
Role of Water/Wastewater/Industrial
Treatment Plants Sludge in Pollutant
Removal

Shawani Shome, D. Venkatesan, and J. Aravind Kumar

Abstract Sewage sludges are obtained as a by-product from the process of the
wastewater treatment plants. Production is anticipated to increase as asset in envi-
ronmental organization rises and further municipal wastewater is treated to even
advanced standards. The consistent development in the environmental impact of
water resources is expected to be answered by a noticeable upsurge in sludge volumes
formed. While there are numerous ways of placing sewage sludge, using it in water
decontamination can turn it into a resource. Sadly, a large proportion of the sludge
produced is not valorized but is excluded together with other residues in waste tips.
The necessities of investigating probable innovative routes are obvious for sewage
sludge valorization. Considering the account factors such as the existence of volatile
components and the detail that sewage sludge is carbonaceous in nature, the sludge
may be considered as potentially appropriate for the manufacture of activated carbon
which are very useful in mixture separation and liquid purification due to their high
adsorption capacity. Discarding of industrial wastewater poses a foremost environ-
mental problem since such effluents comprise various pollutants that are resistant
to conventional biological methods and thus difficult to remove. Re-use of that
sludgemay not only progress the particulate pollutant removal efficiency of a primary
sewage treatment, but also ease the burden of water treatment works concerning to
sludge treatment and clearance. This chapter aims to throw an insight on production
rate, synthesis process, characterization and applications of sludge-based adsorbents
(activated carbons).
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1 Introduction

The rising demands from environmental agencies and society towards better environ-
mental quality standards have manifested themselves in private and public service
administrators. As low indices of wastewater treatment exist in many developing
countries, a future rise in the number of wastewater treatment plants is expected
naturally. Therefore, the amount of sludge produced is also expected to rise. The
municipal sewage sludge generation has also presently multiplied in congruence
with rapid industrialization. Some green agencies in the developing countries now
require the procedural definitionof thefinal sludgedisposal in the licensingprocesses.
Hence, solid waste management is a burning matter of concern in many countries,
tending towards a fast growing aggravation in the future years, as more wastewater
treatment plants are implemented.

Wastewater treatment is the process of removing chemical, physical, biological
contaminants and other pollutants and produce environmentally safe treated wastew-
ater. The treatedwater can be further released back into nature. Sludge is a by-product
of water, industrial and wastewater treatment operations. It is usually a semi-solid
waste or slurry that has to undergo further treatment before being suitable for land
application or disposal.

Sewage sludge is obtained from sewage treatment plants and consists of two
basic forms, primary and secondary sludge. Biological treatment operations produce
sludgewhich is also known as wastewater biosolids. Thewatery portion of the sludge
is removed from liquid wastewaters containing less solid matter. The primary sludge
includes precipitated solids that are generated during the initial treatment in the
primary clarifiers. The secondary sludge parted in the secondary cleaners includes
the sewage sludge purified from the secondary treatment bioreactors.

Sewage is generated by institutional, residential, industrial and commercial estab-
lishments. Above 99% of the sewage constitutes water that is a mixture of industrial
and domestic wastes [1]. The difference between sludge and sewage is that sludge
is a standard term for solids deducted from suspension in a liquid, while sewage
is a suspension of solid waste and water, transported by sewers to be processed
or disposed of. Conventional drinking water treatment and several other industrial
processes produce sludge as a settled suspension.

Wastewater sludge includes a variety of inorganic and organic compounds. As
per the recent researchers the use of sludge as an organic fertilizer in agricultural
applications could ideally be a very attractive option [63]. For example, a large
portion of insoluble aluminum hydroxides are contained by the aluminium-laden
sludge which can be utilized as a coagulant in the primary sewage treatment [2].
However, there are some important drawbacks, which are mainly related to aspects
such as appropriate soil availability, sludge quality and difficulties encountered in its
monitoring and management.



Role of Water/Wastewater/Industrial Treatment Plants Sludge … 189

2 Sludge and Its Production Rate in Wastewater Treatment
Plants

The term ‘sludge’ refers to the solid by-products from wastewater/industrial/water
treatment. Even though the sludge constitutes hardly 1–2% of the treated water
volume, managing it is highly complex because it is frequently undertaken outside
the boundaries of the treatment plant and usually costs 20–60% of the total operating
costs of the wastewater treatment plant [3]. If the management of sludge generating
from wastewater, industrial and water treatment plants is inadequately accomplished
it may jeopardize the sanitary and environmental aspects in the treatment systems
[4]. It is predicted that an average generation of around 50 g dry matter per inhabitant
per day is archetypal for urban sewage plants and a corresponding rise in the quantity
produced by industrial sewage plants.With high generation rate, together current and
future estimated, the suitable management of sludges which are produced at sewage
plants has become a need of the hour [5]. In the operational cost of wastewater
treatment plants, the cost of waste sludge disposal is a major factor. Single handedly
sludge dewatering constitutes around 40% of the annual operating costs. Although
there are numerous ways of sewage sludge disposal, but rational practice of this
left-over material can convert it into a resource.

