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Summary

Over the last few decades adsorption has gained paramount importance in industry and
environmental protection. Adsorption processes are widely applied for separation and
purification because of the high reliability, energy efficiency, design flexibility,
technological maturity and the ability to regenerate the exhausted adsorbent. One
method of important extending the adsorption treatment processes is biofiltration. The
biological filter relies on the activities of the community of micro-organisms that
become attached onto the filter media. Microbes oxidize organic matters in water to
produce energy and therefore available nutrients sources in feed water are essential for
their development. Biofiltration can effectively remove organic matter that is not able to
be removed from water and biologically treated sewage effluent in conventional sewage
treatment. The microbial attachment process, the factors that influence biological
filtration, the kinetics of microbial growth and details of the microbial community in the
biofilter are discussed in detail. There are several types of biofilters including
submerged filters, trickling filter, bed filter, fluidised bed. The different biofilters are
described and a comparison between them is provided. The application of biofilters for
treating various types of wastewater effluent is detailed.

1. Adsorption

Over the last few decades adsorption has gained paramount importance in industry and
environmental protection. As a purification and separation process, the capability of
adsorption based on technological, environmental and biological aspects will never be
in doubt.

Adsorption works on the principle of adhesion. The process of adsorption involves
separation of a substance from one phase accompanied by its accumulation or
concentration at the surface of another. The process can take place in any of the
following systems: liquid-gas, liquid-liquid, solid-liquid and solid-gas. The adsorbing
phase is the ‘adsorbent’, and the material concentrated or adsorbed at the surface of
adsorbing phase is the *adsorbate’. (Slejko, 1985; Suzuki, 1990).

Adsorption can result either from the universal Van der Waals interactions and
electrostatic forces between adsorbate molecules and the atoms of the adsorbent surface
(physical adsorption, physisorption), or it can have the character of a chemical process
(chemical adsorption or chemisorption). Contrary to physisorption, chemisorption
occurs only as a monolayer, (Adamson, 1990). Physical adsorption can be compared to
the condensation process.

Most of the solid adsorbents possess a complex porous structure that consists of pores
of different sizes and shapes. In terms of the science of adsorption, total porosity is
usually classified into three groups; micropores (smaller than 2 nm), mesopores (in the
range of 2 to 50 nm) and macropores (larger than 50 nm) (RJPAC, 1985). The
adsorption in micropores is essentially a pore-filling process, because sizes of
micropores are comparable to those of adsorbate molecules. All atoms or molecules of
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the adsorbent can interact with the adsorbate species. That is the fundamental difference
between adsorption in micropores and larger pores like meso- and macropores. Thus,
the size of the micropores determines the accessibility of adsorbate molecules to the
internal adsorption surface The pore size distribution of micropores is another
important property for characterising adsorptivity of adsorbents. (Dubinin, 1975; Slejko,
1985; Suzuki, 1990).

In the case of mesopores whose walls are formed by a great number of adsorbent atoms
or molecules, the boundary of interphases (adsorbent surface area) has a distinct
physical meaning. The action of adsorption forces occurs at a close distance from
mesopores walls. Therefore, the mono- and multilayer adsorption takes place
successively on the surface of mesopores, and their final fill proceeds according to the
mechanism of capillary adsorbate condensation (Ocik, 1982). The basic parameters
characterising mesopores are: specific surface area, pore volume and pore-size or pore-
volume distribution. Mesopores, like macropores, play also an essential role in the
transport of adsorbate molecules inside the micropore volume. The mechanism of
adsorption on the surface of macropores does not differ from that which occurs on flat
surfaces. Since the specific surface area of macroporous solids is very small, adsorption
on this surface is usually neglected. Similarly, the capillary adsorbate condensation does
not occur in macropores.

1.1 Application of Adsorption

Adsorption plays a significant role in the environmental pollution control and life
supporting systems or planetary bases, where adsorbents may be used to process the
habitat air or to recover useful substances from the local environments. Adsorption
processes are good candidates for separation and purification by virtue of the high
reliability, energy efficiency, design flexibility, technological maturity and the ability to
regenerate the process by regenerating the exhausted adsorbent. The most important
practical applications of adsorption and related areas are summarized (Dabrowski,
2001) is shown in Table 1.

