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Abstract 

Sewage is water that contains waste in liquid form and as suspension. Micro-

pollutants (MPs) in waste water are a major environmental problem facing humanity 

nowadays. MPs raise concern due to potential toxicological effects on human health 

and ecosystems at low concentrations. Environmental studies have found that leakage 

from landfills, waste water treatment plants (WWTPs) and onsite sewage facilities 

(OSSFs) are major sources for MPs to the aquatic environment. Waste water treatment 

for removal of MPs is a major challenge because it entails integrated processes in 

technical as well as economical terms. In this study, 18 different substances were 

studied including pharmaceuticals, pesticides, surfactants, plasticizers and UV 

stabilizers. These compounds were selected considering their availability and 

maximum concentrations in effluent water system, bio-concentration factor, half-life, 

removal efficiency and the ratio of predicted environmental concentration and 

predicted no effect concentration (PEC/PNEC). Ozonation, reverse osmosis, 

electrolysis, ion exchange and adsorption techniques are identified as efficient 

techniques to remove MPs. Among all those techniques, adsorption has demonstrated 

efficiency and economic feasibility as waste water treatment. In this study, ten 

different low cost organic and inorganic adsorbent materials were characterized using 

various spectroscopic methods including X-ray photoelectron spectroscopy (XPS), 

diffuse reflectance Fourier transform infrared spectroscopy (DF-FTIRS), scanning 

electron microscopy together with energy dispersive X-ray spectroscopy (SEM and 

EDS) and Brunauer-Emmett-Teller (BET) surface area analysis. XPS analysis 

revealed that the chemical composition of the surface and chemical state of some 

elements in the adsorbents (lignite and filtrasorb 300C) have changed after 

introducing MPs spiked in waste water into the columns packed with sorbent 

materials. A quantitative structure-property relationship (QSPR) study was performed 

to assess molecular properties, which affects the adsorption. Among more than 200 

molecular descriptors, 8 descriptors were found to be significant in the QSPR model 

and those descriptors showed to correlate with the adsorption efficiencies of the 

sorbent materials. Considering the BET analysis, EA207 and filtrasorb 300C have the 

highest specific surface area and pore volume, which resulted in the highest MPs 

reduction capacity in the column experiments. The obtained results confirmed that 

organic adsorbents with high surface area, pore volume and carbon content could 

provide an effective solution for reducing MPs in onsite sewage system facilities in 

rural areas. 
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1. Introduction 

Most Swedish households in urban areas are connected to municipal waste water treatment 
plants (WWTPs). WWTPs are specially designed to separate suspended particles and to reduce 
nitrogen (N), phosphorous (P) and biodegradable organic contaminants (BOC) in waste water 
following several treatment steps [1]. Approximately one million of private households are not 
connect to the WWTPs network and 700,000 of them are using individual onsite sewage 
facilities (OSSFs) and several of these have no well-functioning waste water treatment facility 
and are unable to meet national effluent quality standards [2]. OSSFs are designed especially 
for single households in rural area. The system typically consists of a septic tank, which is 
combined with infiltration or sand bed. The septic tank allows particulate matter to form layer 
of sludge to the bottom of the tank before the waste water enter the sand bed or infiltration for 
further treatment [1, 2]. An alternative technique is package treatment, which is a miniaturized 
typical municipal WWTP. 
Recent environmental studies have found emerging MPs in water bodies and these 
contaminants could pose a major problem due to their adverse human health and 
environmental effects [2, 3]. Micro-pollutants are organic substances occurring in the water 
in very small concentrations, ranging from a few nanogram to micrograms per liter that can 
cause negative effects especially on human health and aquatic organisms at trace 
concentrations [3, 4, 5]. Previous studies have identified landfill leachate and waste water from 
WWTPs and OSSFs as major sources of contaminants [3]. These contaminants include 
pharmaceuticals, poly- and per-fluorinated alkyl substances (PFAS), pesticides, personal care 
products (PCPs) and detergents [3, 4]. Increasing worldwide consumption of chemical 
products and products leaking chemicals has led to chemical pollution and therefore control 
of MPs is a major challenge in waste water treatment processes due to their continuous 
emissions [4]. Therefore, it is imperative to improve and develop existing WWTPs and OSSFs 
to minimize the diffuse emissions of MPs. 
A number of promising techniques for removal of MPs exist. Among these techniques 
ozonation, reverse osmosis, ion exchange, electrolysis and adsorption techniques are 
identified as the most efficient techniques [6, 7], but these technologies are rather expensive 
except adsorption. A key component in any strategy for improving waste water treatment 
towards sustainable sanitation is that the technologies should be more effective, less energy 
costly, user friendly, and affordable (especially for single households). Recently, it has been 
reported that pharmaceuticals, such as diclofenac and carbamazepine can be removed by more 
than 90% by using biological activated carbon and sand adsorbent [3]. Another study has 
proven that Sepiolite (natural hydrated magnesium silicate), which has large surface area and 
high porosity; provide great potential for adsorption of MPs [8]. 
Adsorption of an organic substance on a solid sorbent is a very complicated process, which 
involves complex interaction between the adsorbent and the organic substances. Formation of 
biofilms on the surfaces of adsorbent materials by aggregating microorganism may enhance 
degradation of organic components. Adsorption is dependent on many properties of sorbent, 
such as the physical chemical properties, amount of organic materials, particle size, porosity 
and sorbent affinity characteristics [9]. Adsorption-desorption processes taking place at solid-
liquid interfaces have important role in environmental studies, and these processes have 
implications on e.g. control of transportation of MPs in water bodies and bioavailability. In 
order to understand these processes for natural sorbents, characterization of their structural, 
chemical and morphological properties is necessary. In this study, four different techniques 
were used to characterize ten different low cost natural adsorbent materials. SEM was used to 
determine surface topography and EDS provide quantitative elemental composition. BET 
analysis was used to evaluate specific surface area and pore structure of sorbent materials and 
finally XPS and DR-FTIR methods were used to evaluate surface elemental state and 
functional group characteristics, respectively. XPS analysis was also performed to investigate 
whether chemical composition and chemical state of some adsorbent materials have been 
changed after adsorption of micro-pollutants, i.e. before and after use. 
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Adsorption of micro-pollutants on an adsorbent depends on the properties of substances 
(adsorbate) as well as the adsorbent material. Quantitative structure-properties relationship 
(QSPR) models were developed with 18 different substances including pesticides, 
pharmaceuticals, fragrance, UV stabilizers, food additives, surfactants and plasticizers. 
Previously reported reduction capacity data of the 18 studied substances (for each adsorbent 
material) were used to evaluate molecular properties that influence the adsorption process. To 
develop QSPR models, principal component analysis (PCA) and Partial Least Squares (PLS) 
regression were used. In this study 10 different low cost adsorbent materials including five 
organic adsorbents (filtrasorb 300C, EA207, zugol, xylit, lignite) and five inorganic materials 
(polonite, sorbulite, rådasand, filtrlite -P and mordenite) were evaluated. 

1:1 Aim of the diploma work 
The main objectives of this project were to study the surface characteristics of various 
adsorbents and molecular properties that influence the adsorption of MPs in waste water. 
Surface characterization was done using DR-FTIR, XPS, BET and SEM/EDS analyses. 
Additional objectives were;  

 To determine the relationship between the properties of the adsorbents and the 
adsorption capacity of MPs. 

 To identify appropriate adsorbents for efficient reduction of MPs in OSSFs. 
 

