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Abstract
A new complex aspect in the matter of water quality is the occurrence of emerging organic
pollutants and contaminants in waste water. The currently low extent to which treatment of
waste water is performed in Brazil, and in the world as a whole, there is a considerable need
for development of cheap and accurate in‐situ sampling methods for far‐reaching studies of
surface water quality. The lack of such methods today makes the maintenance and
establishing of sanitary safety difficult. This diploma work gives a brief introduction to the
basic principles of the passive sampling method known as Diffusive Gradient in Thin‐films
(DGT). A method that could be useful for such monitoring of quality in water bodies world
wide.
The aim of this study is to develop a method, for the detection of organic emerging pollutants
and contaminants – i.e. compounds, which usually are present at very low concentrations
when found in the environment as a result of human activity. More specifically, this work
investigates the potential and usefulness of the application of DGT devices in detection of
organic compounds that can affect human health and ecosystems, even at low
concentrations, however, their effects still are in need of further investigations.
This study focuses on both purely technical as well as practical points of views. The efficiency
of organic DGT (o‐DGT) with biochar as the adsorbing agent is examined targeting the
detection of organic pollutants and contaminants in surface water. In this sense, the specific
aim of the work is to evaluate the performance of biochar as adsorbing agent. This work
showed that the performance of biochar as the adsorbing agent in binding layers in o‐DGT
sample devices can be considered as satisfactory since all compounds of interest in this study
was successfully detected, quantified an identified. Further investigations in the future are
needed to determine the effects of varying pH, temperature and ion concentration in the
deployment media, as well as the properties of the binding layer in relation to concentration
of biochar and the thickness of the layer. These in order to optimize the method for in‐situ
water sampling, aiming conventional use of biochar as the adsorbing agent in the future.

Keywords: Biochar, o‐DGT, DGT, emerging pollutants, organic pollutants, environmental
chemistry, wastewater, wastewater treatment, contaminants, hormone disruptors

Sammanfattning
En ny komplex aspekt i frågan om vattenkvalité är ackumuleringen av organiska föroreningar.
Den begränsade utbredningen av vattenrening i Brasilien såväl som i andra utvecklingsländer
visar på ett tydligt behov av utveckling av billiga och effektiva metoder för provtagning i
vatten. Bristen på den här typen av metoder försvårar idag möjligheterna att kontrollera
vattenkvalitén och på så vis även arbetet med att säkerställa de sanitära förhållandena i
vattentillgångar. Det här examensarbetet innehåller en sammanfattande genomgång av
principerna för den passiva provtagningsmetoden med namnet ”Diffusive Gradients in Thin‐
Films (DGT)”, som direktöversatt får det svenska namnet ”Diffusiva gradienter i tunnfilmer”.
När metoden används för provtagning för att upptäcka olika organiska ämnen i vattnet
benämns den som o‐DGT.
Målet med detta arbete är att ta fram en metod med målet att specifikt upptäcka olika typer
av nya framväxande organiska föroreningar som i de flesta fall förekommer bara i väldigt låga
koncentrationer i vår miljö. Grundliga undersökningar genomfördes för att få svar på huruvida
biokol kan fungera som den bindande agenten i DGT apparatur och verka för att kunna
upptäcka och identifiera dessa ämnen på ett effektivt sätt.
Resultaten från de undersökningar som genomförts hittills visar på att biokol har god
potential att tillämpas som bindande agent i filter för bruk i o‐DGT apparatur. De organiska
föreningarna av intresse i denna studie kunde alla detekteras, kvantifieras och identifieras.
För optimering av provtagningsmetoden bör vidare studier vid varierande förhållanden med
hänsyn till pH, temperatur och jonkoncentration genomföras, såväl som studier av det
bindande lagrets egenskaper i förhållande till koncentration av biokol och lagrets tjocklek.
Detta för att kunna optimera tekniken, och förhoppningsvis bidra till ett konventionellt
användande av biokol på adsorberande agent i o‐DGT anordningar i framtiden.