Development and application of adsorption cannot be considered separately from
development of technology used to manufacture adsorbents applied both on laboratory
and industrial scales. The adsorbents can take a broad range of chemical forms and
different geometrical surface structures. Table 2 gives basic types of adsorbents
(Dbrowski, 2001).

A large specific surface area of adsorbent pores provides a large adsorption capacity.
The creation of a large internal surface area in a limited volume inevitably gives rise to
large numbers of small sized pores between adsorption surfaces. Materials such as
activated carbon and zeolite can be specifically engineered with precise pore size
distributions and hence tuned for a particular separation application (Slejko, 1985 and
Suzuki, 1990).

1.2 Activated Carbon
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Areas Application

Flue gas treatment | SO, NO, and mercury emissions removal

Wastewater Organics, nitrogen and phosphorus removal, i.e. removal
treatment and recovery of nutrients from wastewater

Drinking water Amelioration of water sources, advanced treatment of
production wastewater, etc.

Desiccant Improvement of indoor air quality and removal of

dehumidification Technology air pollutants and the number of
microorganisms either removed or killed by desiccants due
to co-adsorption by desiccant materials.

Global warming Emission control of ‘greenhouse’ gases (C0,, CHj, N,0);
control utilization of CH,4

Table 1 The practical applications of adsorption and related areas

Carbon adsorbents Mineral adsorbents Other adsorbents
Active carbons Activated alumina Synthetic polymers
Mesocarbon Oxides of metals Composite adsorbents
microbeads Fullerenes Hydroxides of metals
Carbonaceous Zeolites
Nanomaterials Clay minerals

Porous clay heterostructures (PCHS)

Table 2 Basic types of common adsorbents

Since early history, activated carbon was the first widely used adsorbent. Its application
in the form of carbonised wood (charcoal) has been described as early as 3750 BC in an
ancient Egyptian papyrus. The use of activated carbon is perhaps the best broad-
spectrum technology available at present to control contamination of water by organic
pollutants.

Activated carbon is an excellent adsorbent because it has a strong affinity for binding
organic substances, even at low concentrations. It has a vast network of pores of varying
size to accept both large and small contaminant molecules and these pores give
activated carbon a very large surface area. The larger percentage of the total surface
area is believed to be of the planar surface type with few attached functional groups
(Snoeyink and Weber, 1967) and hence, the majority of the adsorption on the surface is
considered to be due to the relatively weak physical or Van der Waal forces (Van der
Plas, 1968). On the other hand, the sides of these planar surfaces are attached with many
functional groups such as organic carboxyl, phenolic and carbonyl groups (Mattson and
Mark, 1971) and inorganic oxygen complexes (Snoeyink and Weber, 1967). Therefore a
rather high polarity for the surfaces is provided, and some electrolytes may then be
chemically attracted by the carbon surface for adsorption (chemisorption).

Once the surface of the pores is covered with adsorbed material, the carbon loses its
ability to adsorb. The spent carbon can then be reactivated by essentially the same
process as the original activation, or it can be discarded and replaced with fresh carbon.
There are many commercially available activated carbons manufactured from various
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carbonaceous substances, which increases the surface area and porosity of the material.

Activated carbon can be made from a variety of materials such as wood, coals
(anthracite, bituminous and lignite), coconut shells, peat, and petroleum residues. Most
carbonaceous materials have an internal surface area around 10 m?/g. After the
activation process, the carbons will acquire an internal surface area of 500 to 1500 m?/g
(experimental activated carbon has been made with over 3000 m?g surface area)
(Juntgen, 1975). Hence, adsorption capacity of activated carbon can reach up to 0.30 g
(organic matter)/g (carbon) or even more. For example, 1 kg of activated carbon can
trap and hold over 0.5 kg of carbon tetrachioride (Chow, 1975).