2.1 Stages of Sewage Treatment

The Sewage treatment is mostly categorized into three phases: preliminary, primary
and secondary treatment. Additionally, we can include two more stages of treatment
for higher degree of separation depending on our needs [1].

2.1.1 Pretreatment or Preliminary Treatment

In preliminary treatment, girt and crude solids (diameter > 20 mm) are separated
through screening. The obtained crude materials are not involved in biosolids. A
sand or grit channel may be included in a pretreatment in which the velocity of the
incoming sewage is adjusted such that it allows stones, sand, broken glass and girt
to settle down. These crude solids are separated for the reason that their potential
risk of damaging pumps and other equipment’s. The feed in sewage water permits
through a bar screen to subtract bulky objects like rags, cans, plastic packets and
sticks carried in the sewage stream. These are collected and further incinerated in
a landfill. Mesh screens or bar screens of variable sizes can be used for optimizing
solid exclusion.
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2.1.2 Primary Treatment

Suspended solids, grit and scum can be separated in the primary treatment by
using following process of pre-aeration and sedimentation. The floating and settled
substances are separated while the residual part may be released or exposed to
secondary treatment. Oil and grease from the detached material can occasionally be
separated for biodiesel production or saponification. With the help of air pumped via
perforated tubes adjacent to the floor of the tanks, the wastewater is aerated making it
less dense and causing the coarse solids settle out. As because the air jets are placed
in such a way that the water is swirling while moving down the tanks, the suspended
particles are inhibited from settling out. Dissolved oxygen is also provided by the air
for the bacteria to use afterwards in the process. But for bacterial action to occur in
the process, the wastewater in these tanks is not sufficient. The scrapers eliminate the
solids from the tank bottom and the water jets washes off the scum. The solids and
scum are brought to a common collection point wherein they are merged forming
sludge and further forwarded to secondary treatment. In the primary sedimentation
stage, sewage gushes through large tanks usually known as primary sedimentation
tanks, pre-settling basins or primary clarifiers. Although the sludge settles down in
the tanks, but the grease and oils mount to the surface and are skimmed off further.
The primary wastewater treatment engages gravity sedimentation of the screened
wastewater to separate the distorted solids. A fraction of the suspended waste stream
passes through primary operation and discharges concentrated suspension as residue.
This residue is also known as primary sludge and is further treated to yield biosolid.

2.1.3 Secondary Treatment

The secondary wastewater treatment is achieved through a biological process in
which the biodegradable materials are removed. Microorganisms are used in this
process to use up suspended and dissolved matter thereby producing carbondioxide
and other byproducts. The density increaseswhen themicroorganisms are added. The
cleaned water is then separated resulting to a formation of a concentrated suspension
called secondary sludge.Thiswhole process takes place at the bottompart of thewater
tank. It is necessary to separate themicroorganisms from the water before releasing it
or sending it for tertiary treatment. In secondary treatment the organic content of the
sewagewhich is derived fromvarious sources are considerably reduced. The nutrients
required to uphold the microorganism population is supplied through the organic
material and the ones within the sludge are converted to carboxylic acids and further
to carbondioxide by aerobic fermentation ormethane by anaerobic fermentation. The
biogas thus obtained is an important source of fuel. The volume of the sludge leaving
the digesters reduces up to its half. Mostly the municipal plants treat the settled
sewage water through aerobic organic processes. The biota requires both food and
oxygen for living efficiently. Inclusion of secondary clarifiers in secondary treatment
processes helps in settling down the organic flocculated substances developed inside
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the bioreactor. Many designs of hybrid treatment plants are produced to treat tough
wastes, consume less space and for intermittent flows also.

2.1.4 Tertiary Treatment

Further processing is necessary in case of high quality waste requirement such as
discharging them directly to the drinking water source. The tertiary treatment usually
yields a solid residue which primarily includes the chemicals added to the raw waste
before evacuating and thus it is not regarded as a biosolid. If the whole treatment
process is minutely managed throughout then plant operators can control nutrients,
solid ingredients and various other components of biosolids. For municipal biosolid
production, majority of thematerial used is through operating primary and secondary
effectors simultaneously. The prime reason of tertiary treatment is to improve the
effluent quality before discharging it to the environment. There may be requirement
of more than one tertiary treatment processes. No matter what, disinfection is always
considered the last process and is usually known as effluent polishing.

2.1.5 Fourth Treatment Stag

Particles of chemicals used in small industries, households, pharmaceuticals or pesti-
cides are considered as micro-pollutants and they may not be able to be separated
through the usual treatment process like primary, secondary and tertiary treatment.
Also if they are not separated it may lead to water pollution. Therefore, a separate
treatment named fourth treatment stage is introduced in the sewage treatment process
to remove the micro-pollutants. These techniques are not yet functional on a regular
basis as they are still very expensive.