Nyckelord: Biokol, o‐DGT, DGT, organiska föroreningar, miljökemi, avloppsvatten,
vattenrening,
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1 Introduction
1.1 Background
Today a large variety of synthetic and naturally occurring organic compounds are used and exist in products
encountered in our every day lives, such as household products, cosmetics, pharmaceuticals as well as
additives in the line of industrial productions and pesticides in the agricultural sector for example.
Consequently, different organic contaminants and pollutants can nowadays be encountered in
concentration ranging from ng/L to mg/L in the environment, with accumulative effects resulting in negative
and unexpected fallouts with regards to both human health and the environment. Such organic compounds
are today referred to as emerging contaminants and pollutants.
Natural hormones act in very low concentrations, and studies have shown that also endocrine disruptive
chemicals are able to act in the same low concentrations ranging from levels of picomolar to micromolar [1].
Regarding the possible impact of these compounds on organisms populating contaminated ecosystem, even
when present at extremely low concentrations, in drinking water or when used for raising food crops, it is of
a notably importance that detection, identification and quantitative analysis of these chemicals can be made
accurately. Other examples of what possible effects these chemicals might have on the well‐being of living
organisms in the long run is the possible development of multiresistant bacteria and chronic toxicity. The
presence of emerging pollutants in the environment is an issue in need of further investigations and
research since many of the modern wastewater treatment techniques applied today are unable to remove
these pollutants from the water. Methods for detection and further analysis of these chemicals is naturally
a requirement in order to motivate decision makers to take action and promote the establishment of new
political standards and regulations. This introduction will present a summary on the ongoing research
aiming to develop such a sampling technique that could be useful for monitoring water quality with focus on
organic emerging contaminants and pollutants.
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1.1.1 Water treatment in Brazil
When looking at the current situation of wastewater treatment in Brazil the country's geological vastness as
well as the economic differences in between regions has to be taken into account. The data collected for
this work is retrieved from surveys provided by the National System for Information of Sanitation (SNIS) in
2015 ‐ the latest issue of this report providing the most satisfactory set of data available today. [2]

Figure 1: Map over Brazil divided in states and regions. Credit: Urban waste water treatment in Brazil /
Marcos von Sperling

Index of water/wastewater network service (%)
Region

North
North East
South East
South
Central‐East
Brazil

Water
Total
56,9
73,4
91,2
89,4
89,6
83,3

Urban
69,2
89,6
96,1
98,1
97,4
93,1

Collection of wastewater
Total
8,7
24,7
77,2
41
49,6
50,3

Urban
11,2
32,2
81,9
47,5
54,7
58

Table 1: Data of Brazilian wastewater treatment presented by region.
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Index of wastewater
treatment (%)
Generated
wastewater

Collected
wastewater

Total
16,4
32,2
47,4
41,4
50,2
42,7

Total
83,9
78,5
67,8
94,3
92,6
74

As presented in Table. 1 about 42,7 % of the generated wastewater is collected and treated today. The term
generated wastewater in this context is defined to be the same as the total water consumption in the
region.
The large variance in the amount of collected and treated wastewater in Brazil can be explained by the
difference in economic standard in between the northern regions and the central and southern regions. The
northern parts of the country are characterized by a lower social economic standard with regards to
education and health aspects as well as lower levels of urbanisation and infrastructural development. The
lack of technology and economical means needed for collection and treatment of wastewater therefor
results in a considerable gap when looking at the current data presented on the collection and treatment of
wastewater in Brazil [3] [4].

1.1.2 Detection and analysis of emerging pollutants and contaminants
The issue of emerging pollutants found in water bodies has become a matter for global concern as the
advancements of analytical techniques have made it possible to detect these compounds at very low
concentrations. According to UNESCO's International initiative on water quality [3] the problem with
emerging pollutants and contaminants is not solely a worry in developing countries, but also in countries
where advanced methods for wastewater treatment for long have been adapted. This due to the fact
mentioned in the introduction, that many of the conventional techniques of treating wastewater today do
not manage to eliminate the compounds labelled in this matter. In order to be able to monitor the water
quality with regards to these emerging contaminants and pollutants there is a need for development of
sampling methods that primarily manage to provide accurate data in concentration spans in the range of
ng/L‐µg/L. Governing of water quality will require continuous measurements, and so the applicability of such
sampling methods is to a large extent determined by its price and the simplicity of implementation. The aim
is that sampling will not require impractical large samples nor lead to higher costs and difficulties when
samples are to be collected in remote areas distant from laboratories and analytical equipment. The use of
passive sampling methods has therefore shown to be beneficial, when the design of these devices makes
them less sensitive to random concentration variations in the medium of deployment since the
measurements are based on a time weighted average. The principle of accumulation of compounds within
the device as well makes it possible to detect and analyse components present at very low concentrations;
appropriately enough as is required in the case for detection of emerging contaminants and pollutants [4].
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1.1.3 Emerging contaminants and pollutants used within this work
Ibuprofen: A non‐sterodial anti‐inflammatory pharmaceutical. The compound is continuously released into
the environment due to its incomplete metabolism in humans. It has been shown that Ibuprofen affect the
reproduction of fish, hence disturbing the overall balance of marine eco systems [5][6] [7] [8].

Image: http://www.sigmaaldrich.com/catalog/product/sigma/i4883?lang=en&region=SE

Octylphenol: A non‐sterodial compounds with esterogenic activity [9]. Octylphenol can be found in
detergents, and functions as a emusifier. In a study it has been shown that the seminal vesicle in rats
decreased in size after exposure through oral ingestion of Octylphenol [9].

