
 

 

TRITA-LWR Degree Project 13:15 
ISSN 1651-064X 
LWR-EX-13-15 

 

PHOSPHORUS REMOVAL AND METHYLENE 

BLUE ADSORPTION BY POROUS CALCIUM 

SILICATE HYDRATE 

Asanka Welagedara 

June 2013 

 

 

 

 

 

  



Asanka Welagedara                                                                         TRITA-LWR Degree Project 13:15 

 

ii 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© Asanka Welagedara 2013 

Degree Project for Master’s program in Water System Technology 

In association with the Environmental Geochemistry and Ecotechnology Research group 

Department of Land and Water Resources Engineering 

Royal Institute of Technology (KTH) 

SE-100 44 STOCKHOLM, Sweden 

Reference should be written as: Welagedara, A (2013) “Phosphorus Removal and Methylene 
Blue Adsorption by Porous Calcium Silicate Hydrate” TRITA-LWR Degree Project 13:15  



Phosphorus Removal and Methylene Blue Adsorption by Porous Calcium Silicate Hydrate

 

iii 

 

SUMMARY IN ENGLISH  

Due to the limited fresh water resources available in the world have to consider a 
reuse of water as much as possible. There are many traditional methods currently 
applying in waste water treatment plants over the world. But now researchers are 
focusing on new concepts, which are sustainable technology for replacing harmful 
treatment technology to the environment. The aim of the present study was to 
develop new filter material to remove nutrients mainly phosphorus (P) from 
individual household sewage and studies went on to ensure the ability to remove color 
from industrial effluents. Absol used as a reactive filter media for this study and in 
laboratory experiments was done for understanding chemical and physical characterize 
in Absol. Methylene blue (MB) was used to make artificial color solution for the study. 
Available data and analyzes from laboratory experiments were applied to Langmuir 
and Freundlich models for studying the nature of the adsorption isotherm and 
adsorption kinetics  studies were also performed. The obtained results showed very 
high P and MB sorption capacity in Absol with comparison to other available filter 
materials. Sorption capacity depends on the grain size of filter material and type of 
filter. The hydraulic retention times (HRT) also govern the removal of P and MB 
from wastewater. Considering the chemical structure of MB, Absol also be used to 
remove textile color, pesticides and pharmaceutical contaminants in wastewater. 
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SUMMARY IN SWEDISH  

På grund av begränsade sötvattenresurserna som finns i världen måste man överväga 
en återanvändning av vatten så långtsom möjligt. Det finns många metodersom för 
närvarande tillämpas ivatten-och avloppsvattenreningsprocesser.Nya koncept för 
hållbar teknik införsnu som är miljövänliga. Målet med föreliggande studie var att 
utveckla nya filtermaterial för att avlägsna näringsämnen främst fosfor (P) från 
enskilda hushålls avloppsvatten och studier fortsatte med att säkerställa möjligheten 
att ta bort färg från industriella avloppsvatten. Absol användes som ett reaktivt 
filtermaterial för denna studie och i laboratorieförsökbedömdes det som fysikalisktoch 
kemisktkännetecknar Absol. Metylenblått (MB) användes som artificiell färglösning 
för studie av Absolens kapacitet att avskilja färgämnen. Tillgängliga data och 
analyserfrån laboratorieförsök applicerades på modellerna Langmuir och Freundlich 
för att studera vilken typ av adsorptionsisoterm som P-sorptionen följerStudier av 
adsorptionskinetik utfördes också. De erhållna resultaten visade på en mycket hög P 
och MB sorptionskapacitet hosi Absol i jämförelse med andra tillgängliga 
filtermaterial. Sorptionskapaciteten beror på kornstorleken hosfiltermaterialet och typ 
av filter. Den hydrauliska retentionstiden(HRT) är också styrande för borttagandet av 
P och MB från avloppsvatten. Med tanke på den kemiska strukturen hos 
MB,bordeAbsol även kunna användas för att ta bort textilfärg, bekämpningsmedel 
och läkemedelsrestersom finns i avloppsvatten.  
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ABSTRACT  

Nutrients (nitrogen and phosphorus) should be removed and recycled from 
wastewater in order to reduce the nutrient load to recipient waters, avoiding 
contamination of groundwater and conserve resources. There is a need to pay more 
attention to phosphorus (P) removal and recycling from wastewater due to limited 
availability of phosphorus recourses. For such purpose reactive filter media can be 
used to remove nutrient from wastewater as a sustainable technology. The present 
study was aimed to evaluate calcium silicate hydrate crystallization in Absol as a 
reactive filter media for removal and recycle of phosphorus from household 
wastewater and assess physical and chemical characteristics of Absol.  A study of the 
color removing capacity of Absol was also performed. Several batch experiments were 
done for comparing absorption mechanism. Collected data were applied to Langmuir 
and Freundlich isotherm models to study type of adsorption isotherms and pseudo-
first-order and second order models were run for study of adsorption kinetics.  

The experiment demonstrated a very high P and Methylene Blue (MB) sorption 
capacity. The amount of adsorbed P and MB vary with initial solution concentrations, 
contact time, and adsorbent dosage. Both equilibrium data (P, MB) were fitted very 
well in the Langmuir isotherm equation, confirming the monolayer physical sorption 
and adsorption kinetic followed by the pseudo-second order kinetic model. It is 
concluded that Absol can have potential to be use for the removal of P, textile dye 
contaminants and probably also pharmaceuticals present in wastewater.  

Key words: Absol; Batch experiment; Sorption capacity; Adsorption kinetic; 
Absorption isotherm 

1.  INTRODUCTION 

Over the two thirds of Earth’s surface is covered by water, but few 
amount of it is available for drinking purpose. With the rapid rise of 
world population, peoples are made more pressure on to planet’s fresh 
water resources. Currently, many of water resources including oceans, 
rivers, lakes etc…are being squeezed by human manners and their quality 
is reducing. Water pollution can be defined in many ways. Usually, its 
can one or more substances not only harmful, have built up in water to 
such an extent that they cause problems for environment. There are two 
different ways in which pollution can occur, namely point-source 
pollution and nonpoint-source pollution. Point-source pollution can 
occur from a single, well-clear place but nonpoint-source pollution can 
occur from many sources and difficult to outline where the origin.  