2.2 Volume Reduction Processes

Thequantity ofwastewater treatment plant sludge produced can be expressed in terms
of volume (wet basis) or mass (dry basis). The sludge production can be expressed
in an easy way in terms of per capita and chemical oxygen demand (COD) bases
for mass and volume calculations. The organic sludge is generally made up from the
biomass which is formed from the conversion of some of the COD in the biological
wastewater treatment. This sludge is actually produced from secondary sludge and
thus has suspended solid composition is less than 1% (wt.). However, primary sludges
are high concentrated and the combination of both primary and secondary sludge of
solid concentrations contains around 3% by weight. As the sludges are naturally in
voluminous, treatment processes are named as dewatering, thickening, conditioning
and drying. Water removal helps in improving the efficiency of the further treatment
processes, reducing the storage and decreasing transportation costs.
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2.2.1 Thickening

A concentrated product is produced in the sludge thickening process and that
product basically retains the liquid properties. The most common thickening process
usually applied to municipal sludges is concentration by simple sedimentation or
gravity thickening. The sludge product obtained from gravity thickening. Practice of
centrifuges, gravity drainage belts, perforated rotating drums and floatation method
are alternative to gravity thickening. The product from gravity sludge thickening
frequently comprises around 5–6% solid by weight. Floatation is a process wherein
a gas is included in sludge solids which results in making them to float.

2.2.2 Dewatering

In the sludge dewatering process, the product ensures solid properties even though the
water content retained in it is still not negligible. The thickened sludge is transported
through tank truck but in case of dewatered sludge a dump truck is used. Sand drying
beds and at times lagoons are used for dewatering process but removal of moister
in thickening step is enabled through gravity drainage and sedimentation. Mostly,
dewatering mechanical sludge equipments namely, vacuum filters, belt filter press,
centrifuges andfilter press are used in bigmunicipal installations.Mechanicalmethod
is more efficient than other processes because the solid content of the product sludge
by weight ranges from 20–45% which is quite higher.

2.2.3 Conditioning Sludge

Conditioningprocess does not reduce themoisture content directly, rather changes the
physical and chemical properties of the sludge which helps it in water discharging in
dewatering process. Without the prior conditioning of the sludge, mechanical dewa-
tering process will not be economical. In chemical conditioning, mostly synthetic
organic polymers or inorganic chemicals like ferric chloride and lime are added to
the sludge before dewatering. The mass of the solid sludge increases because of the
huge dosages of inorganic chemical conditioning. Physical conditioning on the other
hand includes freeze–thaw treatment and heat treatment.

2.2.4 Drying

Drying step is usually required if the need for further water removal arises even
after dewatering step. Thermal drying in association with indirect or direct driers are
generally used to attain almost entirewater exclusion from sludges.Also, solar drying
can be an option in several locations. The heat generated in biochemical reactions
during composting and various other chemical reactions results in partial drying.
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2.3 Stabilization Processes

Sludge stabilization is practiced to reduce the problems arouseddue to biodegradation
of organic substances and is generally performed through chemical and biological
treatment methods. The vector attraction reduction provision of the Part 503 Sludge
Rule [EPA, 1993a] is concerned in Stabilization processes. Vectors are nothing but
organisms that may get fascinated to sludges which are not stabilized and may lead
to spread of infectious diseases. While applying sewage sludge to the agricultural
lands if we inject it below the surface or into the soil then the vector attraction can
be minimized. The sludges can also be stabilized by drying it adequately to obstruct
microbial action. Combusting the sludge can also facilitate its stabilization. Various
stabilization processes can also inactivate pathogenic organisms and viruses.

2.3.1 Biological Stabilization

In this process, the biological sludges are cut down through biological degradation
processes in a exact and well-engineered manner. Methane is yielded as a byproduct
when the householdwastewater sludge is stabilized biologically in the formof a liquid
inside anaerobic digesters. This liquid sludge also can be stabilized biologically in
an aerobic digester in presence of oxygen. Composting is an aerobic process which
facilitates in biological stabilization of the dewatered sludge. This process takes place
in thermophilic temperature of around 55 °C due to heat released during biochemical
transformations. Sawdust and Wood chips should be additional to progress friability
to encourage aeration. The heat from the same source can be used in case of operating
the aerobic digesters thermophilically.