Image: https://www.thoughtco.com/gallery‐of‐o‐name‐chemical‐structures‐4122755
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Nonylphenol: The compound arises from degradation of Non‐oxynol9. This precursor can be found in
cosmetics and house hold products as well as in contraceptives where the compound acts as an
antispermicide. The compound is a potential xenoestrogen and an endocrine disruptor [10].

Image: https://commons.wikimedia.org/wiki/File:Nonylphenol.png

Triclosan: The compound is mainly used as a microbiocide in soaps, mouthwashes, toothpastes, detergents
etc. It has not yet been possible to determine the cancerogenic properties of the compound, however, it has
been found that Triclosan can cause skin irritation and have endocrine disruptive effects on living organisms.
In many countries the compound is being phased out with regards to the uncertainty of its effects on human
health and the environment [11].

Image: http://www.pharmacopeia.cn/v29240/usp29nf24s0_m85150.html

Bisfenol A: Bisfenol A is a monomer included in the process of manufacturing polycarbonate plastic. It is
classified as an endocrine disruptor due to its potential to binding to estrogen receptors. The compound is
classified as a high priority chemical to be regulated with regards to human health by the European
Comission [12]. In animal studies BPA has shown to have several physiological effects on mammals. To
which extent these results can be translated to humans is yet to be investigated. Exposure to BPA has shown
to have negative effects on the male reproductive tract and system, brain and metabolic system [13][14].

Image: http://www.sigmaaldrich.com/catalog/product/aldrich/239658?lang=en&region=SE
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Diclofenac: Non‐sterodial pain reliever with anti‐inflammatory activity. It is used as a medicament for both
animals and humans. Diclofenac is difficult to remove from wastewater through biological treatment due to
the compound's poor biodegradability. The European Agency for evaluation of Medicinal Products now
suggests a more strict distribution of diclofenac for veterinary use since it has been shown that residues of
the compound can be found in treated animals after treatment [15].

Image: https://en.wikipedia.org/wiki/Diclofenac

Estrone: A metabolite of estradiol and a steriodic compounds used as a medicament for perimenopausal
and postmenopaulsal symptoms. Estrone is classified as a cancerogenic compound [16][17].

Image: http://www.pharmacopeia.cn/v29240/usp29nf24s0_m30970.html

ß‐Estradiol: Is one of the most potent estrogenic steroids in mammals and like all of the estrogenic
compounds it naturally has the potency to affect the central nervous system as well as organs and tissues
[16] [17].

Image: http://www.sigmaaldrich.com/catalog/product/sigma/e8875?lang=en&region=SE
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Estriol: The hydroxylated metabolite of Estrone of estradiol. Effects related to the ones mentioned for the
other estrogenic compounds above [16][17].

Image: http://www.sigmaaldrich.com/catalog/substance/estriol288385027111?lang=en&region=SE

1.2 Description of the sampling method: Diffusive Gradients in Thinfilms
1.2.1 Development of the device
The development of the sampling method, known as Diffusive Gradients in Thin‐films, began in 1970 and
was conducted by professor William Davisson at Lancaster University and his colleague, Hao Zang [18]. The
technique was first used solely for geochemical research. The main aim with the method at that time was to
investigate chemical and physical changes in sediments and rocks occurring at fairly low temperatures and
pressures. The research was focused on studies of pore waters. During these experiments certain plastic
boxes containing a defined solution were developed and deployed into the ground. Equipped with a
permeable membrane separating the solution from the surrounding sediment, these boxes were left in the
ground until equilibrium was reached in‐between the pore water and the solution. This precursor to the
modern DGT devices utilized the mechanism of dialysis, and the time for an equilibrium to be reached could
stretch as far as to a couple of weeks. Further a technique using a smaller device and hydrogels as adsorbing
material was developed, also known as Diffusive equilibrium in thin‐films or DET. The pore water and the
water inside the hydrogels then reached equilibrium within a few days instead of weeks. From this device
the DGT was later developed when the sensitivity of the DET required improvements due to its incapability
to deliver data of compounds present at very low concentrations in the pore waters. This flaw was dealt
with in such a way that the design of the device was optimized by the addition of a layer containing a
material with binding properties. This binding layer enhanced the sensitivity of the method and enabled
detection of substances present at very low concentrations in a medium. Initially this new method, named
DGT, was used to investigate trace metal content in seawater. DGT as well as the forerunning methods of
DGT rely on the dialysis of solutes across a permeable membrane. With regards to the constant flow of
analytes through the system it is defined as a dynamic analytical method. The DGT device also represents
the category of passive samplers; meaning there is no pump or other external force added during sampling.
However, this definition of the method is not entirely fair, when the DGT device does in fact interfere with
its surrounding system by accumulating solutes that diffuse trough the membrane and attach to the binding
layer. However, this quality is what makes the DGT a useful method when investigating the interactions and
transfer of solutes in between soils and sediments [18].
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1.2.2 Design and principle
In order to grasp the fundamental mechanism behind the technique of the DGT device a brief review of
Fick's first law of diffusion is in its place.
For systems assumed to be in a steady state, this law proposes that as a direct result of the Brownian
motions of particles, the flux of a solute will go from the zone with a higher concentration of the solute to
the one with a lower concentration. Meanwhile this migration of the solute within the solution is
determined by a concentration gradient.