 

2. Popular scientific summary including social and 
ethical aspects 

2:1 Popular scientific summary 
 
Many MPs including surfactants, hormones, pharmaceuticals and personal care products are 
used daily in private households for e.g. personal health and cleaning purposes and, the waste 
water discharged from individual households is an important source of MPs to the 
environment. Existing waste water treatment processes, such as oxidation, adsorption, reverse 
osmosis, membrane filtration, and nano-filtration have shown potential to remove MPs. 
Several potential techniques except adsorption seem not to be economically feasible for 
individual households. Thus, the introduction of low cost techniques is crucial. Adsorption 
based technique (by using low-cost and natural solid adsorbent materials) is one of the most 
attractive alternatives for removal of MPs. Furthermore, this technique has advantages 
because of simple design, easy maintaining, and some adsorbent materials could be reused. 
This study focused on investigating the properties of MPs and the adsorbent materials in 
relation to their potency to adsorb MPs using ten different natural adsorbent materials and 18 
MPs. 
 
In order to understand complex surface interaction processes, such as adsorption, the 
properties of substances and adsorbent materials are key factors. XPS analysis of adsorbents 
show that compounds containing nitrogen deposited or adsorbed onto the surfaces of analysed 
adsorbent materials (lignite, filtrasorb 300C, polonite and sorbulite). The experimental results 
from this study indicated that adsorbents with high surface area, high carbon content and 
small pore volume have great potential to remove MPs from wastes water. QSPR model 
calculations were used to predict chemical properties of MPs which influence their adsorption 
capacities. 
 

2:2 Social and ethical aspects 
In this study, natural adsorbents materials were studied, which are freely available in natural 
environments. The potential risks associated with these materials can be negligible, because 
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there are no toxic chemicals associated with these natural materials as far as we know. 
Adsorbent materials after the column experiment (which was waste water spiked with MPs 
ran through the column materials) were analyzed in the laboratory. These adsorbent materials 
may contain MPs, however, in low levels as they were spiked in very low concentrations. The 
samples were disposed in a safe manner and the potential environmental effects associated 
with this study may not raise any ethical issues. 
 

 
2:3 Adsorption  
Adsorption is a phenomenon, where atoms, ions or molecules from gas, liquid or dissolved 
solids interact at the surface of a material. The adsorbed atoms, ions or molecules in the 
adsorbate create a film on the surface of the adsorbent. Adsorption techniques are widely used 
to remove organic and inorganic pollutants in water treatment processes. In adsorption 
processes, solutes in solution (adsorbate) adhere to the solid surface (adsorbent) and 
intermolecular attraction forces in the liquid-solid interface leads to solute molecules are being 
concentrated on the solid surface. The surface deposition or concentration of adsorbate on the 
adsorbent depends on the bonding nature and the chemical properties of the adsorbate and 
the adsorbent. Depending on the strength of interactions between adsorbent and adsorbate, 
adsorption process can be classified as physisorption and chemisorption. Electrostatic 
attraction may also influence the adsorption. There are several factors affecting the adsorption 
process, for instance, surface area, nature of the pollutants and its initial concentration, pH of 
the media, temperature and the nature of the adsorbent. 
 
 2:3:1 Physisorption  
In physisorption fundamental interacting forces are caused by Van der Waal (dipolar and 
dispersion) interactions between the adsorbate and adsorbent. Physical adsorption takes place 
by formation of multilayer adsorbate on the surface of adsorbent. The interaction energy 
involved is very low. The process does not involve any surface reaction; therefore, adsorbent 
material remains unchanged. Physisorption adsorptions are reversible processes and depend 
on the surface area [10]. 
 
  
2:3:2 Chemisorption 
Chemisorption involves chemical bonds between the adsorbate and surface of the adsorbent. 
The molecules stick onto the surface by forming strong bonds, such as covalent or ionic bonds 
with the sorbent materials. Chemisorption releases a greater amount of enthalpy during the 
chemisorption process as heat. Energy release from the chemisorption process typically lies in 
the region of 200 kJ mol-1 [10]. Chemisorbed compounds are far harder to remove form the 
adsorbent because molecules form strong bonds (covalent bond or ionic) between the 
molecule and adsorbent. Moreover, in chemisorption the distance between the surface and the 
adsorbate atom is shorter than in physisorption. Chemisortion processes can greatly differ 
depending on the nature of molecules and the surface structure of the adsorbent. 

 

3:0 Materials and methods 
 

3:1 Materials 
 
3:1:1 Micropollutants (MPs) 
MPs is a term for substances that originate mainly from anthropogenic activities and the 
substances can be found in very small concentrations bellow a few nano-grams to micrograms 
per liter or even smaller amounts in natural environments. Studies of MPs are challenging due 
to the presence of trace levels and limitations in analyzing these compounds at such a low level. 
Pollution of water with MPs is still largely unknown in relation to effects on human health and 
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aquatic organisms. Several MPs are toxic, bio-accumulative, and persistent and may cause 
adverse effects. In this study 18 substances were selected to study their adsorption properties. 
MPs that are used in this study are listed in Table 1. These substances represent different 
functionalities in products and a wide variation in chemical structure and properties. 
 
 
Table 1: The list of MPs, chemical formula and their structure 

Substance  Formula Molecular 
weight 
g/mol 

Category Structure 

2-(Methylthio) 
benzothiazole 

C8H7NS2 181.28 Rubber 
additives 

 
2,4,7,9-
Tetramethyl-5-
decyne-4,7-diol 

C14H26O2 226.36 Surfactant 

 

2,6 

Dichlorobenzami

de 

 

C7H5Cl2NO 383.59 Pesticides 

 
Caffeine C8H10N4O2 194.19 Pharmaceutical 

 
Carbamazepine C15H12N2O 236.26 Pharmaceutical 

 
Diclofenac  C14H11Cl2NO2 296.14 Pharmaceutical 

 
Galaxolide C18H26O 258.4 Fragrance 

 
Hexachlorobenz
ene 

C6Cl6 284.8 Pesticides 

 
Losartan C22H23ClN6O 422.91  

 
 
Pharmaceutical 

 
Metoprolol C15H25NO3  

267.36 
Pharmaceutical  
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Octocrylene C24H27NO2 361.47 UV stabilizer 

 
Oxazepam C15H11ClN2O2 286.71 Pharmaceutical 

 
Terbutryn C10H19N5S 241.35 Pesticides 

 
Tocopheryl 
acetate 

C31H52O3 472.74 Food additive 

 

Triclosan C12H7Cl3O2 289.54 Antimicrobial 

 
Tris(1,3-
dichloro-2-
propyl) 
phosphate 

C9H15Cl6O4P 430.89 Plastiziser 

 
Tributyl 
phosphate 

C12H27O4P 266.31 Plastiziser 

 
 

Triphenyl 
phosphate 

C18H15O4P 326.28 Plastiziser 

 
 

3:1:2 Adsorbent materials 
In this study ten different low cost natural adsorbent materials were selected. Five natural 
organic materials (filtrasorb 300C, EA207, zugol, xylite and lignite) and five natural mineral 
materials (polonite, sorbulite, filtralite-P, rådasand and merdenite) were used and following 
description were found during the study. 
 
Organic Adsorbent materials 

 
Figure 1: Organic adsorbents; EA207, filtrasorb 300C, lignite, xylit and zugol 
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3:1:2:1 Filtrasorb 300 C 
Filtrasorb 300 C is a granular activated carbon (GAC) and it is produced from bituminous coal. 
Pulverized bituminous coal (selected grades) mixed with special binder to produce filtrasorb 
300 C through re-agglomeration process. Filtrasorb 300C has high surface area which may 
provide a greater number of active sites to interact with pollutants in the waste water [11]. 
 