2.3.2 Chemical Stabilization

In this process the sludges not only intend to reduce the biodegradable organic
matter quantity and also generating suitable conditions for the inhibition of micro-
bial activity in order to prevent odors. Out of all the chemical stabilization methods
available the most common one is raising the pH value of the sludge using cement
kiln dust and lime. Liquid or dewatered forms of sludge can be chemically stabi-
lized. During the chemical stabilization of dewatered sludge an exothermic reaction
between lime and water results in heating that facilitates in pathogen destruction and
water evaporation as well.
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3 Preparation of Adsorbents Derived from Sludge

Lately liquid-phase adsorption is popping up as a promising option to remove the non-
biodegradable pollutants from water streams. The most common adsorbent for the
liquid phase adsorption is activated carbons because of their versatility and effective-
ness. Small particle sized adsorbents are preferred in case of solution phase because
of their large surface area and results in small diffusion distance. The activated
carbon prepared by treating wastewater sludge is a black amorphous can be used
to treat pollutants. The wastewater sludges are blended, carbonized, activated and
acid or alkaline treated to form activated carbon. The safe eco-friendly sludge based
activated carbon has higher absorbability due to its dense pore characteristic with
more specific surface area and complex structure. It has wide variety of raw material
source, good thermal stability, even chemical properties and can also be recovered
and utilized repeatedly.

The activated carbons can be prepared from sludge through various methods
like physical activation, chemical activation, physical–chemical activation, direct
pyrolysis, microwave activation etc. All these methods are used to produce porous
carbonaceous adsorbents.

The alteration and synthesis pattern of sludge-based activated carbon is concisely
explained below. To obtain sludge based activated carbon, the activated sludge can
be dried and pulverized directly under inert gas. This is called direct pyrolysis and it
takes place in the following stages:

(i) The drying is the first stage
(ii) The second stage is the pyrolytic wherein huge amounts of volatile compo-

nents are melted.
(iii) The last stage is where the remaining material carries on pyrolysing gradually.

Through physical activation, the ground activated sludge can be directly pyrol-
ysed and dried under inert gas protection and further pyrolysed to finally obtain the
sludge based activated carbon under various other protective gases like water vapor,
carbondioxide and flue gas. The traditional Muffle furnace heating method is often
used in physical activation of the sludges.

In chemical activation method, the raw sludge components are either put together
with chemical reagents at a ratio or the sludge is dip dried in a solution of chemical
reagent as per a definite solid-liquid ratio and further the mixture is pyrolysed to get
our desired product.

Physical–chemical activation is the combination of both physical and chemical
activation wherein the sludge is mixed with chemical reagent in a certain ratio
and further they are pyrolysed under the protection inert gas to yield sludge based
activated carbon.
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In microwave activation the sludge is pyrolysed and carbonized into activated
carbon throughmicrowave heating.Microwave activation has recently drawn consid-
eration since it is easy to control, energy consumption is low, high efficiency, cost
effective, less pollution and more feasibility. As the carbon content in these acti-
vated carbons are low therefore carbon source materials like wood chip, corn kernel,
peanut and hazelnut shells are added to increase the carbon source so that it can
exhibit abundant pore structure and high adsorption efficiency [3].

4 Sludge-Based Adsorbents Characterization

The efficiency of sludge based adsorbents in removing the contaminants is decided
by their surface and structure chemistry features. The Brunauer Emmett Teller (BET)
surface area is the most common analysis to assess the structure of an adsorbent. The
Barrette Joynere Halenda (BJH) method helps in calculating the pore size distribu-
tion, macropore andmesopore volumes. The t-plot method on the other hand helps in
calculating the micropore volume. In the following sections the effects of pyrolysis
condition on the structure of the sludge based adsorbents are discussed [4].

4.1 Carbonization

The Table 1 tabulates the pore structures and BET surface areas of sludge-
based adsorbents when they undergo only carbonization. The various influences in
carbonization that affects the chemical and physical features of sludge-based adsor-
bents are pyrolysis temperature, dwell time, feedstock type and heating rate. These
are discussed below

4.1.1 Pyrolysis Temperature

The temperature of pyrolysis plays an important role in altering the characteris-
tics of sewage sludge and industrial sludge adsorbents. As per our observations,
an increase in pyrolysis temperature rises the ash content of these adsorbents but
decreases its yield too [6, 7]. At high pyrolysis temperature, devolatilization of the
solid hydrocarbons and the integrant gasification of the carbonaceous residues in the
adsorbents take place [8]. Pyrolysis temperature also affects the surface acidity or
basicity, morphology and surface characteristics changes in sludge based adsorbents.
Usually, the adsorbents that are produced at high temperature of around 500 °C are
alkaline and those in low temperature are acidic in nature [6]. At high temperature
sodium oxide is released from the sludge which increases its alkalinity [9].