2. Biological Filtration

Biological filtration or biofiltration is one water treatment process that can effectively
remove organic matter that is not able to be removed from water and biologically
treated sewage effluent in conventional sewage treatment (Carlson and Amy, 1998).
The biological filter mainly relies on the activities of the community of micro-
organisms that are attached onto the filter media. The activities of microbes determine
the performance of biological filtration. Microbes oxidize organic matters in water to
produce energy and therefore available nutrients sources in feed water is essential for
their development. In addition, the parameters such as hydraulic loading rate, back
washing techniques, temperature and pH etc. can affect the growth of biomass onto
GAC in the biofilter. Moreover, biological filtration is economical and safe for
environment. Biofiltration is more suitable than other treatment methods in terms of
removing organic matter.

Any type of filter with an attached biomass on the filter-media can be defined as a
biofilter. It can be the trickling filter in the wastewater treatment plant, or horizontal
rock filter in a polluted stream, or granular activated carbon (GAC) or sand filter in a
water treatment plant. Biofilter has been successfully used for air, water, and
wastewater treatment. Originally, biofilter was developed using rock or slag as the filter
media, however at present, several types and shapes of plastic media are also used.
There are a number of small package treatment plants currently available in the market
where different shaped plastic materials are packed as filter media and are mainly used
for treating a small amount of wastewater (e.g. from household or hotel scale). The
basic principle in a biofilter is the biodegradations of pollutants by the micro-organisms
attached onto the filter media.

The biological filtration using granular activated carbon (GAC) is an efficient process in
drinking water treatment. Even though it has high adsorption capacity, GAC can only
maintain its adsorption for a short time of biofilter operation before its adsorption
capacity becomes exhausted, leading to a lower treatment efficiency. To recover its
capacity, GAC can be regenerated by different methods such as thermal, hydrothermal,
chemical and ultrasonic regeneration. However, regeneration usually reduces GAC
adsorption capacity and requires a high energy expense. Another way to extend GAC
life is using exhausted GAC as support filter media for biological filtration. GAC
provides a huge surface area for microorganism growth and development in the
biofilter. In this case, both adsorption and biological degradation take part in the
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treatment processes. Adsorption is more dominant in the first stage or acclimatising
stage when GAC is in full adsorption capacity and microbes start to attach to surface of
the filter media and begin to grow. The latter stage or pseudo steady state is controlled
by microbiological activity (Dussert and Stone, 1994). In this stage, biological
degradation plays a major role in biofilters and therefore maintaining sufficient biomass
is very important. Applying backwash is an effective method to control the
accumulation of excess biomass that can cause clogging of the biofilter. It is also useful
in maintaining the balance of microbiological community in a biofilter by removing
dead cells and end products that may poison the microbiological environment and create
free sites for new organisms.

The wide range of application of the biofilter has resulted in many studies on the system
in last few decades (Table 3). Despite this it is still theoretically difficult to fully explain
the behavior of a biofilter. The growth of different types of microorganisms in different
working conditions makes it impossible to generalize the microbial activities in a
biofilter. The biofilters operated at different filtration rates and influent characteristics
can have diverse efficiency for different target pollutants. Besides, due to some of the
operational drawbacks of the biofilter such as performance fluctuation, maintenance of
biomass, and disinfection adequacy of the biofilter effluent, research on biofiltration
process has become imperative.

Researcher, Filter Experimental parameter . :
. - - Major observation
source medium Organic Biomass
Backwashing technique and
Abmad et al. Anthracite” Agg; 1|Zj’PgC():C HPC hydraulic transient can affect|
, water san - the performance of a
[1998] d ’ ’ h f f
turbidity .
biofilter.
Boon et al Granite Performance a biofilter
' " | BOD, ammonia, depends on organic loading
[1997], blast- None .
wastewater furnace slag p rate, te_mperatu_re, an_d filter
design configuration.
DOC removal is controlled
Carison and Phospho-| by biomass. The filter
Amy [1998], Anthracite | DOC, BDOC lipid |acclimatized at higher HLR
water analysis | had a substantially higher
cumulative biomass.
Hozaiski and . .
+ HPC [Biomass accumulation is not
E?}limizc[lv?:ti]r’ Glasssagzads TOC bacterial |impaired by back-wash with
I\}IOM ' count water
\ang et al Plastic Characteristics of filter
[200%] ' media-3 BODs, SS, NH3- media are more critical than
N uacullture different N, NOs-N, NO,- | None the flow scheme to the
o or e N, P03 biofilter in affecting the
P performance of the biofilter.