7

The DGT device consists of two layers mounted inside of a plastic cylinder (Fig 2). This cylinder, in some
cases referred to as the piston holder, comprises of a base in which the different layers are incorporated,
and a lid.

Figure 2: Schematic picture of the DGT device with its different layers presented [18]
The first layer is exposed to the surrounding medium through a circular window in the lid. The diffusive gel
allows solutes to diffuse in to the equipment and subsequently reach the second layer (Fig 3). The second
layer is the one to which the entering solutes bind, hence this layer is referred to as the binding layer. The
early design of the device did not include any protection against clogging of the diffusive layer. An addition
of a filter membrane with similar permeability to the one of the diffusive layer was therefore made in order
to prevent this from occurring.

8

The device is placed plainly into the medium to be tested. For collection of samples, the device is
disassembled and the binding layers retrieved for laboratory analysis. The binding layer is washed with an
eluent to derive the adsorbed compounds for further analysis.

Figure 3: Schematic picture of the DGT device demonstrating the concentration gradient of the analyte
across the membranes of the apparatus [18]
Equation 1 and 2 are used for calculations of the mass of the analyte accumulated (M), there the
concentration of analyte (Cb) is referring to the concentration of analyte in the bulk solution, furthermore, t
is the time, ∆g is the thickness of the material diffusion layer and δ the thickness of the diffusive boundary
layer. [19]
Equation 1 :

Equation 2 :

∆

∆

1.2.3 Binding layer properties
Commercially used binding layers most commonly have an empirically binding strength defined for different
target analytes. A high binding strength is beneficial for sampling in complex media, since this means that
the competing compounds will not affect the outcome of the sampling to such a large extent when the
compound of interest possesses a high affinity to the binding layer. Another important property of a binding
1

layer is the intrinsic binding capacity; ‐ a definition of the adsorption capacity of a specific binding layer with
respect to the number of sites available for binding of an analyte. A high intrinsic capacity can compensate
for a low binding strength, as well as play an important role in order to be able to perform measurements in
media with high concentration of competing compounds.
The competing effects in the sample media should be considered when evaluating the properties of a
binding layer. Hence, salinity and acidity, or more specifically, the presence of ions capable to interact with
the binding layer and affect its capacity by inhibiting the sites available for binding of analytes, are important
factors to consider. Regarding these factors, the effective binding capacity should be examined in media
where competition is likely to occur [20].

1.2.4 Earlier research
The development of the method of DGT for the detection of organic contaminants and pollutants, also
referred to as o‐DGT, first emerged in 2012 [21]. The focus in many of the studies has been the detection of
antibiotics [22]. The adsorbing agents used then are often polymeric materials.
Some of these studies have been used as stepping stones for the development of the methods applied in
this work.

1.3 Description of Biochar
1.3.1 Introduction and history
Biochar is a char product prepared by burning biomass in the absence or with a restricted access to oxygen.
This process, also known as pyrolysis, is an ancient method that has been widely used to convert organic
materials into more favourable products through out history (Fig 4). Most commonly, the aim of production
of charcoal is to use it as solid fuel, but also for its ability to enrich agricultural soils [23].
The
thermochemical conversion of biomass produces three different fractions of products, such as biochar,
liquid biofuel and gaseous biofuels (Fig 4).

Figure 4: A schematic explanation of the conversion of biomass to char products by pyrolysis.
2

The use of biochar as a soil amendment is believed to be a method with a history stretching back as far as
800‐5000 B.C. Findings of the carbon‐enriched "Terra Preta" ("Black Soil") in the Amazon indicates that pre‐
columbian farmers already in this era were aware of the benefits of applying biochar to agricultural lands
[23].