Generally, with increase in pyrolysis temperature the pore volume surface area
and the BET surface area also increases. But when the temperature is excessively
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Table 1 Pore structure characteristics of sludge based adsorbents produced by only carbonization
[4]

Type of
Sludge

CARBONIZATION POST
TREATMENT

BET
Surface
area
(m2/g)

Total
pore
Volume
(cm3/g)

Micropore
Volume
(cm3/g)

Dwell
Time
(hr)

Temperature
(°C)

Heating
rate
(°C/min)

Wastewater
treatment
plant

1.5 450 5 Hydrochloric
acid

15 0.02 –

Wastewater
treatment
plant

0.5 650 40 – 60 0.04 0.05

Electroplating
sludge

1 500 10 Water 19.6 - –

Electroplating
sludge

1 950 10 – 127 0.158 0.054

Paper mill
sludge

2 650 3 – 275 0.017 0.011

Sewage and
waste oil
sludge

0.5 650 10 – 108 0.043 0.313

Sludge and
disposable
filter cake

1.5 450 5 Hydrochloric
acid

60 0.1 -

high, destruction of porous structure takes place and its combination of mesopore
inhibits further development of porosity [10]. This increase in surface structure on
high pyrolysis temperature is resulted due to the increase in the degree of atomization
and the rearrangement in nitrogen chemistry [11]. The porosity is increased through
carbonization due to the mass loss during the thermal decomposition and evolution
of volatile matter [6]. Additionally, the creation of micropore is also boosted when
the high moisture content of wet sludge generates a steamy atmosphere at high
temperature resulting to partial gasification of the solid char [8]. On the other hand,
very high temperature can probably lead to a decrease in surface area because of
the porous structure destruction development of deformation, cracks or blockages of
micropores in those adsorbents [10]. The optimum carbonization temperatures for
increasing the BET surface areas to maximum are reported as 450, 500, 550, 650
and 950 °C.

4.1.2 Dwell Time

Dwell time is the period of time that an element or system remains in a given
state. According to the studies, higher pyrolysis temperature results in shorter dwell
time. The optimum dwell time estimated at 500 °C, 650 °C and 950 °C are 240,
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120 and 60 min respectively [9, 11–13]. Also it has been found that at 650 °C with
increase of dwell time the micropore volume of sludge based adsorbents remained
constant while the surface area and mesopore volume decreased [11]. Some exper-
iments have also deduced that at the same pyrolysis temperature of 650 °C, with
increase of dwell time the micropore volume decreases [14].

4.1.3 Heating Rate

According to the studies, higher heating rates improves the product yield and carbon
content but decreases the hydrogen content of the sludge based adsorbents. Whereas,
lower heating rates of about 3 °C/min increases the BET surface area [9, 15]. It was
probably due to larger sample residence time during the pyrolysis processes. As per
Table 1, the heating rates are 3, 5, 10, 20 and 40 °C/min.

4.1.4 Type of Feedstock

Researches implies that addition of high carbon content materials like leaf litter,
disposal filter cake, waste oil sludge and solid residue of pyrolysed tyres to the
sludge can improve their porosities [13, 16, 17]. Due to the oil volatilization and
hydroxide formation during pyrolysis, the addition of waste oil sludge in sewage
sludge in the mass ratio 1:1 improves the BET surface areas and micropores volume
[11]. Also the adsorbent yielded by mixing the sewage sludge and filter cake in the
mass ratio 85:15 has higher BET surface area of about 60 m2/g than the regular
sludge based adsorbents which has a BET surface area of about 15 m2/g [16].

4.2 Physical Activation

The process of physical activation generally takes place in the following two steps:
The first step is to carbonize the sludges around the temperature between 400–700

°C in presence of inert gas like nitrogen or helium to break down the cross-linkage
bonds among carbon atoms. The next step is to activate it with the help of gases like
nitrogen, oxygen or air, steam, carbondioxide etc. at a high temperature of about
800–1200 °C. This facilitates in developing the porosity of the sludge based adsor-
bents further. The most common activator gases are steam and carbondioxide. In the
Table 2 a summary of the characteristics of sludge based adsorbents that are activated
at various conditions.
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4.2.1 Steam

As compared to the activation using carbondioxide, the steam activation at a given
temperature, leads to larger adsorption capacity and wiser pore size distribution in
the sludge based adsorbents. This method encourages the micropore and mesopore
creation [18]. Steam activationmechanism is the collective effect of fixed carbon loss
and devolatilization that results from water gas reaction in this case. With increase
in activation temperature, the BET surface areas of adsorbents prepared by steam
activation also rises up due to the higher rate of diffusion of the water molecule to the
inside thereby broadening the pore network [19, 20]. But if the activation temperature
crosses 850 °C, BET surface areas decreases as more particles start burning out.

4.2.2 Carbondioxide

The porosity of the sludges can be enhanced with the help of carbondioxide activa-
tion. The development of opened micropore and closed opening of micropore takes
place by removing the carbon atoms from the interior of the particle through gasifi-
cation at higher temperatures of about 900–1200 °C and lengthier dwell time [21].
During physical activation, the development of porosity of sludge based adsorbents is
restricted if the raw material contains high ash content. It is observed that the acidity
of the sludge-based adsorbents prepared through carbondioxide activation declines
with an inclination in the activation temperature because of the oxygenated acidic
surface group’s degradation [22].