When we think to overcome the above problems, subject of water and 
waste water treatment technologies comes to our sense and now it’s 
developing rapidly and also rules and regulations are introducing to 
prevent water pollution.  Different types of treatment systems including 
chemical and biological treatment facilities are now conducting all over 
the world with different types of technologies. 

The new concepts of sustainable technologies are introducing to the 
wastewater treatment systems for treating more friendly to environment. 
The definition of sustainable development is often quoted from the 
World Commission on Environment and Development (WCED, 1987): 
‘development that meets the needs of the present generation without 
compromising the ability of future generations to meet their own needs’. 
Sustainable wastewater treatment systems have multi-objective 
optimization problems (Balkema et al, 2002). Those can be, 
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• minimize costs and energy use 

• minimize land area required 

• minimize loss of nutrients 

• minimize waste production 

• maximize products; clean water, biogas, biomass, fertilizers and 
compost 

• maximize the score of qualitative sustainability indicators such 
as social acceptance, institutional requirements, etc… 

In practice, it is not always possible to design wastewater treatment 
system with recovering all above parameters while gaining maximum 
performance. So, sustainable wastewater treatment system can be 
prepared with different numbers of above objectives. 

Replacement of chemical dosing to reactive filter materials in wastewater 
treatment system is mostly identified sustainable technologies. In a 
reactive filtration treatment system, removal of dissolved particulate 
contaminant from wastewater is primarily accomplished by a variety of 
physical and chemical processes; sedimentation, precipitation, 
adsorption, absorption, ion exchange and complexation reactions 
(Fuerhacker et al, 2011). Adsorption and absorption are the mainly 
identified mechanisms in reactive filtration treatment systems. 

1.1. Aims of the study 
The present study mainly aimed to evaluate phosphorus (P) removal by 
calcium silicate hydrate crystallisation in Absol as a reactive filter media 
for removal and recycle of P from household wastewater and assess 
physical and chemical characteristic of Absol. 

Moreover, the study was motivated to investigate the possibilities for 
removing colour from industrial wastewater, as well as removal of 
pharmaceutical and organic pesticide from inland water streams. From 
those results there will be a discussion of whether or not this method has 
potential to be successful and if so, how the process could be optimized. 

 

2. LITERATURE REVIEW 

2.1. Phosphorus and its role  
Phosphorus can be found on earth in water, soil and sediments as main 
component in its building blocks. It is mainly cycling through water, soil 
and sediments and moves slowly from deposits on land and in sediments 
to living organisms and then much more slowly back into the soil and 
water sediment (Charles et al, 2005). That is called phosphorus cycle 
(Fig. 1). Phosphorus is mostly available in rock formations and ocean 
sediments as phosphate salts. Those are released from rocks through the 
weathering usually dissolve in soil water and absorbed by plants. The 
weathering of phosphorus (P)-bearing minerals in rock substrates and 
subsequent release of P to soils and aqueous environment. That is 
considered as the principal mechanism by which P is transferred from 
the lithosphere to the biosphere. 

Because the quantities of phosphorus in soil are generally small, it is 
often the limiting factor for plant growth. That is the reason humans 
over and over again apply phosphate fertilizers on farmland. Phosphates 
are also main factors for plant-growth in marine ecosystems, because 
they are not very water-soluble and animals absorb phosphates by eating 
plants or plant-eating animals. 
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Phosphorus cycles through plants and animals much quicker than it does 
through rocks and sediments. When animals and plants die, phosphates 
will return to the soils or oceans again during decompose. After that, 
phosphorus will end up in sediments or rock formations again, 
remaining there for millions of years. Ultimately, phosphorus is released 
again through weathering and the cycle starts over.  

2.1.1. Why Phosphorus is important to us 

Phosphorus is the most abundant mineral in our body. This important 
nutrient needs to keep up our bones and teeth powerfully. About 85% of 
phosphorus in our body can be found in bones and teeth, but it is also 
present in cells and tissues throughout the body (Anderson, 1996). 
Phosphorus helps to filter out waste through the kidneys. It also plays an 
essential role in storing and using of energy in our body. Phosphorus 
helps to decrease muscle pain after a tough workout. Phosphorus is 
needed for the development, protection, and repair of all tissues and 
cells, and for the regenerate of the genetic building blocks DNA and 
RNA. Phosphorus is also needed to make balance in our body with use 
of other vitamins and minerals. 

Phosphorus deficiency is considered a major limiting factor in crop 
productivity, especially in the tropics and subtropics and essential for 
plant growth and function and no other nutrient can be substituted for 
it. Phosphorus is involved in photosynthesis, respiration, energy storage 
and transfer, cell division, cell enlargement, and several other processes 
in the plant. Compared to other major nutrients, P is by far the least 
mobile and least available to plants in most soil conditions (Schachtman 
et al, 1998).  

Fig. 1 Simplified phosphorus cycle (Charles et al, 2005). 
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2.1.2. Phosphorus Production and its Risk 

Not like the others elements,  P is relatively a  limited recourses  and  life 
cycle of most of others can be measured in years or at most a century or 
two, whereas that of P is measured in millennia. The other problem is 
there are no substitutes for phosphorus in agriculture and other uses. 
Therefore P production needs to be done more carefully. There are 
many identified reserves and reserve (Table 1) bases of this vital 
resource. Morocco has the greatest reserves followed by South Africa 
and United States. China’s reserves may be much greater than indicated 
and could rank as high as fourth in the world.  

Phosphate rock is the only economical source of P for production of 
phosphate fertilizers and phosphate chemicals. About 93% of the 
phosphate rock produced are used to produce mineral fertilizers, DAP 
(Diammonium Phosphate), MAP (Monoammonium Phosphate), TSP 
(Triple Superphosphate), SSP (Single Superphosphate), phosphoric acid 
and animal feed (Cisse and Mrabet, 2004). Global demand for fertilizers 
led to large increase in phosphate production in the second half of the 
20th century due to population rise. According to current data at the rate 
of consumption, the supply of phosphorus was approximate to run out 
in 345 years However; scientists are now claiming that a "Peak 
Phosphorus" will occur in 30 years (Fig. 2) and that "At current rates, 
reserves will be depleted in the next 50 to 100 years. (Cordell et al, 2009). 