©Encyclopedia of Life Support Systems(EOLSS)



WATER AND WASTEWATER TREATMENT TECHNOLOGIES - Adsorption and Biological Filtration in Wastewater
Treatment - J. Kandasamy, S. Vigneswaran, T. T. L. Hoang, D.N.S Chaudhary

Shut down of biofilter
promotes anaerobic
. . conditions reducing the
Egggftiv?t::. cac |PO% I\El) g  NH, Bzgtjr:![al quality of the effluent. The
’ ' biofilter should be
backwashed when anaerobic
condition occurs.
14C_
. Removal efficiency of a
Servais et al. DOC, BDOC, | Glucose |,.. ..
GAC — . | biofilter depends on EBCT,
[1994], water NBDOC respiratio L
0 not on filtration rate
TOC, BDOC,
\Wang et al Anthracite” [aldehydes, AOC-|Phospho-| GAC contained 3-8 times
[19an 0] ' sand, GAC*| NOX, THM and | lipid more biomass than
' sand, sand | TOX formation | analysis anthracite or sand
potential

AOC=Assimilable organic carbon, BOD5=Biochemical oxygen demand, SS=suspended
solid, DBP=Disinfection by-product, DOC=Dissolved organic carbon, DO=Dissolved
oxygen, BDOC=Biodegradable dissolved organic carbon, NBDOC=Non-biodegradable
dissolved organic carbon, THMFP=Trihalomethane formation potential, TOXFP=Total
organic halide formation potential, HPC=Heterotrophic plate count, NPOC=Non-
purgeable organic carbon, HLR=hydraulic loading rate, NOX=Nitrogen oxides.

Table 3 Summary of the past studies on biofiltration system with water and wastewater
2.1 Biological Attachment Processes

The attachment of microorganisms onto the surface of filter media to form a biofilm is a
complex process. It has been studied by many methods such as scanning confocal laser
microscopy, microbalance applications, microelectrode analysis, high resolution video
microscopy, atomic force microscopy and scanning electron microscopy (Percival et al.,
2000).

There are several elements that take part in microbial attachment to a surface in which
the strength of the attachment relies on environmental conditions, type of micro
organisms, surface properties and fluid characteristics.

The attachment of microorganisms to the surface of the filter media can be divided into
five steps: development of a surface-conditioning film, transportation of cells to a
surface, adhesion, surface colonization and detachment (Percival et al., 2000).

Figure 1 describes the attachment of microorganisms to the surface of supported media.
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Figure 1 Schematic of biofilm formation.
2.1.1 Surface-Conditioning Film

When a clean surface is exposed to a bathing fluid in the first few minutes, it becomes
conditioned with nutrients by the transport of organics and some microbial cells. The
details of this process is still unclear but in general, the development of the conditioning
film is acknowledged as chaotic and dynamic. The surface-conditioning film contains
glycoproteins, proteins and humic substances with the thickness ranging from 30-80
nm. These components can react with surface appendages of some bacterial species in
latter stages. It is presumed that the conditioning film acts as a controlling factor that
adjusts the amount of bacterial attachment to surfaces.

In the biological adsorption process, the roles of surface-conditioning film include:
modifying physico-chemical properties of the substratum; acting as concentrated
nutrient source; suppressing the release of toxic metal ions; adsorption and
detoxification of dissolved inhibitory substances and supply of required metal trace
elements (Percival et al., 2000).

2.1.2 Transport of Cells to the Surface

Microorganisms in liquid reach and attach to the surface of the media by mass transport,
thermal effects (Brown ion motion, molecular diffusion) and gravity effects (settling
and sedimentation). Diffusive transport is a slow process occurring randomly among
small bacteria and interfaces which can be observed under the microscope. Diffusive
transport is significant in stagnant states and influences the sedimentation of bacteria
due to gravity while a convective transport is dominant in flowing liquids. In the latter,
some mobile bacteria can reach a media surface by active movement, which can happen
by chance, or in response to any concentration gradient (Loosdrecht et al., 1990).
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Mass transport is strongly influenced by fluid mixing (laminar or turbulent flow) and
water flow rate (Percival et al., 2000). While laminar flow is slow and smooth with a
little mixing, turbulent movement is random and chaotic and can increase the adhesion
of microorganisms to the media surface, but the risk of detachment is also high when a
thick biofilm formed.