4.3 Chemical Activation

Chemical activation is nothing but activating the sludge based adsorbents by chemical
treatment at specified conditions. The factors that affect the chemical activation are
activator kinds, activator temperature, activation concentration, addition of binder.
The Table 3 describes the pore structure characteristics of sludge based adsorbents
by chemical activation.

4.3.1 Types of Activator and Activation Temperature

Activator plays the most important role in influencing the processes of chem-
ical activation [23]. Various activators like sulfuric acid, phosphoric acid, potas-
sium hydroxide, sodium hydroxide, zinc chloride, ferric chloride and potassium
carbonate can be used but zinc chloride, sodium hydroxide, potassium hydroxide
and phosphoric acid are the most common used ones.

According to the observations tabulated in Table 3, potassium hydroxide has
proved to be the most effective activator as it has produced sludge based adsorbents
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with high BET surface area with a value as high as 1882 m2/g [24]. This process
is high energy consuming and the product can be obtained through a two-stage
method—carbonizing before impregnating and activating it while activator to solid
ratio is maintained as 1:1. Also as per the research conducted, sludge based adsor-
bent prepared through single stage method with potassium hydroxide maintaining
activator to solid ratio as 3:1 yields a value of BET surface areas as 1832 m2/g [25].
The mechanism of potassium hydroxide activation is that an intercalation compound
of carbon and potassium oxide is formed which infiltrates inside and at high temper-
ature this potassium oxide reduces to metallic potassium atoms [26]. This results
in gasification and emission of steam and carbondioxide which facilitates in pore
formation. Also, potassium vapor widens the gap between carbonaceous layers and
thus increases the surface area.

Zinc chloride is another such effective activator with yields BET surface area
as high as 757m2/g [27]. It helps in dehydrating and forming tar to suppress the
activation process and also promotes carbon skeleton aromatization to form pores
[28].As per Table 3, the optimumactivation temperatures for zinc chloride depending
on the feedstock types are reported as 300, 375, 500 and 750 °C. A washing step
can create extra micro and mesoporosity to remove the zinc chloride and zinc oxide
entrapped.

Although as per Table 3 the BET surface area of sludge based adsorbents activated
through phosphoric acid is merely 290.6 m2/g but the only advantage it has its low
cost and activation temperature. During activation processes the effects of phosphoric
acid are dehydration, depolymerization, rearrangement of biopolymers constituent,
specifically, encouraging the change of aliphatic to aromatic compounds thereby
growing the yield of solid phase products.

4.3.2 Concentration of Activator

The optimum value of activator concentration be subject to on its characteristics
and the type of feedstock. Usually with the increase of activator concentration, the
BET surface areas and adsorption capacities increase but if it exceeds appropriate
values the BET surface areas and adsorption capacities start decreasing due to partial
destruction of microporosity resulted from hyper-activation [29].The optimum acti-
vation concentration for potassium hydroxide, sodium hydroxide and zinc chloride
as per research are 1 M, 1.25 M, 2 M respectively [29, 10].

4.3.3 Binder Addition

Although adding binders to the sludge based adsorbents prior to chemical activation
produces huge granules but reduces the surface areas of BET [30]. In catalytic wet air
oxidation process these hard adsorbents can be used to increase the pollution removal
rate [31].Phenolic resin, clay, polyvinyl acetate (PVA), lignosulphonate, humic acid
are the most commonly used binders. Clay, phenolic resins and humic acid decreased
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the micro and macroporosity of sludge based adsorbents [32]. Although humic acid
and phenolic resin addition had negligible effect on BET surface areas but in case
of clay it decreased to a considerable extent. While sludge based adsorbents formed
without binder are friable with a hardness number in the range of 58–71% those
produced in a combination of steam activation and polyvinyl acetate binder (5 wt %)
yields hardness number of around 92–93% [33].

4.4 Post Treatment

Post treatment, implies to treatments such as acid washing, alkaline washing or
distilled water washing which helps in decreasing the ash contents, increasing the
BET surface areas and porosity and even removing the extra reaction products and
activation agents in case of chemical activation. An appropriate ash-dissolution tech-
nique like washing with hydrochloric acid can be applied to reduce this high ash
content [33]. Acid Washing is the most widely used one among them as it cut downs
the inorganic content of the carbonaceous material by dissolving the basic oxides
like aluminium oxide, ferric oxide, calcium oxide etc. from the adsorbent to increase
porosity [34].