1.3.2 Chemical structure and physical properties
In the 1940's Dr Rosalind Franklin used X‐ray diffraction to describe the structure of biochar for the first time
[24]. The physical properties of biochar vary greatly depending on the character of the starting material and
the conditions of the pyrolysis process [25]. Biomass, being a complex material, contains not only cellulosic
compounds and lignin, but also proteins, fats, poly‐ and mono saccharides [26]. The design of reaction
vessel with regards to parameters such as pressure, residence time and treatment temperature, as well as
pre‐ and posttreatment of the biochar determines the character of the final product obtained from the
pyrolysis. However, studies have shown the most decisive of the process parameters being the highest
treatment temperature, where a larger fraction of fixed carbon in the final product correlates with an
increased pyrolysis temperature. It has been studied that a high pyrolysis temperature when producing
biochar from wooden materials results in a final product with higher porosity and an increased surface area;
hence an increase of the overall adsorption capacity [25].
The chemical structure of biochar is characterized by an abundance of condensed aromatic rings. An
increased pyrolysis temperature will result in the poly‐condensation of carbon into aromatic rings, giving the
biochar its porous structure. The adsorption properties, availability and relatively low cost are what makes
this material interesting for application in o‐DGT devices.
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2 Material and method
2.1 Material
2.1.1 Preparation of biochar binding layers

















Agarose gel K9‐9100 (KASVI)
Biochar (Produced by the laboratory for environmental projects and processes at UFPR ‐ LabPPAM ‐
Supervised by Prof. Dr. Antonio Salvio Mangrich)
Molding glass plates
Fixation clips (M3)
Stainless steel separating frame ‐ 1.0 mm (Super Steel Cort)
PVC separating frame ‐ 0.5 mm (M3)
Heating oven
Waterbath
Analytical balance (Mettler Toledo)
Spatulas and glassware for weighing
Refrigerator
2 x 100 mL beakers
Glass rod
4 x retort stands
Circular plastic cutter, diameter 2.5 cm
Sodium chloride solution, 0.01 M

2.1.2 Preparation of contaminants standard solutions









Standard solutions of the compounds of interest presented in Table 1 and the concentrations of stock
solutions and working solutions are presented in Table 2.
Derivatization agent N,O‐Bis(trimethylsilyl)trifluoroacetamide or BSTFA (Merck)
Deuterated interernal standards consisting of: Bisfenol A‐D16, Ibuprofen‐D and Estradiol‐D3
Gas Chromatography glass vials, 2 mL
Micropipette, 100‐1000 µL
Fume hood
Microwave oven
Vacuum centrifuge (RVC‐2‐18‐Christ)
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2.1.3 Evaluation of adsorption capacity of biochar binding layers








5 mL aqueous solutions containing the compounds of interests in concentrations varying from 2‐20
ng/mL. (n=3)
Amber bottles
Methanol
Centrifuge tubes
Centrifuge
Sonicator
Cyclohexane

2.1.4 Gas chromatography and mass spectrometry analysis
Gas chromatography combined with mass spectrometry (GC‐MS) (Focus/Polaris, Thermo)
 Specifications GC: Automatic sampler, splittless injection, v = 1 µL, column: 30 m, 0.25 mm stationary
phase coated with a 0.25 µm film consisting of 5% phenyl and 95% dimethyl‐polysiloxane. Carrier gas:
99.999% helium gas
 Specifications MS: Full scan mode 50‐500 u. Ion trap method.

2.2 Methods
2.2.1 Preparation of biochar binding layers
The moulding plates were first thoroughly cleansed with a solution of acetone and secondly with a solution
of methanol. Thereafter they got mounted together to form a glass mould for preparation of binding layers
with a thickness of 0.5 mm. The glass moulds were then left to be heated up in an oven with a temperature
of 80°C.
Agarose was used for immobilization of the biochar originating from pyrolysed Acacia bark. Firstly 50 mL of
sterilized water was pre‐heated in a 100 mL beaker using a water bath. When the water reached a
temperature of approximately 80 °C, 0.75 g of agarose was added to the beaker under constant and intense
stirring with a glass rod to facilitate the solubilisation of the agarose. When the agarose had been
completely solubilised, 0.5 g of biochar was added to the beaker. The mixture was then stirred again with
the help of a glass rod in order to obtain a homogenous gel mixture.
The prepared and pre‐heated glass mould was collected from the oven and mounted on to two stands
according to Picture 1. The agarose and biochar mixture was carefully poured into the moulding frame. After
filling the frame, the mould was first left to cool off at room temperature and later put into a refrigerator in
order for the gel to become solid.
After the solidification the gel was cut into uniformly shaped circles with a diameter of 2.5 cm as it can be
seen in Picture 2. The layers were then collected in a 0.01 M Sodium chloride solution for storage in
refrigerator.
5

Picture 1: Moulding glasses mounted on stands for preparation of binding layers.