2.1.3 Adhesion

When bacteria reach the surface of the media, initial adhesion will occurs by
physicochemical processes. Bacteria still exhibit Brownian motion in this stage but they
can be detached by shear or bacterial mobility. According to the DLVO (named after
Derjaguin, Landau, Verwey and Overbeek) theory, depending on the balance between
electrostatic double layer forces and Van der Waals at different ionic strengths, initial
adhesion can be reversible or irreversible (Loosdecht et al., 1990). Van der Waals
attraction also relates to the effective size of bacteria but does not include the space
occupied by appendages such as flagellum, pili, fimbriae and exopolysaccharides. These
appendages form bridges that increase the effective distance (Percival et al, 2000).
Electrostatic interactions with ionic and hydrogen bonding are not very strong
individually but can form a firm attachment when they occur in large amounts. These
bonds will be stronger if the surface of the medium is positively charged because most
microorganisms’ surfaces are negatively charged (Cohen, 2001).

Busscher and Weerkamp (1987) suggested a three-point hypothesis where the distance
between cells and surface can decide the kinds of interaction between them. Van der
Waals attraction exists at distances greater than 50nm and both Van der Waals and
electrostatic interaction occur within the distance of 10-20nm creating reversible and
irreversible adhesion. VVan der Waals, electrostatic and specific interaction produce
irreversible binding and form exopolysaccharides.

Firm attachment happens after bacteria deposit on the media and strong bonds between
reactive groups on the surfaces of bacteria and media are formed. During this process,
the occurrence of polysaccharides is necessary for the development of biofilm.
Chemical and physical properties of the supported media have great influence to the
adhesion of microbes into the surface. Normally, surfaces with a high degree of
hydrophobicity and roughness, carrying divalent cations (such as Ca* and Mg™) will
promote the attachment of bacteria to the surface (Wuertz et al., 2003).

2.1.4 Detachment of Biomass

Detachment of biofilm is a common phenomenon, which always happens during the
biofilm formation process. Biofilm detachment occurs through different processes.
Detachment of biofilm by abrasion, erosion, sloughing, occurs when there is shear
stresses, and lack of nutrient and oxygen in the biological filter. Abrasion and erosion
leads to the removal of small groups of cells from biofilm while sloughing results in the
detachment of a relatively large fraction of the biofilm. Porosity and roughness of the
surface supporting the biofilm plays an important role in protecting the biofilm from
hydrodynamic shear and abrasion (Wuertz et al., 2003). Human intervention can lead to
the detachment process. Predator razing is also another factor that causes biofilm
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detachment with the involvement of protozoa, snails and worms (Percival et al, 2000).
The detachment process has a significant impairment to the distribution of
microorganisms within the biofilm and its structure. On the other hand, detachment
removes dead microbes and creates free sites for new organisms to attach, thus
microorganisms can quickly be replaced to retain the stability of the microorganism
community and their activity (Percival et al., 2000; Wuertz et al., 2003).

The success of a biofilter highly depends on the efficient maintenance of biomass
attached to the filter media. Biomass detachment is one of the most important
mechanisms that can affect the maintenance of biomass in a biofilter. Erosion, abrasion,
sloughing, grazing or predation and filter backwashing are the most common
detachment mechanisms. Erosion of biomass occurs due to fluid shear whereas abrasion
of the biomass is the process of scraping the biocell off the surface by collision with
external particles. Similarly, large patches of biomass are detached by sloughing and a
part of biomass especially on the outer surface of the biofilm may be lost due to the
grazing of protozoa. Evaluation of the biomass lost due to filter backwashing is very
important from an operational point of view. Backwash bed expansion, mode of
backwash such as air scour or chlorinated water backwash may affect the biomass
during backwashing. However, a previous study has shown that the effective biomass is
not lost during normal filter backwash (Ahmad et al., 1998).
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