3:1:2:2 EA 207 (Aquacarb 207 EA) 
EA 207 is a non-impregnated, steam activated carbon which is manufactured from bituminous 
coal. The particle sizes of this material vary between 0.42 mm to 1.7 mm with an average 
diameter of 1.2 mm. EA 207 is widely used in water treatment processes due to its high activity 
carbon [12]. The pH of this granular activated carbon varies around 7-8. 
 
3:1:2:3 Lignite (Brown coal) 
Lignite is a sedimentary rock formed from plant materials compressed under moderate 
pressure. It is an intermediate product between peat and bituminous coal. Lignite contains 60 
%-75 % carbon and it has high reactivity due to high oxygen content [13]. Lignite is widely 
used as a fuel to generate electricity. Lignite contains high level of humic substances. 
 
3:1:2:4 Zugol (Pine bark)  
Zugol is made of pine tree bark (Pinus Silvestris) and it is a natural byproduct from the timber 
industry in Sweden. Zugol is used to clean spills of oil gasoline and other chemicals. According 
to the material safety data sheet (MSDS), Zugol contains 85% of pine bark and 15% of cellulose. 
Zugol consists of different diameter sizes of particles; 5% of less than 0.25 mm, 76% of 0.25-
0.5 mm and 16% of over 5 mm. Recent studies have shown that the pine bark contains 
microorganisms which feed on oil [14, 15]. 
 
3:1:2:5 Xylit 
Xylit is an ancient wooden fiber, which is discovered as a byproduct of brown coal production 
in Germany. Xylit is used to control algal growth in ponds and as an alternative to peat and 
coir dust in gardening and landscaping to improve soil quality. Woody plant materials contain 
high levels of lignin, thus xylit fiber is very strong and elastic which allows to resist mechanical 
stress and biodegradation [16]. 
 
Inorganic adsorbent materials 

 
Figure 2: The inorganic sorbents studied included polonite, sorbulite, rådasand, filtralite-P 
and mordenite. 
 
3:1:2:6 Polonite 
Polonite is derived from a naturally occurring mineral called Opoka. Opoka is bedrock made 
of the sedimentary deposition of minute marine organisms that mainly contain SiO2 and 
CaCO3. Basically, there are two types of Opoka depending on the SiO2 and CaCO3 ratio. Light 
weight Opeka contains 37.5%-52.1% SiO2 and heavy weight Opeka contains 34.5% -50.4% 
CaCO3. Polonite is produced by heating Opoka at high temperature (≈ 900 C0). During the 
heat treatment CaCO3 converts to CaO which makes Polonite more reactive and it has higher 
solubility in aqueous solutions compared to Opoka. Elemental composition and properties of 
polonite suggest a high adsorption capacity of phosphate compounds and therefore it is widely 
used as adsorbent in municipal as well as onsite waste water treatment plants [17, 18]. 
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3:1:2:7 Sorbulite 
Sorbulite is crushed scrap materials from the autoclaved aerated concrete which is used in 
building constructions for insulation purposes. Aerated concrete is produced by forming a 
mixture of silica sand, lime, cement and water. The mixture is aerated and activated using 
aluminium powder and finally the mixture is autoclaved at 180 to 2000C, 1 Mpa for 10 hours. 
During this process the mineral convert into strong crystalline structures of tobermorite [19]. 
 
3:1:2:8 Filtralite P  
Filtralite P sorbent material has a porous structure which is manufactured by thermally 
treated clay (a mixture of gypsum, limestone and Fe oxide), which undergoes crushing and 
sieving processes. During the burning of clay, strong bonds are formed and harmful 
substances are released and the resistance to chemical break down increases. Filtralite P 
contains high amount of Ca(OH)2 which gives high alkaline properties to the material [20]. 

3:1:2:9 Mordenite 
Mordenite belongs to the zeolite mineral group and it is used for anion adsorption and as a 
catalyst. Zeolite minerals have unique characteristics including needle like crystal structures 
that provide a large specific surface area due to its porous structure. Mordenite is hydrated 
aluminum silicate mineral with ion exchange capacity and sorption capacity. The effectiveness 
of the mordenite mineral depends on its physio-chemical properties which are strongly 
connected with the geological rock deposition. Due to negative surface charge, natural zeolite 
belongs to the group of cation exchangers [21]. 
 
3:1:2:10 Rådasand 
Rådasand is a naturally occurring sand and gravel from the sand ridge in Råda, Sweden. This 
sand mainly consists of quartz and feldspar and it is most commonly used in water purification 
and fluidized sand beds. Due to high content of quartz feldspar it is also used as molding sand 
in iron and aluminum casting industry. Rådasand has fine to medium grain size and it contains 
a mixture of granite, pegmatites, amphibolite and porphyry minerals. This material was added 
as a reference for natural materials and to represent infiltration situations [22]. 
 
 

3:2Methods 
 
 3:2:1 FTIR spectroscopy 
 
FTIR is a technique to obtain molecular vibration spectrum through the irradiation of analyte 
exposing infrared (IR) light. Analyte molecules selectively absorb IR radiation of specific 
wavelengths depending on their dipole interactions. The frequencies of the bands in 
absorption spectrum are determined by the vibrational energies that cause a change in the 
dipolar moment of the functional groups present in the analyte. The intensities of the bands 
in the absorption spectrum are direct indications of the chemical composition in the sample. 
Each compound has a characteristic set of bands. The mid IR region (400-4000 cm-1) is the 
common region used in IR spectroscopy since most organic and inorganic molecular 
vibrations take place in this region. 
The band position (wave number) for a stretching vibration is related to force constant and 
mass of the two atoms.  

 

   �̄� =
1

2𝜋𝐶
{𝑘 (

𝑚1+𝑚2

𝑚1∗𝑚2
)}

1/2
 

where 
ν̄ = wave number  
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C=speed of light  
m1, m2 = masses of two atoms 
k= bond's force constant  
Concentration of the sample can be calculated using Beer Lambert law at a given frequency. 

Transmittance (T) = Incident light (I)/transmitted light (I0) 

Absorption (A) = log 1/T = log(I0)/(I) =ɛCL 

ɛ= molar absorptivity 
C= concentration 
L= path length 
 
DR-FTIR was performed in order to identify functional groups in the adsorbent materials. 
Samples were homogenized and ground one minute at room temperature using a Retsch MM 
400 ball mill. Approximately 2 mg of ball mill ground sample was gently mixed with 200 mg 
of KBr in an agate mortar to get a fine powder. Then the samples were transferred to the 
sample holder cup which was filled with sample-KBr mixture and the top was levelled off. FTIR 
bands for the samples were obtained using a Bruker IFS 66v/S spectrometer (vacuum bench) 
with deuterated tri-glycine sulphate (DTGS) detector. Before analysis, the samples were 
background signal corrected using pure KBr powder. The FTIR bands for samples were 
obtained by subtracting pure KBr signal from the sample signal.  