Picture 2: Biochar binding layers ready to be stored.
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2.2.2 Preparation of contaminants standard samples
The step of quantification and qualification in the analytical process of these compounds requires a
preparatory step consisting of derivatization of the samples before they can be injected for GC‐MS analysis.
The choice of procedure for derivatization of the samples was made based on earlier trials during this work.
The method of choice was retrieved from the published work of Machado et al. [27] Where BSTFA (Fig 5)
was used for derivatization of the samples (Fig 6).
A volume of 100 µL of solution containing 1 µ/L of the compounds of interest (Fig 7) was transferred to a vial
of 2 mL. The solvent; methanol was removed through evaporation in a GC oven for 30 minutes at 70°C. After
the solvent had been removed completely 20 µL of BSTFA was added to the vial. The vial was sealed with a
lid and carefully swirled. The addition of the derivatization agent was followed by another 30 minutes
heating in a GC oven at 60 °C. The vial was sealed with a lid and heated in a microwave oven for 5 minutes at
450 W. The remaining BSTFA was then evaporated in a vacuum concentrator at 60°C under 5 minutes. After
completed evaporation of the BSTFA a volume of 100 µL cyclohexane was added to each vial for injection
into the GS‐MS.

Figure 5: Skeletal structural formula of the derivatization agent BSTFA [28]

Figure 6: Mechanism of derivatization of a sample. [29]
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Figure 7: Presentation of the compounds of interest in this work.

Compound
Ibuprofen
Octylphenol
Nonylphenol
Triclosan
Bisphenol A

Stock
(µg/mL)
100
100
110
110
130

Work
(µg/mL)
1
1
1,1
1,1
1,3

Compound
Diclofenac
Estrone
β‐Estradiol
Estriol
Mixed solution

Stock
(µg/mL)
120
130
120
120

Work
(µg/mL)
1,3
1,3
1,2
1,2
1

Table 2: Concentrations of stock solutions and work solutions used for this work.

2.2.3 Evaluation of adsorption capacity of biochar binding layers in synthetic
sample solutions
The adsorptive capacity of the agarose filters containing biochar as adsorbing agent was evaluated through
deployment in aqueous solutions containing a mix of the contaminants of interest presented in Table. 1.
The concentrations of each organic contaminant in the mixture were 1, 5 and 10 ng/mL. The time of
deployment was set to 48 h, after which the filters were transferred to centrifuge tubes. To elute the
samples from the binding layers a volume of 5 mL of ethanol was added to the tubes, followed by
sonification for 20 minutes until the solvent had completely evaporated. The samples were then derivatized
with the BSTFA; a step followed by the addition of cyclohexane for injection in the GC‐MS. The
concentrations of the work and stock solutions can be found in Table 2.
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3 Results and discussion
3.1 Preparation of biochar binding layers
In comparison to the preparation of binding layers with conventional polymers or silica, the biochar mixes
better with the agarose gel. The binding layers containing biochar therefore have a lower variance of
adsorbent density which is beneficial with regards to future standardization of biochar as adsorbing agent
for DGT‐devices. However, the preparation of the biochar binding layers was complicated due to the fact
that the pure biochar used was a material consisting of rough and irregular fractions. This gave rise to
problems when the liquid agarose and biochar gel were to be transferred to the moulding frame. The
transfer of the liquid gel was more troublesome for the moulding of 0.5 mm filters than of the moulding of
filters with the thickness of 1.00 mm. The first filters containing biochar as adsorbing agent had a
concentration of 1.0% of biochar. By visual judgement this concentration was considered as too low, and for
the preparation of the following filters the concentration of biochar was increased with a factor 10.
Since the physical structure of the pure biochar material already evoked difficulties at lower concentrations,
the transfer of the liquid agarose gel with a 10% concentration of biochar was even more troublesome,
especially for the 0.5 mm filters. To avoid this problem, it is suggested, to grind the biochar into a powder
using a pestle and mortar in future experiments. The ambition is to be able to make the biochar enter the
moulding frame more easily while maintaining a high concentration of the adsorbing agent. The method of
moulding the gel using large glass plates is a subject for development since the concentration of biochar is
difficult to monitor when pouring the liquid into the moulding frame. A solution to this problem would be to
mould each filter separately in circular frames. Adding the liquid agarose primarily, and secondly adding the
precise mass of biochar for the requested concentration. Even if this procedure might result in more
accurate concentrations of binding agents in each filter, the increased amount of work and time has to be
taken into account. So far this method of moulding the binding layers is viable, and the binding layers
obtained have shown to work well when researching the potential use of biochar binding layers in o‐DGT
devices.

