering the TBF systems operation under
real conditions and influent wastewater.
This model TBF system has a high capability to interpret for treatment of wastewater
in area of small residential colonies typically disconnected from the main sewer lines
or lacking nearby wastewater treatment facility. Its field scale application for
wastewater treatment will produce pathogen free water, for potential agricultural
and/or recreational reuse and will also protect water resources from pollution in
developing/underdeveloped countries. Consequently, the application of treated
sewage for agricultural will boost food security and at the same time diminish the
quantity of clean water allocated to agriculture to be used for other purposes need
high/good quality water.
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Present research study was focused on the designing and construction of efficient
tricking biofilter systems for sewage/municipal wastewater treatment to be used in the
under developed and developing countries of the world was comprised of “four
stages”
1) From the first phase, it was concluded that all four different types of the
selected media materials i.e., polystyrene (PS), polypropylene (PP), tyre
derived rubber (TDR) and stone (ST) can be used as filter media for the
development of biofilms in the reactors for wastewater treatment under
aerobic conditions. The biofilm structure should be maintained similar to 2-6
weeks old biofilm, as determined from the monitoring of the growth of the
biofilm on media, physico-chemical changes (COD, BOD, pH, DO, sulphate,
phosphate, and nitrite) in the corresponding environment i.e., activated sludge
and biodegradation analysis (FTIR and SEM) of media surfaces during
succession of bio-layer on the packing media in the aerobic reactors.
2) Then a high-throughput pyrosequencing was employed to examine the
bacterial communities of biofilm samples from 12 wastewater treatment
laboratory scale reactors operated at 10, 20 and 30°C. In addition to certain
unique genera of bacterial populations in each sample especially on TDR
media, 23 genera, including genera of Rheinheimera, Rhodococcus,
Aquabacterium, Trichococcus, Acidovorax, Flavobacterium, etc., were
commonly shared by all samples. This demonstrated that there was a core
microbial community in the microbial populations at different temperatures
and on different media. These ﬁndings provided insight into the bacterial
community structure and diversity in different reactors packed with different
types of media at various temperatures and identifies the main factors shaping
microbial community structures in wastewater treatment process.
3) In a third phase of the research, a TBF system was locally designed and
constructed. Its wastewater treatment efficiency was evaluated at two
temperature ranges, 5-15°C and 25-35°C, by using four media (TDR, PP, PS
and ST). The wastewater treatment efficiency increased with treatment time
from 12-48 hrs and average BOD removal values obtained from all packing
media were > 80% at 5-15°C and > 90% at 25-35°C. With regard to facal
coliforms, the effluent produced complied with the guidelines regarding the
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use of treated wastewater for agriculture use. From the BOD vs. time data a
simplified model was developed and calibrated for selected media types and
temperature ranges. This provided a robust tool to design and operate TBFs
with BOD loading rate of > 1.5 kg BOD/m3/day. This approach would be most
applicable in designing high efficiency bioreactor with fixed biofilm growth,
by utilising locally available filter media.
4) Finally, from the 40 days operation of pilot TBF system for wastewater
treatment, it was concluded that the reactor started wastewater treatment after
one week and its efficiency of treating wastewater (removal of COD, BOD5,
NH4─N and pathogen indicators) increased with passage of time and increase
in temperature. This was further supported by the identification of thirteen
heterotrophic strains, Nitrosomonas sp. and Nitrobacter sp. from the biofilms
on the filter media. Thus this design of TBF can satisfy heterotrophs and
autotrophs oxygen demand simultaneously.

221

Future Prospects
1) Further research should be conducted to assess the potential of laboratory
scale TBF systems in efficient nitrification at high nitrogen and BOD loading
rates.
2) Development and assessment of small scale hybrid reactors by using two or
more types of filter media for wastewater treatment efficiency could also be
done.
3) Other support materials` e.g. sponge, scotch brite, sand, polyurethane foam,
packing material, rubber balls, glass etc. could be considered to be used as
filter media in such reactors and their wastewater treatment efficiency could
be evaluated.
4) The pilot scale facility should be run on different temperatures throughout
year to check the effects of seasonal variation on the wastewater treatment
efficiency.
5) The pro-type pilot scale TBF system can be transferred to field scale for
wastewater treatment by using all selected media according to the proposed
model for carbonaceous biodegradation kinetics.
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