 
3:2:2 XPS Analysis 
 
XPS technique is based on photoemission. The sample to be analyzed is placed in a high 
vacuum environment and irradiated with an x-ray beam (Al Kα 1486.6 eV). The irradiated 
atoms absorb the photons in the surface of the analyte and emit photoelectrons. When the 
photon energy is higher than the binding energy, photoelectron emission can be detected. 
These photoelectrons have specific kinetic energies that are characteristic for each element. 
Using the equation given below, binding energies can be obtained by measuring the kinetic 
energies of the emitted photoelectrons. In XPS analysis, approximately 95% of the 
photoelectrons can be monitored within the distance of three times of the inelastic mean free 
path (3λ) of the element. The sampling depth of carbon usually refers as the sampling depth 
of XPS analysis. For carbon the λ = 3.3 nm, therefore sampling depth of XPS analysis lies 
between 3- 10 nm. 
 Eb = hν- Ek - Φ  
 
where, 
Eb - binding energy 
h  - Planck’s constant 
ν  - frequency 
Ek - kinetic energy of photoelectron 
Φ  - spectrometer work function (constant for the instrument). 
 
The energies of the photoelectron lines in the XPS spectrum are defined in terms of binding 
energy of the electronic state of atoms. The number of photoelectrons emitted is related to the 
concentration of the element in the analyte. 
 
In this study, XPS spectra were collected with a Kratos Axis Ultra DLD electron spectrometer 
using a monochromatic Al Kα source operated at 120 W. Analyzer pass energy of 160 eV for 
acquiring wide spectra and a pass energy of 20 eV for individual photoelectron lines were used. 
The binding energy (BE) scale was referenced to the C 1s line of aliphatic carbon, set at 285.0 
eV. Processing of the spectra was accomplished with the Kratos software. Solid sample were 
placed in a sample holder to obtain XPS spectra. 
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3:2:3 SEM/EDS Analysis 
 
A moisture free sample is the basic requirement for SEM analysis where an electron beam is 
produced by an electron gun or a tungsten filament. A voltage is applied to the filament in 
vacuum and when the filament gets hot enough, electrons are emitted. These electrons interact 
with the sample and the surface is scanned using electromagnetic lenses where reflected 
electrons from the specimen produce an image based on the surface topography.  
 
In the SEM/EDS analysis, the sample was mounted on a SEM stub using carbon tape and 
cooled down to minus 20 0C and back scattered electron images were obtained. During the 
SEM analysis, samples were accelerated at 15 kV to obtain the SEM image. The elemental 
composition of the sample was determined by EDS with 45 second acquisition time.  
 
3:2:4 BET Analysis 
 
The specific surface area was determined using BET theory from the gas adsorption isotherm. 
This means that gas adsorption initially occurs at the strongest energy sites at the surface and 
then while pressure is increased gas adsorb on the next energy level. BET adsorption for 
multilayer adsorption is described by the following equation;  
 

 
1

𝑉𝑎 (
𝑃0

𝑃
−1)

=
𝐶−1

𝑉𝑚𝐶
(

𝑃

𝑃0
)  +

1

𝑉𝑚𝐶
 

 
where 
Va - volume of adsorbed gas to the surface 
P0 - saturation pressure of adsorbate gas  
P  - partial vapor pressure at equilibrium with the surface (at 77K - boiling point of liquid 

nitrogen) 
Vm - volume of gas adsorbed on monolayer at standard temperature (273 K) and pressure (1 

atm) 
C  - BET constant 
 
Va value is measured at relative pressure (P/P0) and BET (1/ (Va (P0/P-1) value is plotted 
against (P/P0). The graphs yield a straight line with slope (C-1/VmC) and intercept (1/VmC). 
The monolayer volume (Vm) and BET constant (C) can be calculated from the obtained slope 
and intercept. Once Vm is determined, total surface area can be determined using following 
equation [23]; 
 

𝑆 =
(𝑉𝑚 ∗  𝑁 ∗  𝐴)

𝑊 ∗  𝑀𝑣
 

 
where 
S - specific surface area(m2/g) 
Vm - volume in ml of gas adsorbed in mono layer at standard temperature (273 K) and 

pressure (1 atm) 
N - Avogadro constant  
A - cross sectional area of the adsorbate (16.5 * 10-20 m2 for N2 gas) 
W - mass of the sample in g (adsorbent)  
Mv - molar volume (22410 ml for N2 gas) 
 
The BET model equation can only be applied in the range of 0.05 to 0.35 atm relative pressure.  
 
The specific surface area, pore volume and size of the adsorbent materials were determined by 
BET analysis using a Tristar surface area analyzer. The analytical method is based on 
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adsorption of nitrogen gas onto the surface and the amount of gas adsorbed on the surface 
allows determination of surface area at a given pressure (in relative pressure 0.05- 0.35 atm). 
The samples were firstly degassed by to heating (900 C) under vacuum to remove potential 
contaminants, which may have adsorbed to the surface and pores. The volume of gas adsorbed 
to the surface was measured at the boiling point of nitrogen (77 0 Kelvin). 
 
3:2:5 Principal Component Analysis (PCA) 
 
PCA is a statistical projection technique designed to extract systematic variation in a large data 
set. This statistical technique determines the key variables in a multidimensional data set that 
explain differences in observations. In PCA new variables are calculated called principal 
components (PC). These PCs are linear combinations of the original variables. The first PC is 
the direction along which the sample shows the largest variation and the second PC is the 
direction orthogonal (uncorrelated) to the first PC along which the sample shows the next 
largest variation. PCA provides an overview of outliers, trends and pattern in the data matrix. 
In this study, the soft independent modelling of class analogy (SIMCA) software (version 14) 
was used to study pattern recognition.  
 
3:2:6 MOE descriptors calculation and QSPR 

Molecular descriptors are numerical descriptions or codes of molecular structures and these 
can be used in QSPR models to reflect chemical properties. Molecular descriptors were 
calculated for the studied set of MPs and the reduction capacities for MPs have been 
determined using various column materials (described under materials). This column 
experiment (using ten different adsorbents as column materials) was conducted at KTH 
(Kungliga Tekniska Högskolan), Stockholm and the reduction capacity data of the materials 
were used in this study (see 3.2.7). The SMILES structures for the MPs were obtained from 
Pub Chem chemical structure data base [24] and the molecular descriptors (2D and 3D) were 
calculated using the software molecular operating environment (MOE) version 12 [25]. The 
set of descriptors include 2D descriptors, which describe the molecules’ physico-chemical 
properties, subdivided surface area, and number of bonds, atoms and atom types while 3D 
descriptors describe potential energy, shape, surface area, volume, and partial charge of the 
molecules. 
 
The data set in the QSPR model was UV (unit variance) scaled and mean centered prior to 
PCA. The model was examined for outliers using DmodX and Hotelling‘s T2 (95% variance) 
in SIMCA. 
 
3:2:7 Data from column experiment 
  
Column experiments were designed in order to determine reduction capacity of MPs for each 
adsorbent material. Polypropylene columns were packed (column diameter was 5 cm and 
materials filled up to 10 cm) with above mentioned column materials and each column was 
connected to a distribution tank B (figure 3). Tank A contained waste water which had been 
collected from OSSFs. The waste water was then spiked in tank B with known amounts of 
studied MPs, which was distributed to each column with controlled water flow. Samples were 
collected at the inlet and outlet. 
 
Collected water samples were analyzed by Kristin Blum and Jerker Fick at the Department of 
Chemistry, Umeå University and Henrik Jernstedt at the Department of Aquatic Sciences and 
Assessment, University of Agricultural Sciences, Uppsala. Reduction capacities for each 
adsorbent material were calculated using the inlet and outlet concentrations. Compounds that 
were found less than the limit of detection (<LOD) were considered as zero which was 
attributed to 100% removal capacity. The reduction capacity data is presented in the appendix, 
Table 11 
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A  B  

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Schematic diagram of the experimental setup for evaluation reduction capacity of 
micro-pollutants using different natural adsorbents; A- waste water (collected from OSSFs) 
tank, B- distribution tank, 1-10 columns packed (10 cm) with different adsorbents. 
 