3.2 Sample recovery from biochar binding layers
According to the results obtained when comparing the properties of adsorbing layers containing activated
carbon as the adsorbing agent and a thickness of 0.5 respectively 1.0 mm, the recovery of the samples from
the adsorbing layers is the highest for the biochar adsorbent in biochar binding layer with a thickness of 0.5
mm with the case of Ibuprofen as the only exception. This shows that the capacity of biochar to adsorb the
compounds of interest in this research is satisfactory, and further studies will aim on determining the
optimal conditions for the detection of organic emerging contaminants. As mentioned in section (1.2.3) of
this report there are factors such as pH, ion concentration and competing compounds that needs to be
regarded when establishing standards for the conventional use of a binding layer.
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Figure 10
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3.3 Analytical process
3.3.1 Construction of analytical curves
The analytical curves (Fig 11) used for this work was constructed by running diluted samples of a mixt
solution containing the organic pollutants of interest. Six different concentrations 5, 200, 400, 600, 800 and
100 ng/ml were analysed in triplicate and an analytical curve created based on the analytical data obtained.
The concentration of the internal standard consisting of beta‐estradiol was kept constant in all samples at
150 ng/mL. The regression curve was calculated based on the relationship in between the area of the peak
generated by the analyte (AA) and the peak area of the internal standard (AIS).

Figure 11: Analytical curves for the compounds of interest obtained from the scan of the mixed sample.
Concentrations ranging from 5, 200, 400, 600, 800 e 1000 ng/mL.
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With the data obtained from the analytical curves the lowest concentrations for detection (LD) and for
quantification (LQ) were calculated (Table 3) using equation 3 and 4, respectively, where σ is the estimated
coefficient for the slope of the curve and S is the angular coefficient [30].
Equation 3: LD

3,3

Equation 4: LQ
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LIMITS FOR DETECTION AND QUANTIFICATION
LD
LQ
R2

IBUPROFEN
2.0
6.1
0.9907

OCTYLPHENOL
3.1
9.4
0.9933

NONYLPHENOL
2.4
7.2
0.9904

TRICLOSAN
0.6
1.9
0.9942

LD
LQ
R2

DICLOFENAC
3.5
10.7
0.9908

ESTRONE
8.0
24.1
0.9905

β ESTRADIOL
1.7
5.1
0.9947

ESTRIOL
1.9
5.9
0.9901

BISPHENOL A
5.3
16.2
0.9898

Table 3: Limits of detection (LD) and quantification (LQ) calculated from the analytical curve obtained for
each compounds. (unit in ng/mL)

3.3.2 Gas chromatography
The process of analysing samples collected through o‐DGT is complicated by the fact that the compounds of
interest contain both bulky ring structures as well as very polar functional groups such as hydroxyl and
amine groups, which contributes to a rise of the enthalpy of evaporation for these compounds. The non‐
volatile nature of these organic compounds was therefore one of the obstacles encountered during the
development of an efficient and accurate method for analysis of the compounds of interest. In order to
make the analysis possible the samples therefore had to go through a preparatory step of derivatization as
described in section (2.2.2). The derivatization in this work was performed using the silylating agent BSTFA.
And the procedure was carried out according to a method retrieved from a previous study on organic
contaminants present in drinking water [28]. Earlier work had provided a well designed method for the
detection of the organic compounds of interest in this study as can be seen on the chromatograms obtained
from the analyses (Fig 12).
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Figure 12: Chromatograms obtained from scans of a solution containing a mix of the compounds of interest
in this study. Concentration of 5 ng/mL for A and 10 ng/mL for B. The numbers represent the compounds as
follows: 1: ibuprofen; 2: octylphenol; 3: nonylphenol; 4: triclosan; 5: bisphenol; 6: estrone; 7: estradiol; 8:
estriol

Figure 13: Chromatograms of the compounds Estriol and Ibuprofen demonstrating satisfactory
characteristics with symmetric and clearly separated peaks for each compound.
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As can be seen in in Fig 12 and 13 the chromatograms obtained from the GC‐MS analyses are to be
considered as satisfactory judging by efficiency of the scans. With regards to the low concentrations that are
to be detected, quantified and identified in this work, the result from these analyses proves that the method
is suitable for the purpose of analysing the compounds of interest in this research.