Phosphorus is a non-renewable resource, like oil and it’s an element and 
cannot be produced or synthesized in a laboratory. But, not like oil 
phosphorus can be recovered from the food production and reused 
within economic and technical limitation. Therefore, need to concern 

about how Phosphorus recovers from the waste. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 2 Peak phosphorus ‘Hubbert’ curve (Source: Cordell et al, 
2009). 
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Table 1 Identified Phosphorus reserves (data in thousand metric 
tons). 
 

Country Reserves 

United States 1,100,000 

Brazil 260,000 

China 3,700,000 

Egypt 100,000 

Israel 180,000 

Jordan 1,500,000 

Morocco and Western Sahara 5,700,000 

Russia 200,000 

South Africa 1,500,000 

Syria 100,000 

Tunisia 100,000 

Other Countries 950,000 

  

World total (rounded) 16,000,000 

 

2.1.3. Strategic points of phosphorus removal and reuse 

Recent scientific research and scientists explicitly drawn attention to the 
challenges of global phosphorus scarcity (Cordell et al, 2011). In an 
economical level recycling attention should be kept on raw materials of 
sewage, agriculture, forest, and mineral origins. Various biological, 
physical and chemical methods have been developed to remove 
phosphate from wastewaters and more attention given to identifying 
what are the sources for applying those methods.  

According to recent research (Cordell et al, 2011) they have developed 
systems framework for phosphorus recovery and reuse. In that 
framework provides an 8-step framework to guide decision-making for 
phosphorus recovery and reuse (Fig. 3) and takes a broad systems 
approach, rather than focusing on a specific technology or process. The 
framework is intended as a flexible and iterative guide only and should 
not be taken as a rigid step-by-step process.  

It is designed to facilitate research and decision making towards the most 
cost-effective and energy-efficient means of recovering and reusing the 
most phosphorus to achieve multiple goals of food security, 
environmental protection, sustainable sanitation and possibly energy 
generation (Cordell et al, 2011). 

Comparing the identified potential point for the phosphorus reuse and 
recovery (Fig. 4), most suitable raw materials are human urine and faeces. 
Phosphorus levels are varying in different raw materials (Table 2). With 
comparison of world population, human waste are the most economical 
things and  management of human waste is a critical part of daily life and 
it is an important factor in human health. 

It has been estimated that globally there are 0.3 to 1.5 million metric tons 
of phosphorus reused annually from the 3 to 3.3 million metric tons of 
phosphorus generated in human excreta (feces and urine) and gray water 
(Liu et al, 2008). Identifying the phosphorus concentration in different 
sources is useful when estimating the total phosphorus which is available 
for recovery. 
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Not only the sources, but also we need to recognized potential point for 
recovery of phosphorus and its quantity (Cordell et al, 2011). There are 
many potential points (Fig. 4) for recovery and reuse of phosphorus and 
have much of phosphorus flows in each stream. Further, it’s indicate 
where’s to mange phosphorus loses and increase phosphorus recovery 
and reuse. This research identified around 3 million metric tons of 
phosphorus can exactas directly from human waste per year with 
reducing losses.   

 

Fig. 3 Integrated systems framework to guide decision-making 
for sustainable phosphorus recovery and reuse (source: Cordell et 
al, 2009). 
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Table 2 Typical Phosphorus concentrations of different wastes and   
intermediates. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Material P (% P by weight) 

Human urine 0.02 - 0.07 

Human feces 0.52 

Human excreta 0.35 

Activated sewage sludge 1.4 

Sludge (from biogas digester) 0.48 - 0.77 

Struvite 13 - 14 

Cow dung 0.04 

Poultry manure 1.27 

Farm Yard Manure (FYM) 0.07 - 0.88 

Rural organic matter 0.09 

Crop residues 0.04 - 0.33 

Urban composted material 0.44 

Oil cake (by-product from oilseed processing) 0.39 - 1.27 

Bone meal 8.73 - 10.91 

Fig. 4 Potential points for recovery and reuse of phosphorus (Source: Cordell et al, 
2011). 

 



Asanka Welagedara                                                                         TRITA-LWR Degree Project 13:15 

 

8 

 

Achieving efficient and cost-effective phosphorus recovery from human 
excreta will require more sustainable and ecological sanitation systems 
(Rosemarin et al, 2008). With comparing handling, construction cost and 
others factors, small scale and decentralized recover system is more 
useful not only to recover Phosphorus but also to protection of public 
health and the environment.   

2.1.4. Phosphorus removal from waste water 

Phosphorus appears in wastewater as orthophosphate, polyphosphate 
and organically bound phosphorus. Last two components accounting 
usually for up to 70 percent of the influent phosphorus (Sotirakou et al, 
1999). Orthophosphates are available for biological metabolism without 
further breakdown and Polyphosphates are form molecules with 2 or 
more phosphorous atoms, oxygen and in some cases hydrogen atoms 
combine in a complex molecule. Domestic waste water is relatively rich 
in P compounds and generally contains substantial inorganic P resulting 
primarily from the polyphosphate contained in synthetic detergent. 
Municipal wastewaters may contain verity of P compounds with 
different concentration. Phosphorus removal methods from wastewater 
including chemical precipitation, crystallization including MAP 
(Magnesium Ammonium Phosphate) and HAP (Hydroxyapatite) 
processes, adsorption and biological methods have been extensively 
studied during past decades. Below describing are identified possible 
methods of removing phosphorus from wastewater. 

• Chemical treatment - chemical precipitation by the addition of 
lime, iron or aluminium salts 

• Biological treatment - assimilation in conventional plants; 
enhanced assimilation by process modification, algae ponds 

• Combined methods with chemical and biological treatment 

• Others, such as: ion exchange and adsorption and terrestrial 
treatment (irrigation; percolation; infiltration; plant treatment). 

Chemical Phosphorus Removal 

The chemical precipitation of phosphorus is brought about by the 
addition of the salts of multivalent metal ions which form precipitates of 
sparingly soluble phosphates. Three types of metal precipitant are 
generally used for chemical phosphorus removal namely iron (II), iron 
(III) and aluminium. Calcium salts are used very occasionally (Thistleton 
et al, 2002). Chemical addition points include prior to primary settling, 

during secondary treatment or as part of a tertiary treatment (Fig. 5). 