Reduction capacity was calculated using following equation 
 
 Reduction capacity (%) = (Concentration at inlet- Concentration at outlet) *100 

Concentration inlet  
 
 
 

4:0 Results and Discussion 
 

4:1 PCA-Chemical variation of studied chemicals 
 

 
 
Figure 4: PCA including PC1 versus PC2 of chemical descriptors and studied chemicals 
 
 
 

     1      2      3             4              5              6              7               8             9               10 
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Figure 5:PCA including PC1 versus PC3 of chemical descriptors and studied chemicals 
 
A PCA was calculated in order to evaluate the MPs property variation. The score and loading 
plots of the PCA including studied substances and their chemical properties (figure 4 and 5) 
show that caffeine, BAM, carbamazepine and terbutryn were positively correlated with water 
solubility (logS). Similarly, hexachlorobenzene shows positive correlation with number of 
chlorine atoms (a-nCl) due to its great number of chlorine atoms in the molecule. Octocrylene, 
losartan, tocopheryl acetate and tris (1,3-dichloro-2-propyl) phosphate show high molecular 
weight and octanol-water partition coefficient (logkow). Tocopheryl acetate deviated from the 
other substances and the reason may be due to high partition coefficient (logP) value 
(tocopheryl acetate has the largest partition coefficient value among the substances studies in 
this project). In addition, it has a long aliphatic carbon chain (alkane). According to the PCA 
plot shown in figure 5, losartan and octacrylene behave fairly similar to tocophenyl acetate. 
These substances show high log P values where tocopheryl acetate has the highest log P value 

(10.8), considering all the case chemicals in this study. Octocrylene (7.1) and losartan (4.3) 

also have fairly high log P values. 
 
 

4:2 PCA -Reduction capacity of adsorbent- chemicals 
 
PCA analysis was performed on the reduction capacity in the different adsorbent materials 
where the score and loading plots are shown in figure 6. The two-component PCA model 
explained 70% of the variation in adsorption capacity. The loading and score plots (figure 6) 
clearly show that filtrasorb 300C, EA 207, Zugol and lignite have potential to remove caffeine, 
oxazepam, diclofenac, carbamazepine, losartan, BAM, and 2-methylthio benzothiozole in 
waste water. It can also be clearly seen that the inorganic adsorbents (polonite, filtralite-P, 
mordenite, sorbulite and rådasand) and organic adsorbents formed separate groups, except 
xylit.  
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Figure 6: PCA analysis of reduction capacity of micro pollutants in different adsorbent- 
loading plot (left) and score plot (right) for two PCs  
 
Considering score and loading plots the inorganic adsorbents are mostly correlated with tris 
(1,3 dichloro-2-propyl) phosphate and triphenylphosphate.  
 
 

4:3 QSPR - Molecular properties calculation  
QSPR model calculations are widely used in environmental risk assessment studies where 
such models are used to correlate molecular descriptors with chemical, biological, and 
environmental properties. Here, molecular descriptors were calculated using MOE to study 
the reduction capacity of the 18 studied MPs. The model was based on 270 molecular 
descriptors of the 18 molecules. Using PCA, the data set was split into two sets by selecting 
training set (12 molecules) and test set (6 molecules) compounds representing the whole data 
set (figure 7). The PCA model with three PCs describes 68.4% of the variation in the data. 
Based on the training set and test set, PLS models were developed for each adsorbent 
individually and the statistical values are shown in table 2. 

 
 
Figure 7: Score plot from a PCA analysis (3 PCs) of the removal capacity of 18 MPs in 10 
different adsorbent materials, where the training set is marked in red and test set in blue; PC1 
versus PC2 (left) and PC1 versus PC3 (right). 
 
 
Table 2: Statistical values for PLS models (auto fitted) of removal capacity of MPs for each 
adsorbent (S= significant, NS= not significant) 

Adsorbent Number of 
components 

R2X 
(cum) 

Eigen 
value 

R2Y 
(cum) 

Q2 
(cum) 

Significance 

Filtrasorb 
300C 

3 0.60 1.5 0.96 0.36 S 

Xylit - - - - - NS 

Lignite 2 0.49 2.94 0.81 0.24 S 

Zugol 2 0.50 2.89 0.83 0.27 S 

EA 207 1 0.37 4.41 0.67 0.06 S 

Polonite 2 0.55 2.86 0.91 0.73 S 

Rådasand 2 0.47 2.32 0.74 0.18 S 

Mordenite  - - - - - NS  

Filtralite 3 0.62 1.14 0.93 0.55 S 

Sorbulite  4 0.72 1.28 0.98 0.68 S 

 
Five different organic adsorbents were studied, which mainly consist of plant materials and 
bituminous carbon and some materials were activated by heat treatment (filtrasorb 300, EA 
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207) to improve surface area and pore sizes. Inorganic adsorbents mainly contain minerals 
(SiO2, FeO, CaO, Fe2O3 and Al2O3). Considering the PLS model statistics, mordenite and xylit, 
showed non significant models. The best performing model (Q2 cum = 0.731) was the polonite 
model with 2 PCs (table 2). This model was used to calculate and interpret the properties that 
influence the adsorption. Variables that were less significant to the response (adsorption 
capacity) were excluded using their coefficients and VIP (variable influence on projection) 
values during the model improvement. Furthermore, model pruning was done using the 
coefficient matrix to exclude variables that are explaining similar properties of the molecules. 
The improved PLS model was auto-fitted to yield one component. Usually one component is 
insufficient to describe variation of a data set, thus a second PC was calculated. However, when 
two PCs were derived, the model became insignificant.  
 

  
 
Figure 8: Plots of the PLS model for the polonite model with loadings (left) and scores (right). 
 
 

 
 
Figure 9: Plot of observed versus predicted (left) reduction potential and permutation plot 
(right) for the polonite PLS model. 
 
Considering the observed versus predicted plot (figure 9, left), the model has large predictive 
error (RMSEP 32.7) even though the permutation plot (figure 9, right), R2 and Q2 values show 
that the model is significant. For a significant model, the R2 and Q2 values of the permutation 
test should be <0.3 and <0.05 respectively. Resulting model explained 87% of the variance in 
Y response and the goodness of prediction (Q2) was 0.84. The final model included 8 molecular 
descriptors indicating that those are important to resolve adsorption capacity of the MPs 
studied in this project. The descriptors BCUT_SlOGP_3, KeirA2, weight and PEOEVSA FHYD 
were positively correlated while Vsurf_HB2, Vsurf_HL, PEOE VSA-4 and PEOE PNEG were 
negatively correlated.  
 
Table 3: Calculated descriptors in developed QSPR model and description of descriptor codes 
according to MOE [25]. 
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The QSPR descriptors selected for the model reveal descriptors that describe surface area, 
shape, hydrophilic or hydrophobic nature, in other words polar and nonpolar characteristics 
of the molecules plus molecular weight, that are significant for adsorption. Furthermore, 
molar polarizability and molar volume were important for the adsorption. 
 