5 Applications

The sludge based adsorbent has found its demand in various sectors these days. They
are explained as follows [3]:

5.1 Organic Matter Removal

In the Table 3 it is shown that the organicmatters like phenol, toluene, trinitrotoluene,
nitrobenzene, rhodamine B and ibuprofen can be removed with the sludge based
adsorbents over physico-chemical adsorption and hydroxyl radical oxidation [5,
36–40]. The sludge based adsorbents prepared through phosphoric acid microwave
methodwas used to remove trinitrotoluene fromwater and from the previous research
it was concluded that it has pretty bulky surface and plentiful extension holes [38].
When more amount of aluminum oxide and iron is added to the sludge based adsor-
bents then the deletion rate of UV254 and dissolved organic carbon by it are around
85.8% and 59.7% respectively which is almost similar to the commercial ones [41].
When suitable amount of raw materials like sawdust, corn cobs, coconut shell acti-
vated by zinc chloride is added to dehydrated sludge the adsorption efficiencies gener-
ally increases [42, 43]. In the toluene adsorption experiment it was shown that the
equilibrium efficiency of shell sludge based adsorbent is the highest followed by coal
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adsorbent and sawdust adsorbent. Similarly, for phenol and nitrobenzene removal,
sludge based adsorbents with corn cores were used which proved that higher doping
proportion of corn cores results in larger micropore volume, BET surface area [44].

These adsorbents prepared from sludge can also act as catalyst or carrier to prepare
necessary conditions for new composite photocatalytic material preparation [45,
46]. As per the studies, the sludge based activated carbons mixed with oxides of
manganese has decent catalytic activity [47]. The reactionmechanisms like hydroxyl
radical reactions and surface reactionwere involved in the catalytic ozonation process
of oxalic acid mineralization. For increasing the productivity of ozone oxidation of
wastewater pollutants, transition metals like iron oxide and manganese were usually
doped into the sludge based adsorbents through impregnation method [48]. Due to
various modification methods involved, the principles for organic matter removal are
at times different from one another. In the catalytic ozone oxidation of rhodamine,
the sludge based activated carbon prepared with amixture of biological and chemical
sludge follows the mechanism of hydroxyl radical oxidation [49].

Sludge based adsorbents can also be mixed with Fe3O4 or metal free materials
like nitrogen rich urea and these are named as F-SBAC and N-SBAC respectively
[50, 51]. The F-SBACs produced hydroxyl radicals to catalyze hydrogen peroxide
and it can be prepared at different temperatures like 600, 800 and 1000 °C and based
on it the surface area, porous structure and removal rates differed. The chemical
microenvironment and microstructure is influenced by N-SBAC and to remove the
organic contaminant it can oxidized effectively too. For adsorbing phenol, the sludge
based activated carbon followed electron donor receptor reaction mechanism among
the aromatic phenolic rings and the adsorbent surface functional groups [52]. It is
estimated that either due to the competition between the two composites at the surface
adsorption sites of the sludge based activated carbons or due to the space resistance
of the co-adsorbent phenol, its adsorption capacity in removing cadmium ions is
decreased.

As per the research works, citric acid-zinc chloride mixed with sludge based
adsorbent seemed to be a good green technique in char manufacture with good pore
structure [53]. The sludge derived char is a hybrid material that contains carbon in
elemental form, aromatic organic matter and inorganic ash and this char can also
treat various kinds of benzene derivatives in aqueous solution.

Dibenzothiophene (DBT) can also be removed from n-octane by these sludge
based adsorbents and its adsorption rate increases with increase oxygen-containing
functional groups like carbonyl groups [54]. Out of the activator used in DBT
removal, potassium hydroxide enabled the highest adsorption capacity even more
than commercial activated carbons.

5.2 Heavy Metal Removal

The sludge based activated carbons helps in removing heavy metal ions by surface
precipitation, ion exchange reaction, chemical and physical adsorption [55]. These
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metal ions tend to create an exchange reaction on the surface of activated carbon.
After modifying or adding a reagent to the sludge based activated carbons, its surface
can get exposed to special surface groups to strengthen the absorption of heavy metal
ions and form products. These special groups develop into ligands with heavy metal
ions. The type and stability of these ligands helps in determining adsorption capacity
and quantity of the sludge based activated carbon which usually goes for chemical
adsorption. The sludge based adsorbents are produced by anaerobic pyrolysis under
approximately 900 °C which has higher adsorption capacity than commercial ones
to remove metals like lead, zinc, copper and cadmium [55].

In case of high pH, the heavy metals convert to hydroxide and precipitate on the
surface of sludge based adsorbents and in case of low pH, surface precipitation is less
and many heavy metal ions gets exchanged with calcium ions and further adsorbed
on the surface of those adsorbents. As compared to the BET and micropore volume
ratio of coir and coal, the sludge based activated carbons have smaller value but the
equilibrium adsorption efficiencies of lead (II), cadmium (II), chromium (VI) and
copper (II) in case of sludge based adsorbents are quite higher than the commercial
ones due to high acid group content. Many a times the comparative study between
adsorption effect on copper (II) and lead (II) removal with the help of sludge based
activated carbons activated with zinc chloride and that of commercial coal carbon
were studied [56]. Although the results implied that the pore volume andBET surface
area of sludge based adsorbents activated was lesser than that of the commercial ones
but due to the presence of acid functional group on the surface its equivalent adsorbate
uptake on the two metals was much higher than the commercial ones.