With calcium salts, phosphorus can be precipitated to low residuals 
depending on the pH. The precipitate is hydroxyapatite. 

 

10 Ca2+ + 6 PO4
3- + 2 OH- ↔ Ca10(PO4)*6(OH)2 ↓ 

 

Alum or hydrated aluminum sulphate is widely used precipitating 
phosphates and aluminum phosphate. The basic reaction is, 

 

Al3+ + HnPO4
3-n ↔ AlPO4↓ + nH+ 

 

Ferric chloride or sulphate and ferrous sulphate are widely used for 
phosphorus removal, basic reaction is, 

Fe3+ + HnPO4
3-n ↔ FePO4↓+ nH+ 



Phosphorus Removal and Methylene Blue Adsorption by Porous Calcium Silicate Hydrate

 

9 

 

All above precipitating efficiency are depending on pH level in waste 
water; usually pH range for alum effectiveness is 5.5 to 6.5. Considering 
the iron salts addition, pH range in 4.5 to 5 and 7 to 8 for ferric and 
ferrous ions respectively.  

Foremost disadvantages are production of high sludge volume during 
the process and more difficult to recover P from the sludge with 
compare to the other method. High operation cost for chemicals and 
need to give more attention to operation for maintaining pH level. 
Chemical dosing are the other problems in chemical precipitation 
method.   

Biological phosphorus removal method 

Currently most of the waste water treatment plants use the biological 
phosphorus removal method. This was caused generally by economic 
factors, low sludge production and the fertilizer value of the bio-P 
sludge. There are many technologies on run through and choice of 
technology depends on effluent criteria. Most of plants are combing with 
biological nitrogen removal system for efficiency purpose. Most of the 
plants have similar configuration with variations. Main differences 
between these configurations are the way in which an anaerobic zone is 
maintained and how this zone is protected against the introduction of 
nitrate. In this section several common system configurations are namely 
as modified Bardenpho, A /O, UCT, modified UCT and Johannesburg 
system (Fig. 6). 

Some drawback occurs when applying those methods in real waste water 
treatment plant. Major problems are difficult to maintain nutrient 
balance in each reactor and need to invest more money at initial stage 
and high energy consumption is the other identified problems in this 
method. Those methods are not suitable for small scale waste water 
treatment plants. 

Other treatment system for phosphorus removal  

Above discussed two methods are the widely using large scale waste 
water treatment plants so comparing to small scale need to reliable and 
low cost method to treat waste water, mostly house hold wastewater. 
Currently identified solutions can be dived in to two groups, namely 
natural systems and advanced onsite wastewater treatment systems. 
Mostly develop natural systems are, 

• Constructed wetland systems (CWS) 

• Wastewater stabilization ponds 

• Aquatic treatment systems 

• Land treatment systems 

Constructed wetland systems (CWS) have proven to be a very effective 
method for the treatment of municipal wastewater for a small 
community while friendly treating to environment. The cost for design, 
construction and implementation can be considerably lower than other 
wastewater treatment options. The pollutants removed by CWS include 
organic materials, suspended solids, nutrients, pathogens, heavy metals 
and other toxic or hazardous pollutants. 

Wastewater Stabilization Ponds are large shallow basins in which raw 
sewage is treated entirely by natural processes involving both algae and 
bacteria. Those are in temperate and tropical climates and represent one 
of the most cost-effective, reliable and easily operated methods.  
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Waste stabilization ponds are very effective in the removal of fecal 
coliform bacteria. Sunlight energy is the only requirement for its 
operation and requires minimum operation cost. 

Aquatic plant systems are consist of shallow ponds with floating or 
submerged aquatic plants. Those can be operated with two types of 
plants which are, floating and submerged aquatic plants. The water to be 
treated flows through different bio-systems namely anaerobic, anoxic, 
aerobic, vegetated, etc… where plants, algae and other organisms 
remove BOD, TSS, nutrients and pathogenic organisms (Crites and 
Tchobanoglous, 1998). 

Land treatment systems generally fall within three categories: the slow 
rate, overland flow and rapid infiltration/aquifer recharge. The water is 
filtered by close-growing vegetation and it flows over a gently sloping 
soil surface. A thin film of wastewater is generally applied and the 
breakdown of waste materials occurs near the soil surface. In the rapid 
infiltration approach, wastewater is spread in basins and is treated as it 
percolates through the soil. It then drains naturally to groundwater and 

Fig. 5 Chemical treatment method for phosphorus removal (source: 
Lecturer materials 2011, KTH). 
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in some cases to adjacent surface water. Moderately and highly 
permeable soils are most suitable to this approach. 

Those Natural treatment systems are capable of producing an effluent 
quality equal to that of mechanical treatment systems.  Main advantages 
in those systems are low level energy consumption, maintains costs are 
low and they use 100% environmental friendly technology.  

Other identified category of onsite wastewater treatment systems is 
advanced on-site systems which are namely Package plants and Filtration 
systems. 

Package plants are pre-manufactured treatment facilities which are used 
to treat wastewater in small communities or on individual properties. 
According to manufacturers, package plants can be designed to treat 
different type of flow rates. The most common types of package plants 
are extended aeration plants, sequencing batch reactors, oxidation 
ditches, contact stabilization plants, rotating   biological   contactors and 
physical/chemical processes. A main advantage is those can be easily 
installed and easily maintained under manufacture guides. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6 Biological treatment method for Phosphorus removal 
(source: Lecturer materials 2011, KTH). 
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Now a day’s different kind of filtration systems are using all over the 
world with achieving various quality requirements. Mainly those advance 
systems used reactive filter media for removing pollutants. Reactive filter 
media belong to 3 different classes namely, natural, industrial by 
products and industrial products. Bauxite, limestone, opoka, shell sands, 
wollastonite and zeolites are the examples of natural materiel. Fly ash 
and blast furnace slag are using as a industrial by products and LECA 
(Light expanded clay aggregates),filtralite P (from LECA), Nordkalk 
Filtra P, Polonite (from opoka) and Absol are examples of industrial 
products.  