4:4 SEM/EDS  
 

Descriptor code Description 

Weight Molecular weight  

BCUT_SLOGP_3 Adjacency and distance matrix descriptos that describe atomic 
contribution to log P-partion coefficient instead of partial 
charge 

VSAHYD Total hydrophobic vander Waal surface area  

Kiers A2 Second kappa shape index  

Vsurf HB2 Surface area of H bond donar capacity 

Vsurf_HL Surface area volume and shape descriptors (vsurf) describe the 
hydrophilic-liphophilic balance (HL) and the polar volume of 
the molecules 

PEOE VSAPNEG Total negative polar vander Waal surface area 

PEOE VSA_4 Sum of vander Waal surface area of atom where the partial 
charge range between -0.2- 0.15 
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Figure 10: Filtrasorb 300C SEM image- low resolution and 100 times magnification (left) 
and EDS spectra (right). 
 
EDS is a semi-quantitative method and it provides a rough estimation of elemental 
composition. The analysis provides an average elemental composition in the interaction 
volume analysed. To achieve more accurate data of the elemental composition, the spectra 
were recorded from multiple points of the surface (e.g. see encircled areas in figure 10 left). An 
average value for each element(table 4) was calculated considering all the data points. 
 
EDS analysis provides rapid quantitative elemental composition with 1000 nm – 2000nm 
sampling depth of the analysis. The depth of penetration depends on the density of the sample 
and the accelerating voltage of incident beam. Table 4 shows the elemental composition of the 
surface as weight percentages. The organic sorbent materials contain high carbon and oxygen 
levels, but the amount of oxygen is lower as compared with the inorganic sorbent materials. 
Lignite shows considerable amounts of sulphur and iron. Using lignite as adsorbent may give 
environmental problems by releasing sulphur-containing compounds, which alter the 
chemistry and microbial activity in the waste water and thus potentially affect the overall 
cleaning process. 
 
Table 4: Average concentration of elements in weight percentages (%) obtained by EDS 
analysis (ND -not detected) 

Adsorbent C O Mg Al Si P S Ca Fe Na K Ce La 

Xylit 72.7 23.3 0.21 0.74 0.58 ND 0.58 0.29 1.42 ND 0.24 ND ND 

Fitrasorb 300C 68.0 17.3 0.44 4.76 6.19 ND 0.56 ND 1.25 0.40 1.04 
ND ND 

EA207 66.2 16.7 0.06 8.03 4.93 0.12 0.38 0.47 2.68 0.26 0.12 
ND ND 

Zugol 37.2 29.8 0.70 2.69 4.34 0.19 0.55 19.7 3.98 0.12 0.62 
ND ND 

Lignite  35.5 22.3 0.32 3.83 7.45 ND 12.0 2.16 13.7 ND 1.45 
ND ND 

Rådasand 4.62 45.6 4.38 7.45 17.7 ND ND 9.07 7.71 1.71 1.04 
ND ND 

Polonite 4.49 48.5 0.42 2.44 22.3 ND 0.07 19.7 1.15 ND 0.96 
ND ND 

Mordelite 3.61 43.1 0.54 5.24 23.1 3.38 ND 2.71 0.86 0.69 0.30 6.83 3.71 

Filtralite p 3.50 43.3 12.3 5.30 12.7 ND 3.93 8.82 3.37 1.67 2.48 
ND ND 

Sorbulite 3.34 45.5 0.17 1.26 18.6 ND 1.05 28.9 0.65 0.18 0.47 
ND ND 

 
Among the inorganic sorbent materials, polonite and sorbulite contain high amount of calcium 
oxide and silicate. Calcium oxide may result in high pH of the sorbent surface. Therefore, most 
of the adsorption of anions may occur on the alkaline filter materials. Previous studies have 
proven that polonite has a great potential of removal of phosphorus in onsite water treatment 
process [18]. 
 
 

4:5 BET analysis 
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Table 5: Surface area, pore volume and pore sizes determined by BET analysis 

Absorbent BET Surface 
area m2/g 

pore 
volume 
cm³/g  

Average 
pore size 
nm 

Filtralite –P 0.459 0.003 24.2 

Rådasand  0.565 0.002 17.0 

Xylite 2.512 0.010 16.7 

Zugol 2.521 0.017 26.4 

Polonite 3.840 0.022 23.1 

Lignite 5.304 0.020 14.7 

Mordelite  18.98 0.067 14.1 

Sorbulite 20.37 0.092 18.1 

Filtrasorb 300C 783.5 0.519 2.70 

EA 207 914.4 0.507 2.20 
 
Considering specific surface area (table 5), EA 207 and filtrasorb 300C showed the highest 
surface area, followed by sorbulite (20.37 m2/g), lignite (5.304 m2/g) and polonite (3.840 
m2/g). Among the inorganic adsorbents, sorbulite and mordelite provide highest surface area. 
filtralite-P shows very large pore size and the lowest surface area. 
 
An analysis of both EDS and BET data shows that filtrasorb 300C and EA207 have high 
specific surface area, pore volume and carbon content. Those two adsorbents show highest 
reduction capacity of MPs in the column experiment and that implies that adsorbents with 
these characteristics have great potential to remove MPs in waste water. polonite and sorbulite 
provide the highest reduction capacities among the inorganic sorbent materials. These two 
adsorbent materials show high content of silica, oxygen and calcium. Furthermore, filtralite 
and rådasand have relatively high amount of magnesium, potassium and sodium compared to 
the other sorbent materials. Among the studied five organic adsorbents, lignite contains high 
sulphur and iron content. Considering inorganic sorbent materials, filtralite-P contains the 
lowest amount of Si (12.7%) and this sorbent has the lowest reduction capacity in the column 
experiment. 
 
4:6 XPS Characterization 
 
XPS analysis was only done for filtrasorb 300 and lignite among the organic adsorbents and 
polonite and sorbulite among the inorganic materials. The number of samples was limited to 
4 due to limited budget and the selections were done considering previous reduction capacity 
results (not only MPs reduction but also other inorganic pollutants such as phosphorous and 
nitrogen reduction) and expert judgment (Patrik Andersson and Andrey Shchukarev 
Department of Chemistry, University of Umeå). 
The XPS surface characterization was done for both pure adsorbent materials and adsorbent 
materials after column experiment. In the column experiment, 10 l of waste water collected 
from OSSFs was spiked with the case chemicals. The spiked waste water was distributed to the 
columns packed with adsorbent materials (5 cm diameter and 10 cm depth) with controlled 
water flow during one week. The used column materials were kept in a refrigerator (4 0C) until 
XPS analysis. 
 
Table 6: Elemental composition of lignite (before and after column experiments.) 
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photoelectron 
Line Lignite initial Lignite after adsorption 

  

Binding 
energy 

(eV) 

Atomic 
concentration 

(%) 
Binding energy 

(eV) 

Atomic 
concentration  

(%) 

C 1s 285.0 44.7 285.0 7.91 

 286.6 13.4 286.6 4.33 

 288.0 1.52 287.8 2.05 

 289.3 0.86 289.3 1.8 

O 1s 532.8 30.3 532.7 58.3 

N 1s 400.4 0.57 400.3 0.81 

 402.6 0.15 402.2 0.33 

Ca 2p 3/2 348.4 0.74  - -  

S 2p 3/2 163.4 0.12 - -  

 164.3 0.09     

 169.3 0.83     

Si 2p 103.4 4.26 103.5 15 

Al 2p 75.2 2.39 75.2 9.11 

K 2p 3/2  -  - 294.0 0.41 
 

The XPS survey spectra and the XPS high-resolution photoelectron line positions of lignite is 
shown in table 6. Carbon 1S total atomic concentrations for the virgin material and adsorbent 
after column experiment were 60.48% and 16.09% respectively. The four different binding 
energies of C 1S appeared at 285.0, 286.6, 288.0 and 289.3 eV corresponding to C- (C, H), C- 
(O, N), C=O and COOH. 
Lignite contains a significant amount of sulphur in three different chemical states at the 
surface of the virgin sorbent. However, binding energy lines for sulphur (2p3/2 around 163 
eV) and calcium (2p3/2 around 348 eV) could not be observed in the XPS survey spectra of 
lignite after adsorption. An exception was the photoelectron line at 294 eV, which corresponds 
to the binding energy for potassium 2p3/2, could be observed in the adsorbent after the 
column experiment. The surface area that was analyzed by XPS of virgin sample may not 
contain K due to inhomogeneity of the specimen. However, EDS analysis showed that lignite 
contains K at the surface. 
 