There are some heavymetal ions that are sedimented on the sludge based activated
carbon’s surface and they are being removed through physical adsorption which has
increased adsorption capacity [57, 58]. From the research data it has been found that
the adsorbent prepared with sludge and bagasse through pyrolysis under 800 °C for
0.5 h and further treatment with 60% nitric acid yielded product with around 806.57
m2/g BET surface area [59]. As per the studies, when the sludge based activated
carbonwas loadedwith nano-titaniumoxide using the impregnation sinteringmethod
to remove the mercury ion, the performance of adsorption and efficiency of catalysis
were high with mercury ion removal rate from 20mg/L aqueous solution was around
88.5.
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5.3 Gas Pollutant Removal

The surface of sludge based activated carbon contains a certain amount of active
componentswhose functional groups are richwhich helps to contactwith the reaction
gas [60]. As per the research data, the sludge based adsorbent contains a large number
of micropores, ultramicropore and other nitrogen containing group which helps in
low concentration formaldehyde adsorption from air [61]. The optimum adsorption
rate of this sludge based activated carbon is around 83% which is nearly equal
to that of commercial activated carbon. The studies have shown that the activated
carbon from sludge which contains nitric acid iron sludge based catalyst facilitates a
maximum98.3%conversion of gaseous oxides of nitrogen [62]. Similarly, if titanium
oxide photocatalyst is used, then photocatalytic degradation of acetone gas yields
great results [63]. Also hydrogen sulphite gas was removed efficiently using sludge
based activated carbon mixed with an active agent zinc chloride which was further
improved with Cerium [64]. Further, phosphoric acid was also mixed with sludge to
react chemically and yield mesoporous activated carbons with surface area of about
300 m2/g [65]. The adsorption capacity of sulfur dioxide gas is associated with the
average size of micropore and can controlled by the ratio of impregnation that is used
mainly to make the activated carbons.

5.4 Others

The sludge-based adsorbents also can be combined with other water treatment
processes to reduce the operating cost of various other processes. If we couple these
adsorbents with membrane bioreactors for treating waste leachate then the struc-
ture and properties of the cake layer on the surface of the membrane can get better
resulting in good performance of filtration and water permeability. The merits of
this combination process are it reduces membrane fouling, protein and humic acid,
increases the duration of membrane operation cycle and decreases the operation cost.
During liquefaction of sludge based activated carbon, the energy density and yield of
bio-oil at around 350 °C usually increases [66]. It is generally denoted as 350-SBAC.
It helped in lowering the risk of copper, lead, cadmium and zinc. On the other hand,
the sludge based activated carbon liquefied at temperature around 400 °C favored
the risk reduction of strontium more. In terms of the yield of bio-oil, liquefaction is
done at 350 °C with SSAC-550 was more suitable.

6 Conclusion

A generous amount of activated sludge is produced from sewage treatment. Conver-
sion of sludge into activated carbon can bring considerable economic value and
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reduce environmental pollution. As compared to the traditional activated carbon,
the cost of production of sludge based activated carbon is lesser because of the
availability of its wide range of source. Therefore, there is a great potential value
associated with the research and application of sludge based activated carbon and
also presently it has obtained a certain achievements. However, some problems still
remain to be unsolved and hence require further processing. Firstly, potential release
of some hazardous and toxic substances during the synthesis of sludge based acti-
vated carbon was noticed. For example, it is possible to release the heavy metals
from sludge based activated carbon. The mechanism of conversion of soluble heavy
metal into insoluble metal compound is still not clear in the synthesis of sludge based
activated carbon. Secondly, the effects of sludge based activated carbon on environ-
ment need to be further studied such as the effective reuse and recycle of sludge
based activated carbon adsorption materials, the discarding of waste sludge based
activated carbon, the leakage of its adsorbed substance in the transfer, the renewal
technology and regeneration performance comparison between commercial activated
carbon and sludge based activated carbon. Thirdly, profound study is required on the
reaction mechanisms of preparation of sludge based activated carbon. Due to the
complexity of sludge composition and the influence including factors like pyrol-
ysis equipment and pyrolysis conditions etc., in the synthesis process of activation,
the organic matters in activated sludge can initiate chemical reaction as a result of
the activation by temperature. In the interim, the additives and chemical activators
complicate chemical reaction even more. Therefore, analyzing the variations of the
activationmechanism and process of activation can guide in the synthesis, application
and variation of sludge based activated carbon at a broader level (Fig. 1).

Fig. 1 Process flowsheet for the preparation, characterization and application of sludge based
adsorbents
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