The major mechanism of phosphorus removing from those filters is 
called sorption process.  

2.1.5. Sorption Process 

When a mineral is placed in an aqueous solution, solute ions, complexes, 
or molecules accumulate onto the surface of the solid material.  This 
process is called sorption (Krauskopf and Bird, 1995). There are two 
different kinds of sorption processes. They are physical sorption that 
formed by week Vander Waals force and chemical sorption that 
involving rearrangement of electron cloud in both materials. Sorption is 
continues process which are consists of adsorption, ion exchange and 
precipitation (McBride, 1994). 

Adsorption is process of adhesion of atoms, ions or molecules of gas, 
liquid or dissolved solids to the specific surface.  Adsorption and ion 
exchange are particularly attractive for removing dilute components. 
Both mechanisms are based on electrostatic forces, though chemical 
sorption is stronger, more irreversible and more specific concerning 
which compounds sorbs to which sites (Montgomery, 1985).  

Cations and anions adsorb with opposite pH dependence, each modified 
by ionic strength, hydrolysis, complex formation, and the ratio of total 
adsorb present to total adsorbent surface area. In general, sorption of 
cations is weak at low pH and stronger at high pH; sorption of anions is 
weak at high pH and stronger at low pH (Hochella and White, 1990). 
There are two types of adsorption mechanisms (Fig. 7) namely inner 
sphere complexation with result of physical reaction and outer sphere 
complexation with strong chemical reaction. Adsorption occurs through 
a ligand exchange process in which the anion displaces H2O or OH-. 
Since H2O is a more mobile ligand than OH-, sorption is often favored 
at lower pH. Four key characteristics of ligand exchange are the release 
of hydroxyls, high specificity toward binding sites, apparent hysteresis, 
and the surface charge becoming more negative after adsorption (Afridi, 
2008). 

Ion exchange considered as a stoichiometric process, implying that every 
ion removed from solution by electrostatic attraction to the charged 
surface is replaced by an equivalent amount of similar charged ionic 
species from the solid (Dzombak and Hudson, 1995).   

Precipitation is when an insoluble solid is separated from the solution 
due to a chemical change. There are three types of precipitation that can 
take place in system. These are, precipitation of an element due to super 
saturation of that element in solution, surface precipitation and co-
precipitation of elements. Precipitation is much slower than adsorption, 
so time dependent sorption is often a common characteristic (McBride, 
1994). 
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2.1.6. Adsorption Isotherms 

The equilibrium existence of adsorbate between the liquid and solid 
phase is well described by adsorption isotherms (Palanisamy and 
Sivakumar, 2009). Langmuir and Freundlich isotherm models are 
simplest and most commonly used isotherms to represent the adsorption 
of components from a liquid phase onto a solid phase. The Langmuir 
adsorption isotherm is often used to describe the maximum adsorption 
capacity of an adsorbent and can be expressed as, 

 

q=
bKLCeq

1+KLCeq
                                    

 
where q (mg/g) is the adsorption amount of adsorbent at equilibrium, 
qm (mg/g) is the maximum adsorption amount, Ce (mg/L) is the 

Fig. 7 Types of adsorption (a) Outer sphere complexes (b) Inner 
sphere complexes (source: Afridi, 2008). 
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equilibrium concentration of adsorbate in wastewater and KL (L/mg) is 
the equilibrium adsorption constant.  

The linear form of the model is, 

 

Ceq

q
=

1

KL
+

n

bKL
 

                                                                                                                                                                                  

The constant qm and KL can be calculated from slope and intercept of 
the plot of Ce/qe versus C. This simplest physically plausible isotherm is 
based on three assumptions, 

• Adsorption cannot proceed beyond monolayer coverage. 

• All surface sites are equivalent and can accommodate, at most 
one adsorbed atom. 

• The ability of a molecule to adsorb at a given site is independent 
of the occupation of neighbouring sites. 

The Freundlich isotherm exhibits increasing adsorption with increasing 
concentration, but a decreasing positive slope as ceq increases. Many 
organic and inorganic followed this type of sorption behaviour. It is 
described by, 

 

Q = Kf Ceq
1/n 

                                 

Where qe (mg/g) is the adsorption amount of adsorbent at equilibrium, 
Ce (mg/L) is the equilibrium concentration of adsorbate in solution, KF 
(mg/g) and n are the Freundlich constants related to the sorption 
capacity of the adsorbent and the energy of adsorption. The linear form 
of the model is, 

          

In(qe) = In(KF) + (1/n)InCe                                                                              
                                                                     

When plotting of lnce against lnqe, a straight line indicates the 
confirmation of the Freundlich isotherms for adsorption. The constant 
can be determined from the slope and the intercept of the graph.  

2.1.7. Adsorption kinetic study 

Kinetic models have been used to investigate the mechanism of sorption 
and potential rate controlling steps, which are helpful for selecting 
optimum operating conditions for the full-scale batch process. Pseudo-
first-order and pseudo-second-order models were used for calculating 
maximum absorption capacity. 

Pseudo-first-order model 

The pseudo-first-order rate expression based on solid capacity is 
generally expressed as follows (Uddin et al, 2009). 

 

   

Where, qe is the amount of substance adsorbed at equilibrium (mg/g), q 
is the amount adsorbed at time t (mg/g) and k is the rate constant of 
first order adsorption (L/min). After integration and applying boundary 
conditions, t = 0 to t and q = 0 to qe; the integrated form of equation 
becomes, 

dq/dt = K1 (qe-q) 
  

−log (1 − q)/qe =   k1t/2.303    
   



Phosphorus Removal and Methylene Blue Adsorption by Porous Calcium Silicate Hydrate

 

15 

 

A plot of −ln(1−q/qe) against t should give a linear relationship passing 
through the origin with the slop k1.  

Pseudo-second order model 

The pseudo-second order kinetic rate equation is expressed as follows 
(Uddin et al, 2009). 

 

 

Where k2 is the rate constant of pseudo-second order sorption (g/mg. 
min). After integration and applying boundary conditions integrated 
form of above equation becomes, 

 

t/q = 1/k2 qe2 + t/qe               

 

If the second order kinetic equation is applicable, the plot of t/q against 
t of this equation should give a linear relationship. The qe and k2 can be 
determined from the slope and intercept of the plot. 