 
Table 7: Elemental composition of filtrasorb 300C; initial and after adsorption of MPs. 

  Filtrasorb initial Filtrasorb after adsorption 
Photoelectron 
line   BE (eV) 

Atomic 
concentration (%) BE (eV) 

Atomic 
concentration (%) 

C 1s 284.6 93.9 285.0 25.1 

      286.6 27.5 

      288.1 11.1 

      289.3 3.18 

O 1s 529.5 0.55 531.4 3.65 

  531.1 2.85 532.9 24.9 

  533.0 1.83 534.4 1.74 

  534.9 0.28     

N 1s     400.2 2.16 
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      402.0 0.24 

Ca 2p 3/2  - -  347.8 0.45 

Si 2p 101.0 0.44 - - 

  102.8 0.2 - - 

S 2p 3/2  264.3 Traces    
 
 
Table 7 demonstrates the binding energies and corresponding photoelectron line positions in 
the XPS survey spectra and the surface elemental composition of filtrasorb 300C initial and 
after column experiment (appendix, figure 16). The XPS survey spectra of filtrasorb 300 C 
shows that, photoelectron lines around 400eV (binding energy) for N 1S could be seen after 
the column experiment and photoelectron lines around 347 eV for Ca 2P3/2. In addition to 
that, the high-resolution spectrum of C 1S reveals that the chemical state of C 1S has been 
changed after the column experiment (appendix, figure 17). 
 
Considering the high-resolution spectra of C 1S (appendix; figure 17), the surface structure has 
been changed significantly after the column experiment. It could be due to the spiked MPs or 
any other organic compounds present in the waste water that may have been deposited on the 
surface of filtrasorb 300C. The MPs may adsorb to the surface by forming Van der Waal forces. 
A biofilm could also be formed by other organic constituents from the waste water. In addition 
to that, molecules can be trapped in the porous surface depending on molecular sizes. The XPS 
result suggests that compounds with nitrogen were found at the surface of the adsorbent 
(filtrasorb 300C) after the column experiment. N 1S 400.2 eV line can be attributed to amide 
or non-protonated amine group while 402.0 eV can be assigned to protonated amine groups 
(appendix; figure 18). 
Waste water typically contains compounds containing nitrogen, such as nitrate, nitrite, 
ammonia and organic nitro-compounds. In addition, 9 out of 18 spiked pollutants also contain 
nitrogen. However, the amounts of nitrogen from MPs are very low compared to the other 
compounds in the waste water.  
 
Table 8: Elemental composition of Polonite and Sorbulite - initial and after adsorption of 
MPs 

Photoele
ctron 
line  

 Polonite Sorbulite 
 

 Initial 
 after 

adsorption initial 
 after 

adsorption 

  

Binding 
energy 

(eV) 
 

Atomic 
percent
age (%) 

Binding 
energy 

(eV) 

Atomic 
percent
age (%) 

Binding 
energy 

(eV) 

Atomic 
percent
age (%) 

Binding 
energy 

(eV) 

Atomic 
percent
age (%) 

C 1s 285.0 6.88 285.0 7.22 285.0 15.8 285.0 8.50 

  286.4 1.03 286.6 5.21 286.4 2.53 286.5 6.86 

  288.2 0.89 287.9 1.43 288.4 1.54 288.2 2.77 

  289.9 6.47 289.6 7.36 289.8 1.41 289.6 2.73 

O 1s 531.5 29.1 531.7 35.2 531.0 17.3 530.8 12.4 

  532.7 31.4 533.1 19.4 532.7 33.5 532.6 42.5 

      534.4 1.92 534.0 3.62     
Ca 2p 
3/2 347.4 10.3 347.4 6.94 347.4 5.48 347.3 7.78 

      348.4 1.54         

Si 2p 101.7 1.52 -   102.2 7.02 101.8 3.39 

  103.3 12.0 103.1 8.29 103.6 8.98 103.2 10.7 
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K 2p 3/2 293.9 0.30 -       294.2 0.20 

Al 2p     74.8 1.91         

Mg 2s     89.3 2.25         

N 1s     400.4 1.34     400.2 2.18 
 
The XPS survey spectra of polonite and sorbulite show N 1S photoelectron line and the data 
also indicate the presence of nitrogen on the surface after the column experiment. Respective 
binding energies and atomic concentrations are presented in table 8 and the line can be 
attributed to protonated amine groups. 
 

4:7 FTIR Characterization  
 

 
 
Figure 11: FTIR spectra for five different organic adsorbents (initial)  
 
FTIR analysis was performed only for organic adsorbents before and after the column 
experiment. While performing the analysis, negative spectra were obtained for the adsorbent 
EA 207 and filtrasorb 300Cand normal FTIR absorption spectra were obtained for the rest of 
the samples. Spectra for five adsorbents (initial) are shown in figure 11. The negative spectra 
were excluded from the data interpretation and band assignment, due to their unreliability. 
The reason for the negative spectra is unknown (Andras Gorzsas, Department of Chemistry, 
Umeå University, personal communication). Band position and corresponding peak 
assignment is given in table 10. 
 

Table 10: FTIR band position and corresponding functional groups [26] 

band 
position of 
zugol (cm-1) 

band position 
of lignite (cm-1) 

band position 
of xylit (cm-1) corresponding group 

 428  431  435 Cn H 2n+1 chain alkyl group  

 470  476 -  C-C=O bending 

 538  538 532 C-C=O in aldehyde or ketone  

 674  676  671  C-OH out of plane 

701 703 - C-H out of plane 

 757  759 -  Mono substitute benzene 

 804  808  825  CCO, C-C-H  
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 877  -  889  COC, CCO, C-C-H 

 912  917 -  CH=CH 2 out of plane wagging  

 1033  1041  1014 
 C-C, C-OH, C-H ring and side 
ring 

 1112  1120  - 
 C-O-C asymmetric in ester 
group 

 1267  1274  1282 C-O and C-H stretch  

 1457  -  - 
C-H deformation in CH3, 
CH2in aliphatic  

 1523  1513  1515 
C=C aromatic skeletal 
vibration  

 1606  -  - 
NH2 deformation or C=O 
stretching in enol 

 1729  -  1710 
C=O in aldehyde or caboxylic 
acid 

 1791  -  - 
Aromatic or unsaturated acid 
group 

 
FTIR bands for zugol, lignite and xylit show almost identical functional groups at the surface. 
Based on these data adsorption on these materials could be due to electrostatic interactions, 
hydrogen bonds and hydrophilic attractions. FTIR analysis shows that zugol, xylit and lignite 
contain carbonyl, carboxylic and hydroxyl groups at the surface. Hydrogen atoms of these 
groups can form bonds with oxygen and nitrogen of the pollutants. Oxygen atoms of C=O, O-
H and COOH groups at the adsorbents can form hydrogen bond with COOH, NH2 and OH 
groups of the pollutants [27].  
 