3.3.3 Mass spectrometry
The mass spectrometry was first carried out using full scan mode in order to detect the ions obtained from
the samples. With regards to the data collected from the full scan the mode was altered to selective ion
monitoring mode (SIM) set to detect the most intense signals from the mass spectrometric analysis (Table
4). The interpretation of the chromatogram and the mass spectrometric analysis is a rather troublesome
procedure due to the number of fragments recovered of the different compounds from the scans. However,
the method overall is considered satisfactory since, even at these very low concentrations, the efficiency of
the GC‐MS analysis is adequate (Fig 13) and as the work proceeds the accumulation of information retrieved
from the GC‐MS analysis will conduce to more referential data.
SIM 1
Compound

SIM 2

Retention time (min)

m/z

12,94

160, 233, 263

Ibuprofen D

12,98

163, 237, 266

Window 2 Octylphenol

15,2

179, 278

Nonylphenol

16,24

179, 292

18,27

200, 346, 359

Window 1 Ibuprofen

Window 3 Triclosan
Bisphenol

19,01

357

Bisphenol D

18,91

368

Diclofenac

19,73

214, 242, 276

22,58

342, 257, 218

Estradiol

22,83

416, 285, 326

Estradiol D

22,88

285, 329, 419

Window 4 Estrone

Retention time (min)

m/z

Ibuprofen

Compound

12,94

160, 233, 263

Ibuprofen D

12,98

163, 237, 266

Window 2

Octylphenol

15,2

179, 278

Window 3

Nonylphenol

16,24

179, 292

Window 4

Triclosan

18,27

200, 346, 359

Window 5

Bisphenol

19,01

357

Bisphenol D

18,91

368

Diclofenac

19,73

214, 242, 276

Window 1

Window 6
Window 7

Window 5 Estriol

24,97

296, 311, 414

Window 8

Estrone

22,58

342, 257, 218

Estradiol

22,83

416, 285, 326

Estradiol D

22,88

285, 329, 419

Estriol

24.97

296, 311, 414

Table 4: Results obtained from the mass spectrometric full scan of the standard samples.
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Figure 14: Chromatograms obtained from SIM scan of the mixed standard solutions with concentrations of 1
μg/mL of the compounds of interest. (1: ibuprofen; 2: octylphenol; 3: nonylphenol; 4: triclosan; 5: bisphenol;
6: estrone; 7: estradiol; 8: estriol)
As seen in Fig 14 the selective ion monitoring mode 2 gave stronger signals for each of the compounds of
interest, and therefore this mode was the one of choice for further analyses.
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4 Conclusion
The results from the studies indicates that biochar as the adsorbing agent in o‐DGT devices provides
satisfactory results with regards to both adsorption and recovery of the compounds of interest when
deployed in artificial sample solutions (Fig 8, 9 and 10). The analytical process in respect of the recovery of
analytes through elution and the level of detection, identification and quantification though GC‐MS analysis
has proven to be viable and motivates the proceeding of this research (Fig 12 and 13).The use of biochar is
also promoted by its sustainable origin and non‐toxic effect on the environment. Since biochar is a material
possible to obtain from agricultural waste products (Fig 4), this as well could benefit the development of the
o‐DGT development with biochar as adsorbing agent since there is no need for investing in more expensive
and man‐made polymeric alternatives in order to carry out the sampling.
All together, the results so far indicate that the use of biochar for the purpose of detecting organic emerging
pollutants and contaminants in water using o‐DGT devices is successful and deserves further attention
through research and development.
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5 Annex 1
Further research planned
The aim of the future research is to establish a wider knowledge of the properties of the
biochar binding filters with regards to varying media. This in order to eventually move on to
in‐situ experiments, and hopefully make the application of biochar as adsorbing agent for o‐
DGT devices a conventional alternative.

Determination of optimal pH
For investigation of the effect of pH the assembled o‐DGT devices prepared with the biochar filters and
diffusive layers will be deployed synthetic solutions containing the organic compounds of interest with pH
values adjusted to 5, 6.5, 7 and 8. The pH of the synthetic solutions was monitored through addition of HCl
and NaOH. The time devices will be deployed for approximately 12 h at a constant temperature.

Investigation of effect of ionic strength
To investigate the effect of the ionic strength of the medium the assembled o‐DGT devices prepared with
biochar filters and diffusive layers will be deployed synthetic solutions containing the organic compounds of
interest with salinity adjusted to 0.001; 0.01; 0.1; 0.5 and 0.7 mol/L NaCl. The time of deployment for the o‐
DGT devices will be 12 h at a constant temperature The pH of the synthetic solution during the experiment
will be adjusted to the optimal pH obtained from the investigation of optimal pH.

Determination of diffusion coefficient (D)
For the determination of the diffusion coefficient a compartment will be prepared with a synthetic solution
containing the organic compounds of interest. Assembled o‐DGT devices prepared with the diffusive layers
will be deployed the synthetic solution. The time of deployment will be 18 h at a constant temperature.
After the deployment the binding layers the analytes will be retrieved through elution. The eluate will be
then analysed through GC‐MS to determine the mass of the analytes adsorbed by the biochar filter. The
data of the mass of analytes recovered were then put into equation 5 for calculation of the diffusion
coefficient.
Equation 5 :

∆
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