 

3. MATERIALS AND METHOD 

3.1. Materials 
Throughout the study, Absol was used as an absorbent media.  Two 
mechanically sieved granular sizes of Absol were used during the study. 

Analytical grade Potassium Dihydrogen Phosphate (KH2PO4) 4.393 g 
was used to prepare 1000mg/L phosphorus stock solution. Few drops of 
conc. NaOH used to adjust the pH level of the stock solution equal to 
the pH level of actual waste water.   

For the color removal study analytical grade Methylene Blue (MB) were 
used. MB is a basic blue dyestuff, CI Classification Number 52015.  

All the other chemicals and glassware were used under standard 
conditions. The original instrument manuals produced by the 
manufacturers were followed during the study.  

3.2. Methods for P removal 

3.2.1. Porosity and Hydraulic Retention time (HRT) 

The fraction of pore space in the material is called porosity and it 
measured in percentage. It was calculated water saturated method. Firstly 
weighted an empty graduated cylinder and record the value. There after 
sample was poured into it and measured the weight again and volume of 
dry soil was record. Mean while specific volume of water was measured 
using another cylinder. Thereafter, known amount of water were add to 
the filter materials and mixed until water completely penetrate to the 
material. Finally volumes of the soil and water mixture were measured. 
Calculation were followed by below equations,   

Mass of the soil = Mass of cylinder and material – Mass of cylinder alone 
(g)  

Bulk density = Mass of the material / Volume of the material (g/ml)  

Pore space volume = Volume of material + Volume of water – volume 
of material and water (ml)  

Porosity = Pore space volume / Volume of material x 100 

Hydraulic Retention time (HRT) 

dq/dt = k2(qe − q)2                
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Measure of the average length of time that a soluble compound remains 
in a filter is called Hydraulic Retention time. 

HRT = Volume of Column (m3) / influent flow rate (m3/h) 

3.2.2. Experiment 1: Fixed bed column 

In order to evaluate P removal of the filter materials, a column 
experiment was carried out.  Two glass Colum were used for experiment 
which is 70 cm length and 10.5 cm inner diameter and filled with a 10 g 
of each particle size filter media. Think plastic layer was placed in the 
bottom of each column to prevent loss of material (Fig. 8). 

Firstly, 1 L of filtered household wastewater which are taken from north 
part of Stockholm, was pumped (0.2 L/h) continuously till get zero P 
concentration in filtered water. This method was followed reach 
maximum P absorbent to the both filter materials. During the 
experiment 20 ml of solution was taken out for analysis. Secondly, above 
procedure was followed with replacing wastewater to 25 mg/l stock P 
solution.  For understanding of mechanism of P absorb to Absol, 10 g of 
filter materials were immersed in over night to 0.1M NaOH solution and 
followed same procedure with 25 mg/l stock solution. 

Finally adsorption amount was calculated from following equation. 

 

Amount	of	adsorbed =
(Cf�Ci)V	Solution	

m	Sorbant
                                                             

  

Where’s Cf and Ci   initial and final concentration of solution. V is the 
total volume of solution and m is mass of sorbent. 

1 L of 25 mg/l stock solution was purred in to conical flask and 10 g of 
filter materials were mixed. After that flask was placed in to a magnetic 
satire and mixed in constant speed (300rpm) (Fig. 9). A volume of 20 ml 
solution was taken out in every 30 minutes interval for the chemical 
analysis.  Both sizes of filter materials were used for this experiment and 
this was aimed to understanding P absorbent to filter materials in 
different type of mixing regime. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8 Experimental set-up 1: Fixed bed column. 

Filter column 

Absol 

Think plastic layer 

Stock solution 
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3.2.3. Experiment 3: Batch Experiment  

In order to understanding the adsorption isotherms another batch 
experiment was followed with 7 different initial P concentrations which 
are 5, 10, 25, 50, 75, 100 and 200 mg/L.  Each solution was transferred 
to 250 ml conical flask with 10 g of Absol and adjusted final volume of 
each flask to 200ml. Thereafter, flasks were placed on shaker at constant 
speed of 200 rpm (Fig. 10). After every 1 hour 5 ml of solution was 
taken for analysis until saturated P concentrations recode.  

Fig. 10 Experimental set-up 3: Batch Experiment. 

 

Fig. 9 Experimental set-up 2: Batch Experiment. 
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3.2.4. Analysis for collected samples 

The pH was measured directly after collection, and then the samples 
were stored in a freezer at –18 ºC until the measurement of 
orthophosphate concentration. Before the measurement, samples were 
filtered through a 0.45 µm Micropore filter paper. Analysis was 
performed by means of Flow Injection Analysis (FIA) Auto analyzer 
Aquatec –Tecator. The fully automatic system comprise of 5400 
analyzer, method cassette, sampler and data handling system comprising 
of personal computer. 

3.3. Methods for MB removal 

3.3.1. Experiment 4 Methylene Blue Adsorption 

In order to understand the MB absorbent mechanism in Absol different 
kind of strategies were followed. 

Effect of initial concentration     

Samples (10 g) which are in 2-4 mm particle size were added to each 100 
mL volume of methylene blue solution. The initial concentrations of dye 
solution tested were 0, 10, 25, 50 and 100 mg/L and the experiments 
were carried out at constant speed in shaker and sorption time was 24 h. 

Effect of particle size 

Effect of particle size was investigated at various sizes, which are < 0.5, 
0.5-1, 1-2, 2-4 and >4 mm 10 g of each sample was added to each 100 
ml volume of methylene blue aqueous solution having an initial 
concentration 100 mg/L for a constant speed in a shaker and sorption 
time was 24 h. Blank sample (without Absol) was run for correlation of 
background errors. 

3.3.2. Spiral filter experiment  

For the study of long term Adsorption effect, 2 m rubber tube (internal 
diameter 4 cm) fill with 400 g of 2-4 mm particle size of Absol was used 
as a spiral filter. 100 mg/l methylene blue aqueous solution was pumped 
at 0.2 L/h constant speed till Absol saturated. Filtrate samples were 
collect at every 1hr at outlet placed in top of the spiral. 