The band positions have been shifted for the different adsorbent materials for similar 
functional groups, for instance, zugol shows a band at 1729 cm-1 for a carbonyl group whereas 
the corresponding band of xylit has been shifted to lower wave numbers (at 1710 cm-1). Lignite 
doesn’t show a band in that region. Neighbour atoms of the functional groups in the adsorbent 
material may cause the band shift. 
 

  
 
Figure 13: FTIR spectrum for Zugol initial (pink) and after the column experiment (blue) 
right (left). FTIR spectra for xylit initial and (pink) after column experiment (right). 
 
 
Comparing the spectra of zugol and xylit before and after the column experiment, show no 
significant differences except variation in intensities (figure 13). For the initial samples, it can 
be clearly observed that the signal intensity is higher as compared with samples analyzed after 
the column experiment. In other words, the concentrations of the initial samples are higher. 

-0,05

0

0,05

0,1

0,15

0,2

0,25

0 500 1000 1500 2000

zugol_initial

zugol_  after CE

absorbance

wave number (cm-1)

-2,00E-02

0,00E+00

2,00E-02

4,00E-02

6,00E-02

8,00E-02

1,00E-01

1,20E-01

1,40E-01

0 500 1000 1500 2000

Xylit_initial

Xylit_after CE

absorbance

wave number (cm-1)



22 
 

One reason may be that the sample amount or the ratio of KBr and sample may have been 
changed during the sample preparation. FTIR analysis in this work focused on qualitative 
result and therefore the amounts of samples were not measured. 
 
 

 
 
Figure 14: FTIR spectra for lignite initial (pink) and after the column experiment. 
 
Comparing the lignite FTIR spectra before and after the experiment showed (figure 14) that 
an extra peak appeared around 1606 cm-1. The band can be attributed to NH2 deformation 
(broad band) or C=O stretching [26]. It may also be due to that a ketone is converted into an 
enol that may be deposited at the surface of lignite during the column experiment. Lignite 
contains high amount of humic acid, which provides low pH to the media compared to the 
other adsorbent materials. However, FTIR spectrum of lignite shows that lignite contains 
functional groups that can be adsorbed NH2 group or/and C=O (enol form) groups from the 
pollutants present in the waste water. It may be MPs or any other pollutants present in the 
wastewater. It is very hard to pin down precisely, because during the column experiment, a 
number of substances were spiked to the waste water, which was collected from OSSFs. A 
number of reactions such as oxidation, reduction, microbial reaction, adsorption reactions 
(chemisorption or physisorption), and surface deposition may occur during the experiment.  
Considering the reduction capacities of xylit, lignite and zugol, xylit and lignite show almost 
similar average reduction capacities (95% and 96% respectively) while zugol has 84% average 
reduction capacity. Comparing FTIR spectra for the above discussed three adsorbent 
materials, xylit, lignite and zugol contain functional groups like C=O in carbonyl, C-OH, C=O 
in carboxylic acid, which may enhance the adsorption capacity of micro pollutants or any other 
pollutants present in the waste water by forming hydrogen bonds or van der Waal attractions.  
 
 

5:0 Conclusions 
 
The results suggest that MPs are adsorbed on the surface of adsorbents that have high surface 
area. The specific surface area and pore sizes are the most significant parameters for 
adsorption of MPs. The adsorption data also indicate that adsorbents with high carbon content 
have greater potential to remove MPs from waste water. SEM and EDS characterization show 
that lignite has considerable amount of S which may generate acids and produce potential 
harmful effects to the environment if used as adsorbent. The EDS method has low resolution 
and sensitivity for elements that are present in low abundance, thus the technique could 
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mostly be used for rough estimations. XPS characterization indicates that MPs with nitrogen 
(or any other compounds that contain nitrogen present in the waste water) have adsorbed on 
the surface of all studied adsorbent materials. FTIR analysis reveals that analyzed adsorbent 
materials (zugol, xylit and lignite) contain functional groups, such as carbonyl, hydroxyl and 
carboxylic group, which may enhance the adsorption capacity. QSPR modeling revealed that 
properties, such as molecular weight, surface area, and molecular shape are greatly influential 
on the adsorption capacity. Eventually it can be concluded that the studied cheap and easily 
available adsorbent materials would certainly make a viable alternative for the treatment of 
waste water in OSSFs to reduce diffuse emissions of MPs. 
 

6:0 Outlook 
 
This study has shown us that specific surface area and pore volumes of the adsorbent materials 
have significant influence on the reduction capacity of MPs. In order to improve reduction 
capacity of the low-cost adsorbent materials, pre-treatment experiments need to be carried 
out to increase the surface area and active binding sites. However, the costs of further pre-
treatments need to be determined, since that is an important parameter for the selection of 
treatment method. 
It would be interesting to study the adsorption performance at different pH, temperature and 
ionic strength because adsorption capacities mainly depend on those properties. 
During this study, unexpected results were obtained for the FTIR analysis. Negative 
absorption spectra were obtained for the filtrasorb 300C and EA 207 samples (the samples 
which showed highest reduction capacity during the column experiment). It could also be of 
interest to study the reasons for negative absorption spectra during the FTIR characterization 
of sorbent materials and to monitor whether there is a relationship between the adsorption 
performance and the unknown property that caused the negative spectra. 
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8:0 Appendix 
8:1 Additional tables and figures 
 
 Table 11: Reduction capacity (%) of MPs in column experiment done at KTH  

 
filtrasorb 
300C Xylit Lignite Zugol EA207 

Polo
nite 

Morde
nite 

Råda 
sand 

Filtra
lite 

Sorb
ulite 

2,4,7,9 
Tetramethyl-5 
decyne-4.7-diol 90 78 82 31 92 16 35 47 38 45 
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2 methylthio 
Benzothiazole 100 95 95 74 100 91 60 76 13 37 

Tributylphosphate 98 95 96 60 100 80 92 95 94 100 

Hexachlorobenzene 100 100 100 100 100 100 100 100 100 100 

Galaxolide 100 100 100 100 100 100 100 100 100 100 

Triclosan 100 100 100 99 100 87 100 97 92 98 
Tris (1,3-dichloro-
2-propyl) phospate 100 100 100 100 100 100 99 96 93 100 

Triphenylphosphate 100 100 82 100 100 100 100 100 100 100 

Octocrylene 100 100 100 100 100 100 100 100 100 100 

Tocopheryl acetate 89 80 93 74 66 99 62 78 94 93 

Carbamazepine 99 100 100 100 99 1 0 49 0 70 

Oxazepam 99 99 99 84 99 95 0 38 18 81 

Metoprolol 99 100 100 96 99 36 99 70 32 100 

Diclofenac 100 100 90 100 90 0 0 55 36 52 

Losartan  99 97 99 99 100 100 0 41 1 54 

Caffeine 93 92 93 96 79 73 96 87 0 97 

BAM 100 66 98 0 100 0 0 0 0 0 

Terbutryn 100 100 100 100 100 89 95 93 89 100 
 
 
 

 
Figure 16: Filtrasorb 300 C XPS survey spectra initial (left) and after the column experiment 
(right 
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Figure 17: Filtrasorb 300 C high-resolution spectra of C1s initial adsorbent (left) and high-
resolution spectra of C1s after column experiment (right). 
 

 
 

 
Figure 18: Filtrasorb 300 C; high resolution spectra of N1s after adsorption 
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