3.3.3. Analysis of MB in collected samples  

The concentration of MB in collected samples was analyzed using Perkin 
Elmer Lambada UV/VIS spectrophotometer at λmax of 666 nm.  
Working standards were prepared using same MB solution.  

 

4. RESULTS 

4.1. Phosphorus removal  
Absol is a highly pores media and calculated values are 71.1% and 79.2% 
in 0.5- 1 and 2- 4 mm particle sizes respectively. Calculated HRT value in 
the Colum is 0.175h. 

Results of phosphorus removal in real household’s waste water by Absol 
in column experiment were plotted in simple graph for understanding 
the removal pattern (Fig. 11 and Fig. 12).  Measured initial phosphorus 
concentration in used household waste water is 7.83 mg/L and its value 
fluctuation within 4-8 mg/L during the study.  

At first cycle 75 % removal efficiency recorded in filter column number 
1 and it was initially 65%. After completing 6 cycles constant removal 
capacity was obtained (Fig. 11). At cycle number 6 both filter columns 
were malfunctioning due present of organic matter. Around 10% more 
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removal efficiency recorded in filter column number 2 than the column 
number 1 which is around 80-85%. In cycle number 6, filter column 
shows 30% of removal efficiency, it’s much greater than the column 
number 1. Comparing the both filters only different is particle size of 
adsorption media. Results reflect 0.5 -1 mm particles have high 
adsorption capacity than the 2-4 mm size particle.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11 Phosphorus removal efficiency in filter column 1 with real 
wastewater. 

Fig. 12 Phosphorus removal efficiency in filter column 2 with real 
wastewater. 
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Experimental setup was rearranged to synthetic wastewater and initial 
phosphorus concentration of solution was set to 25 mg/L and 1L of 
solution was used in every cycle until receiving maximum absorbent 
value. Same results were obtained for the synthetic wastewater (Fig. 13 
and Fig. 14). Both filter columns shows 90-95 % phosphorus removal 
efficiency and those values are higher in value of (Fig. 11 and Fig. 12). 
After completing 6 cycle removal efficiency recorded 30-40%, which 
means both columns still have more adsorption capacity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14 Phosphorus removal efficiency in filter column 2 with 
synthetic waste water. 

 

Fig. 13 Phosphorus removal efficiency in filter column 1 with 
synthetic waste water. 
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In order to improve removal efficiency Absol treated with 0.1 M NaOH 
and treated material showing less removal capacity than the untreated 
material. Initially it was 20% and 75 % value showing at equilibrium state 
(Fig. 15). Faster removal mechanism reflected (Fig. 15) and equilibrium 
state was reached in after 150 min. pH level of the mixture also became 

Fig. 15 Phosphorus removal efficiency in treated and untreated 
material. 

 Fig. 16 Phosphorus removal in batch experiment with two 
different particle sizes. 
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at stable state after 45 min.  But no any remarkable variations observed 
in between two particle size.  

4.2. MB dye removal by Absol 
The adsorption of MB onto Absol was studied for two different types of 
scenarios, which are effect on initial MB concentration and particle size 
of filter media. 

Maximum (100%) adsorption observed at flask with initial concentration 
10 mg/L and adsorption capacity was decreased when initial 
concentration increased (Fig. 17).       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 17 MB concentration variation with time. 

 

Fig. 18 MB concentration variation with respect to particle size of 
filter media. 
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Comparing the particle size of filter media, initially high MB removal 
capacity shows in small particle size with comparing to big particle sizes. 
Finally now any such variation shows at equilibrium state (Fig. 18). To 
obtain those results 50 mg/L MB dye solution was used. 

For the long term MB removal capacity, Spiral filter column shows high 
efficiency than the other type of filter setups (Fig. 19). It was indicated 
that after pumping 50L (275 h) of MB solutions (100 mg/L) through the 
filter, the remaining removal capacity was 75%.  

Fig. 19 MB concentration at filtrate with respect to pump volume. 

 Fig. 20 Freundlich isotherm model for P adsorption. 
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4.3. Adsorption isotherm and kinetic study 

4.3.1. Adsorption isotherm study for P and Mb adsorption 

Adsorption equilibrium data fitted to Freundlich isotherm expressions 
for P and MB adsorption respectively (Fig. 20 and Fig. 21). 

Calculated Freundlich constant for P and MB adsorption are 0.42 and 
0.008. These values are quite unrespectable for this kind of adsorption 
and it’s confirmed by calculating n values for those graphs which are 
0.41 and 2.65.  

Adsorption equilibrium data also fitted to Langmuir isotherm 
expressions for P and MB adsorption respectively (Fig. 22 and Fig. 23). 
From equilibrium data were better represented by the Langmuir 
isotherm equation than done by the Freundlich equation. Calculated 
adsorption capacities values are 23 mg/g and 26 mg/g for real waste 
water in 2-4 mm and 0.5-1 mm particle size column respectively. But 
those values are increased to 52 mg/g and 54 mg/g for P stock solution 
respectively and value is further increased to 70.92 mg/g with according 
to Freundlich equation (Table 3). Calculated MB adsorption capacity 
from (Fig. 23) is 66.67 mg/l. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 22 Freundlich isotherm model for MB adsorption. 

 Fig. 21 Langmuir isotherm model for P adsorption. 
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4.3.1. Adsorption kinetic study for P adsorption 

Results for pseudo-first order and pseudo second order  were plotted 
(Fig. 24 and Fig. 25)  for different initial dye concentration ranging from 
5to 200 mg/L and if the kinetics followed by pseudo-first order the 
linear lines of (Fig. 24) should have passed through the origin but isn’t 
not.. Therefore, it was evident from (Fig. 24) that the adsorption of P did 
not follow the first order kinetic model. Obtained results (Fig. 25) are 
flowed by pseudo-second order rate constant k2 and the adsorption 
density qe at equilibrium are given (Table 4). 

According to parameter (Table 4) for pseudo – second order model can 
be rearranged to simple liner equation with corresponding initial P 
concentration. Those are, 

 

qe = 0.1C0-0.3 (r2= 0.9992 ) 

 

K = 0.2 C0 + 3.3 (r2= 0. 0.6107) 

Fig. 24 Pseudo-first order model for P adsorption. 

 

 Fig. 23 Langmuir isotherm model for MB adsorption. 
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h = 0.2 C0 + 16.6 (r2 = 0.9767)  

 

From above equations and simple liner model of pseudo – second order 
equation can drive simple equation for calculating adsorption amount (q) 
at time t with corresponding initial P concentration (c), which is given 
following equation.  

 

Qt =
t

1
0.2c+16.6

+
1

0.1c-0.3

 

           

     

 
 
 

 
 
 
 
 
 
 
 
 
 

 

 
Table 3 P adsorption capacity. 
 

  P Adsorption capacity (mg/g)  

Experiment 2-4 mm 0.5-1 mm 

From Graph 

(2-4 mm) 

Real wastewater 23 26  -  

Stock solution 52 54 70.92 

Stock solution( treated filter media) 27  -   -  

 

 

Table 4   Parameters for effect of initial concentration for P. 
 

Initial P 
concentration 

Pseudo-first-order model Pseudo-second-order model 

(mg/l) K1 r
2
 qe) K2  h   r

2
 

5 0.36 0.758 0.38 5.07 0.73 0.885 

10 0.07 0.204 0.78 -13.34 -8.12 0.798 

25 0.36 0.710 2.37 2.88 16.22 0.928 

40 0.06 0.006 3.41 -1.54 -17.93 0.780 

50 0.67 0.874 4.96 1.19 29.41 0.899 

75 0.67 0.980 7.50 0.82 46.01 0.975 

100 0.69 0.975 10.10 0.51 52.03 0.939 

200 0.41 0.977 20.54 0.09 39.51 0.966 

  Fig. 25 Pseudo-Second order model for P adsorption. 
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5. DISCUSSIONS  

The experimental result shows that Absol has a high porosity with a 
medium value around 75%.  This physical property indicates dramatically 
high performance when comparing other filter materials available. Major 
chemical composition in Absol is SiO2 (61%) and CaCO (26%) and 
major mineralogical composition is tobermorite (Affridi, 2006).  

Household waste water contain various kind of substance, such as 
dissolved solids, suspended solids, biological and chemical oxygen 
demand material, alkaline substance, nitrogen ,phosphorus chloride 
etc… .  Those kinds of substances and elements can be reducing the 
adsorption capacity and those can be reducing flow rate in filter.  When 
comparing P removal efficiency in the filter set-up which used real 
wastewater (set up number 1 and 2) and synthetic waste water (set up 
number 3 and 4) , setup number 3 and 4 shows higher removal efficiency 
than set up number 1 and 2. This may have reasons from the above 
discussed matter. Hydraulic conductivity of column filter system 
depends on a range of factors such as influent flow rate and its 
characteristics, particle size of the filter media. Particle size of filter 
media play important role in filter. Particle size can directly involve to 
the flow rate through the media. Comparing this column experiment 0.5- 
1 mm particle size materials showing high removal capacity than 2-4 mm 
size in both P and MB removal. Clogging of filter media is a significant 
problem that affects the hydraulic and treatment performance of systems 
based on such filter system.. The present study showed that the particle 
size directly affect the removal efficiency. In a real wastewater treatment 
system, several mixing method apply for achieving high removal 
efficiency. Present study realized that the rotating bed method have high 
removal efficiency.  It was recorded 80% P removal at 150 min. This is 
less time taken with comparable column experiments. But the major 
disadvantage of the rotating bed method is it’s highly energy 
consumption and then it is not a suitable method for a sustainable 
technology. 

The medium Absol contain high percentage of SiO2 (61%) and CaCO3 
(26%). When treating of 0.1 M of NaOH, Si molecules can transfer to 
the solution from the mineral surface due to rearrangement in mineral 
structure. In figure 15 indicates the low removal efficiency of treated 
material. It’s may be an effect due to the migration of Si molecules to the 
solution. This phenomenon can be identified using XRD and XRF 
analysis of both treated and untreated sample.  

An increase at initial concentration of solution leads to an increase in the 
adsorption capacity. As the initial P and MB concentration increases 
from 10 to 200 mg/L, the adsorption capacity of P and MB onto Absol 
changes from 0.17 to 3.94 mg/g and 0.2 to 3.88 mg/g respectively at 
after 24 hours . This indicates that the initial concentration plays an 
important role in the adsorption capacity of Absol. Pollutant molecules 
can transfer from the external surfaces to inter lamellar section, resulting 
in the disaggregation of the aggregates and restoring the monomers. At 
high load rates of P and MB, agglomerates are expected to be 
predominant. The initial process, when a P and MB are added to the 
Absol, adsorption of the P and MB molecules onto the external surface 
of the particles. This increases significantly the local concentration, 
giving rise to the formation of aggregates of the P and MB. 

At spiral filter set-up, hydraulic conductivity is very low and this increase 
the hydraulic retention time in filter. That may be the reason the spiral 
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filter set-up showed higher removal efficiency than the column 
experiment.  

The best fit of equilibrium data in the Langmuir isotherm expression 
predicts the monolayer coverage of P onto Absol surface. The pseudo-
second order rate constants decreased with increasing initial 
concentrations (Table 4). The fitted qe, fitted values were very close to 
the experimental qe, values. In the view of these results, it can be said 
that the pseudo-second order kinetic model provided a good correlation 
for the adsorption of P on to Absol in contrast to the pseudo-first order 
model. 

 

6. CONCLUSION 

The present study concludes that Calcium Silicate Hydrate showed high 
level of phosphorus removal capacity as well as also has high MB dye 
removal capacity.  Considering economic factor as well, Absol is a 
sustainable product for removing P and MB in small and large scale 
application.      

Finally the present studies conclude:  

• Calcium Silicate Hydrate showing high level of phosphorus and MB 
dye removal capacity. 

• Major mineralogical composition is Si and Ca, Si having an 
important role in the adsorption process. 

• The amount of adsorbed P and MB vary with initial solution 
concentrations, contact time, and adsorbent dose. 

• Both equilibrium data (P, MB) were fitted very well in the Langmuir 
isotherm equation,   confirming the monolayer physical sorption.  

• The adsorption kinetics followed the pseudo-second order kinetic 
model. 

• The present study demonstrated that Absol can also remove textile 
dye contaminant and probably pharmaceuticals from wastewater. 
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